Accepted Manuscript

Asymmetric copper-catalyzed Diels-Alder reaction revisited: control of the structure of
bis(oxazoline) ligands

Paul Le Maux, Vincent Dorcet, G° rard Simonneaux

PII: S0040-4020(13)01052-1
DOI: 10.1016/j.tet.2013.06.093
Reference: TET 24569

To appearin:  Tetrahedron

Received Date: 24 April 2013
Revised Date: 20 June 2013
Accepted Date: 25 June 2013

Please cite this article as: Le Maux P, Dorcet V, Simonneaux G, Asymmetric copper-catalyzed Diels-
Alder reaction revisited: control of the structure of bis(oxazoline) ligands, Tetrahedron (2013), doi:
10.1016/j.tet.2013.06.093.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.tet.2013.06.093

ACCEPTED MANUSCRIPT

(e} (o]
/
\)‘\N)ko . C“(”)(OTf)z/L ﬂ@i ﬂ%
CH20|2
}Z\I R) Nﬁ

}\ S /&> endo(major >90%)
‘ up to 98% e.e.

R =Ph, i-Pr, t-Bu, H
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Abstract

Synthesis of 1,4-bis(oxazoline) ligands bearing a bicyclo[2,2,2]backbone derived from
9,10-dihydro-9,10-ethanoanthaceanens-dicarboxylic acid was revisited. Starting from L- or
D-amino alcohols and either (S,S) or (R,R)-dihydroetheanus-dicarboxylic acid, a complete
series of ligands was evaluated in the copper-catalyzed Diels-Alder reaction. The most
efficient ligands with a phenyl substituent on the oxazoline ring afforded enantiomeric excess
up to 98%. This is different from previous results indicating that the best enantioselectivity

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

Chiral bis(oxazoline) ligands have emerged as one class of important and efficient C
symmetric ligands in numerous metal-catalyzed asymmetric transformafigmsong them,
a novel class of oxazoline ligands with multiple elements of chirality has been synthesized
from readily available chiral diacid and chiral amino alcohol (Fig. 1). Besides the central
chirality element in the oxazoline moiety, these ligands possess an additional chirality element
in the backbone such as 1,3-dioxoldn®*? bicyclo [2,2,1]11, [2,2,2] lll ,** cyclohexane

IV ,****and cyclopentane.'®
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Fig. 1.

Although the Diels-Alder reaction between acrylimide dienophiles and
cyclopentadiene was the most successful application of thi)-Bis{oxazoline) catalytic
system with enantiomeric excess up to 99%,its application with the ligands I , Il , IV
and V was less effective in enantioselectivity. In particular, the ligdhd previously
introduced by Takacs et af, has particularly focused our attention since the best
enantioselectivity (75%) in the Diels-Alder reaction surprisingly involves the meso-backbone
and poor results were obtained with the other chiral configurations. Moreover, the ‘Zuthors
indicated that a phenomenon of epimerization was observed during the synthesis of these
ligands. These results inspired us to reinvestigate the synthesis of these ligands with more

convenient routes to better control the stability of their relative configuration.



In the present work we revisit this class of bis(oxazoline) ligands in which the two
oxazolines are separated by a dihydroethanoanthracene backbone (Figuye Wijth the
goal to rationalize and optimize the results obtained in catalysis, a more convenient
preparation of the ligand was first described and the four diastereomers were preparated in
pure form. The effect of structure change of the ligands on the stereochemical outcome of the
asymmetric copper-catalyzed Diels-Alder reaction between N-acryloyloxazolidinone or N-
crotonyloxazolidinone and cyclopentadiene was then fully investigated yielding high
enantiomeric excess (up to 98%). As expected, the best ees were obtained with pure R,R and
S,S bis(oxazoline), provided that the chirality of the backbone matched correctly the chirality

of the bis(oxazoline).

2. Results and Discussion

The bis(oxazoline) ligands were synthesized from the corresponding 9,10-dihydro-
9,10-ethanoanthacetens(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 the oxalyl chidfidess accomplished within
1 h. After removing the solvent and excess oxalyl chloride, the product was used in the next
step without purification. Overnight reaction with 2.2 equiv of the amino alcohol in the
presence of triethylamine afforded the expected bis-hydroxyadnatea white solid in 60-
85% vyield. The'H NMR analysis confirmed the presence of the desired product as a single
diastereomer. It should be noted that some epimerization occurs with the previously requisited
proceduré’ in forming the diamide intermediate.

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

out in one step by reaction with diethylaminosulfur trifluoride in,Chlat -78°C followed by



base induced cyclisatib%gin 50-80% vyield. For the ligantt, the bis(hydroxyamidedd was

first converted into the bis(amide) dichloride with S@@hd then the cyclization was
achieved with aqueous NaOH in 73% vyield. The dihydroxyar@idéth the meso-backbone
was synthesized from the anhydrifie(not the acidf and the (R)-phenylglycinol in the
presence of the coupling reagent N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ)
in 77% yield>*

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 hours, there is total conversion into

the ligandstaand4e'in a ratio 53/47 (Fig. 2(C)).
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An X-ray structure of the bis(oxazoline) ligadd has beersolved (Fig. 3)° X-ray
diffraction analysis shows that the two chiral oxazoline rings are slightly twisted pushing the
two oxazolinyl phenyl towards the metal centre. In contrast, X-ray structure of the other
diastereomer ligande' (using the (R)-phenyl glycinol artdans-(11R,12R)-dicarboxylic acid
1),® showed that the two oxazolinyl phenyl are far away from 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 various chiral catalysts derived from thedigands

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



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

complexe$

(R)_H R
o} o) J R /A H

Cu(I1)(OTf),/Ligand 4 S
R/\)I\N)KO + @ H(IXOTA Igan O/\N + © + exo9
\ CH.Cl, )\ o N/> (minor)
o
8a(R=H) © O)\o

b (R =CHj) endo-9a (R =H) (major)
endo-9b (R = CHjz) (major)

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

1 4a 5 20 95 94/6 93 (R)
2 4a 10 20 80 75/25 21 (R)
3 4b 30 20 80 85/15 16 (R)
4 4c 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 4a 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: 1/1.2/150/50.

®|solated yield of cycloadducts after silica gel chromatography.

“Determined byH NMR and HPLC.

dDetermined by chiral HPLC (Chiralcel OD-H column) and comparison 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 the ligadmlsind 4e with the phenyl
substituted oxazoline gave the best ee (93-94%) eartitiexo diastereoselectivity (94/6)

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



been inverted, the ee was decreased (21%), as well as the 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 reaction times (5-10mn) with yields in the range
80-95%, excepted for the bulkyBu group (50% yield) in which a longer reaction time was
necessary (4 hours). We also decided to test N-crotonyloxazolidBimas a substrate to
compare our results with those previously repofted. our hands, thendecycloadduct9
was obtained with 89% ee and R configuration, udimgs ligand (entry 10), whereas it was
previously reportelcT an enantiomeric excess of 28% with S configuration in a similar
situation.

The effect of temperature was studied with ligaddsand 4e. The highest ee and
diastereoselectivity was obtained at -40°C (98% and 98/2 respectively) (entries 12 and 14).

The influence of substitution both on the oxazoline ring and on the backbone moiety
has been investigated with the goal of better understanding the stereocontrol ofithe Cu(
catalyzed reaction. According to the structure (Fig. 3), we have prepared and tested the four
diastereomeric ligand$ with the phenyl group on the oxazoline ring (as represented in Fig.
4). By changing combination of the enantiomers derived from (+) drafis-dicarboxylic
acid and aminoalcohol, the stereochemistry of the four asymmetric centres can be adjustable.
There are two sets of enantiomer pairs corresponding to the ligandis and4a’, 4e'. The
two phenyl groups on the oxazoline ring of ligatadand4e are placedearer to the reaction
centre than those o#ia’ and 4e', and consequently, have a larger effect on the
enantioselectivity (93% versus 21%). These results show that the degree of asymmetric
induction depends of the chirality on the oxazoline ringd&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 asymmetric induction was logically inverted with the
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enantiomeric ligandda and4e or 4a’ and4e' but also with the ligandéa and4e’ or 4a’ and

4e These results demonstrate that the chiral sense of enantioselection was determined by the
chirality of the backbone. To complete the study, it was also noted that Wgbwith no
substituent on the oxazoline ring gave an enantioselectivity of 20% (entry 5). This value was
similar to the enantioselectivity obtained with ligatal (entry 2).

In our hands, the ligand gave an ee = 77% fande9 (R)-cycloadduct (entry 9).
Actually, this value is very close to that obtained with the ligéinderived from the racemic
trans-dicarboxylic acidl and (-)-(R)-phenylglycinol, ee = 76#nde9(R)-cycloadduct (entry
8). Taking into account the epimerization observed in the NMR study, an epimerization of the
ligand7 may also occur in the catalytic conditions. Since the epimerization is time dependent,
a study of the ee obtained using ligahdver the time course of the catalytic reaction might
be necessary. However, the short time of the catalytic reae®omifi) makes this study too
difficult. It should be noted that previous restitgave an ee of 75% foendo9(R)-

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

Inversion of enantioselectivity

Cycloadduct (R) Inversion}éntioselectivity Cycloadduct (S)

Increase of enantioselectivity

Increase of enantioselectivity
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3. Conclusion

In conclusion, the synthesis of bis(oxazoline) ligands with four asymmetric centres by
combination of the two chiral sources derived from the dihydroethanoanthracene diacid and
aminoacids are revisited, and well-structured chiral ligands have been isolated and
characterized. The copper-catalyzed asymmetric Diels-Alder reaction between N-
acryloyloxazolidinone and N-crotonyloxazolidinone with cyclopentadiene was carried out
with these chiral ligands. The best adapted combination for the ligaradsd4e gave ees up
to 98% at -40°C. Studies on the potential of these ligands for other metal-catalyzed
asymmetric reactions are now in progress.
4. Experimental

4.1. General
All reactions were performed under argon. Solvent was distilled from appropriate drying

agent, CHCI, from CaH. Commercially available reagents were used without further
purification unless otherwise stated. All reactions were monitored by TLC with Merck
precoated aluminium foil sheets (silica gel 60 with fluorescent indicatos4gJ\VColumn
chromatographies were carried out using silica gel from Acros (0.063-0.200 mm). Melting
points were measured on a banc Koffét. NMR and**C NMR in CDCk were recorded

using Bruker (Advance 400dpx) spectrometer at 400 and 100 MHz respectively.The
following abbreviations are used in connexion with NMR; s=singlet, d=doublet, t=triplet,
g=quartet and m=multiplet. Chiral HPLC analysis was performed on a Varian Prostar 218
system equipped with a Chiralcel OD-H column. Optical rotations were recorded with a
Perkin-Elmer 341 polarimeter. High resolution mass spectra were performed by the Centre
Regional de Mesures Physiques de I'Ouest (CRMPO) at Rennes, France, on a Q-Tof2

spectrometer in ESI positif mode.
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4.2. General procedure of preparation of bis-hydroxyamides 3a, 3a’, 3i8c, 3d,3e, 3e’,

3f and6

Oxalyl chloride (3 equiv) was added dropwise to a cooled suspension (0°C) wéarke
diacide ()1 or (+)-1 and dimethylformamide (15 mol %) in GEl, (5 mL/mmol) under
argon. The reaction mixture was stirred at room temperature 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 up FOCGH4 mL/mmol) and added slowly

to a cold solution (0°C) of the corresponding amino alcohol (2.2 equiv) aNd&equiv) in
CH.ClI, (2 mL/mmol) under argon. Stirring was continued for 16 h at room temperature. After
evaporation, the crude product was purified by column chromatography (Hexane-EtOAc-
MeOH).

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

The product was synthesized according to the general procedure 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). Purification by column chromatography (hexane-
EtOAc, 1:9) yielded a white solid (840 mg, 93%): m.p.= 147-148 6§31 = -34 ¢ 1.44,
CHCIl3); *H NMR (400 MHz , CDCI3)5 = 2.91 (s, 2H), 3.66 (br s, 4H), 4.59 (s, 2H), 4.90 (br

s, 2H), 7.06-7.32 (m, 18HJ°C NMR (100 MHz, CDCJ): 5 = 46.8, 49.6, 55.8, 66.07, 123.4,
125.4, 126.3, 126.7, 127.6, 128.6, 138.8, 140.1, 143.0, 173.5; HRMS [&E3I¢alcd for
Cs4H32N,04Na:555.2259 (M+Na), found: 555.2255.

4.2.2. (11S,12S)-Bis[(2'-hydroxy-1"-(S)-phenylethyl)]-amido-9,10-dihydro-9,10-

ethanoanthacene 3a'
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The product was synthesized according to the general procedure described above from 9,10-
dihydro-9,10-ethanoanthacetrans(11S,12S)-dicarboxylic acid (0.5 g,1.7 mmol) and (+)-

(S)- phenylglycinol (0.65 g, 3.74 mmol). Purification by column chromatography (EtOAc-
MeOH , 0:1) yielded a white solid (720 mg, 80%): m.p.= 174 0s’f = +32 € 0.84,
CHCl); 'H NMR (400 MHz , CDCI3)5 = 2.96 (s, 2H), 3.68 (dd, J = 6.4, 11.6 Hz, 2H), 3.73
(dd, J = 3.6, 11.4 Hz, 2H), 4.59 (s, 2H), 4.90 (dd, J = 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, CDCJ): & = 45.9,

48.9, 56.2, 65.6, 123.4, 125.3, 125.9, 126.7, 127.3, 128.4, 139.6, 140.4, 143.3, 173.5; HRMS
[ESI]: m/z caled for GsH3oN,04Na:555.2259 (M+Na), found: 555.2255.

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

The product was synthesized according to the general procedure described above from 9,10-
dihydro-9,10-ethanoanthacetrans(11S,12S)-dicarboxylic acid (0.5 g,1.7 mmol) and (+)-
L-Leucinol (0.438 g, 3.74 mmol). Purification by column chromatography (hexane-EtOAc,
9:1) yielded a white solid (635 mg, 80%): m.p.= 134-135 3% = -18 € 0.55, CHCE);

'H NMR (400 MHz , CDCI3)5 = 0.78, 0.80 (2d, J = 6.4 Hz, 12H), 1.09-1.16, 1.22-1.29 (2m,
4H), 1.39-1.47 (m, 2H), 2.88 (s, 2H), 3.23 (dd, J = 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), 7.00-7.06 (m, 4H), 7.21, 7.24 (2d, J = 6.8 HZ’@H);
NMR (100 MHz, CDC}¥): 6 = 22.0, 23.2, 24.8, 40.2, 46.9, 49.6, 65.4, , 123.2, 125.4, 126.21,
140.3, 143.2, 173.8; HRMS [ESIivz calcd for GoH4oN2OsNa: 515.2885 (M+N4d) found:
515.2883.

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

ethanoanthacene 3c
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The product was synthesized according to the general procedure 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 column chromatography
(EtOAC:MeOH, 4:1) yielded a white solid (1.27 g, 77%): m.p.= 220 8> = +57 €0.95

, CHCL); 'H NMR (400 MHz , CDGJ): & = 2.90 (s, 2H), 2.92 (t, J = 6.8 Hz, 2H), 3.36-3.43

(m, 2H), 3.73-3.79 (m, 4H), 4.62 (s, 2H), 7.10-7.17 (m, 4H), 7.28, 7.42 (2d, J = 6.4 Hz, 4H);
¥C NMR (100 MHz, CDCJ): & = 26.8, 33.5, 46.3, 50.5, 59.6, 62.4, , 123.2, 125.7, 126.3,
126.4, 140.2, 143.4, 174.7; HRMS [EStiz calcd for GoHaoN20sNa: 515.2885 (M+N4)

found: 515.2887.

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

The product was synthesized according to the general procedure described above from 9,10-
dihydro-9,10-ethanoanthacem@ns(11S,12S)-dicarboxylic acid (1 g, 3.40 mmol), and
ethanolamine (0.457 g, 7.48 mmol) in THF (5 ml/mmol). Recrystallization from methanol
yielded a white solid (578 mg, 45%): m.p.= 262 °@pf° = +40 € 2.25, CHOH); *H NMR

(400 MHz , CROD): 6 = 3.28-3.33 (m, 6H), 3.56 (t, J = 6 Hz, 4H), 4.60 (s, 2H), 7.09
(quintuplet, J = 7.2 Hz, 4H), 7.24 (d, J = 6.8 Hz, 2H), 7.35 (d, J = 6.4 HzZHNMR (100

MHz, CD;0OD): 8 = 40.9, 46.5, 59.7, 122.0, 123.8, 124.9, 139.1, 141.7, 172.6; HRMS [ESI]:
m/z calcd for GH24N,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 general procedure described above from 9,10-
dihydro-9,10-ethanoanthacettans(11R,12R)-dicarboxylic acid (0.5 g,1.7 mmol) and (+)-

(S)- phenylglycinol (0.65 g, 3.74 mmol). Purification by column chromatography (hexane-

EtOAc, 1:9) yielded a white solid (820 mg, 91%): m.p.= 137-138 °} = +30 € 0.51,

15



CHCly); 'H NMR (400 MHz , CDCI3)3 = 2.92 (s, 2H), 3.64 (m, 4H), 4.58 (s, 2H), 4.89 (dd,

J = 5.0, 11.8 Hz, 2H), 7.04-7.30 (m, 18HC NMR (100 MHz, CDGJ): § = 46.1, 50.1, 55.8,

66.7, 123.5, 125.5, 126.5, 126.6, 127.8, 128.8, 138.5, 140.0, 143.0, 173.6; HRMSMESI]:
calcd for G4H32N,04Na:555.2259 (M+Na), found: 555.2255.

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

The product was synthesized according to the general procedure 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 white precipitate 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°@p{° = -31 € 0.71, CHC}); 'H NMR

(400 MHz , CDCI3)3 = 3.19 (s, 2H), 3.75 (br s, 4H), 4.69 (s, 2H), 4.95 (br d, 2H), 7.02 (dd, J
= 4.0, 8.4 Hz, 2H), 7.19-7.31 (m, 14H), 7.90 (d, J = 7.2 Hz, 21@);NMR (100 MHz,
CDCl): 6 = 46.7, 49.3, 56.1, 65.7, 123.4, 125.4, 126.0, 126.0, 126.7, 128.5, 139.4, 140.4,
143.3, 173.5; HRMS [ESI]:m/z calcd for GgH3N,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 general procedure described above from
racemic- 9,10-dihydro-9,10-ethanoanthacaaeas-dicarboxylic acidl (0.5 g,1.7 mmol) and
(-)-(R)- phenylglycinol (0.65 g, 3.74 mmol). Purification by column chromatography
(EtOAC), yielded a white solid (690 mg, 76%): m.p.= 150 Jsgf?° = -33 € 1.94, CHCY);

'H NMR (400 MHz , CDCI3)3 = 3.08 (s, 2H), 3.66 (br s, 4H), 4.60 (s, 2H), 4.87 (br s, 2H),

6.93-7.22 (m, 16H), 7.77 (d, J = 7.2 Hz, 2HC NMR (100 MHz, CDGJ): & = 45.9, 49.3,
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56.1, 65.8, 123.4, 125.4, 126.0, 126.7, 127.4, 128.5, 139.4, 140.4, 143.3, 173.58; HRMS
[ESI]: mVz caled for G4H3:N,04Na:555.2259 (M+Na), found: 555.2255

4.2.9. Bis[(2'-hydroxy-1'-(R)-phenylethyl)]-amido-9,10-dihydro-9,10-ethanoanthacene 6

The product was synthesized from this-9,10-dihydro-9,10-ethanoanthacene dicarboxylic
anhydride 5 (225mg, 0.9 mmol), (-)-(R)- phenylglycinol (156mg, 0.9 mmol) and N-
Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (247 mg, 1.0 mmol) in 10 ml of THF at
ambiante temperature for 48 h. Purification by column chromatography (EtOAc-MeOH , 9:1)
yielded a white solid (185 mg, 77%): m.p.= 125-127 @:ef?° = -73 € 0.82, CHCk); *H

NMR (400 MHz , CDCI3):5 = 3.12 (dd, J = 12.0, 22.8 Hz, 2H), 3.23, 3.26 (2d, J = 6.8 Hz,
1H), 3.57-3.63 (m 2H), 3.73, 3.75 (2d, J = 3.6 Hz, 1H), 4.040 (dd, J = 7.2,14.4 Hz, 1H), 4.41
(br s, 1H), 4.80 (m, 1H), 4.90 (m, 1H), 7.02-7.36 (m, 181I3();NMR (100 MHz, CDd): 6 =

46.2, 47.0, 49.4, 50.6, 55.5, 56.2, 65.2, 65.6 123.5, 123.6, 124.5, 126.3, 126.4, 126.9, 127.0,
127.1, 127.2, 127.7, 127.8, 128.7, 128.7, 138.8, 139.3, 139.5, 141.9, 142.4, 142.8, 172.4,

173.1; HRMS [ESI]mVz calcd for G4HzN.04Na:555.22598 (M+Na) found: 555.2257.

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

y

Diethylaminosulfur trifluoride (2.2 equiv) was added dropwise to a cooled suspension (-
78°C) of the corresponding bis-hydroxyamide in dry,CH (10 mL/mmol) under argon.

After stirring for 3-5 h at the indicated temperature, anhydro@®XK (3 equiv) was added

and the reaction mixture was allowed to warm to room temperature. A saturated aqueous
NaHCG; solution was added and after phase separation the aqueous layer was extracted with
CH.Cl,. After drying over MgS®@and evaporation, the crude product was purified by column

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

The product was synthesized fr@a (0.7 g, 1.31 mmol) according to the general procedure
described above Purification by column chromatography (hexane-EtOAc, 3:2) yielded a white
solid (513 mg, 78%): m.p.= 85-86 °Qu]p*° = +83 € 0.96, CHC}); 'H NMR (400 MHz ,
CDCI3):5 = 3.68 (s, 2H), 4.01 (t, J = 8.0 Hz, 2H), 4.57 (t, J = 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 (2d, J = 6.4 Hz,"2BMR (100 MHz,
CDCly): 6 = 42.9, 47.0, 69.3, 75.3, 123.9, 125.1, 126.1, 126.3, 126.6, 127.4, 128.6, 140.5,
142.4, 142.5, 168.8; HRMS [ESIWz calcd for GsHogN2O2: 497.2229 (M+H), found:
497.2229.

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

The product was synthesized fr@a' (0.50 g, 0.94 mmol) according to the general procedure
described above. Purification by column chromatography (hexane-EtOAc, 3:2) yielded a
white solid (300 mg, 68%): m.p.= 177 °@]$* = +31 € 0.87, CHC}); *H NMR (400 MHz ,
CDCI3): 6 = 3.83 (s, 2H), 3.86 (t, J = 8.0 Hz, 2H), 4.50 (dd, J = 8.4, 10.0 Hz, 2H), 4.78 (s,
2H), 4.92 (t, J = 8.8 Hz, 2H), 6.40 (d, J = 8.4 Hz, 4H), 7.05-7.18 (m, 12H), 7.23, 7.36 (2d, J =
6.8 Hz, 4H);**C NMR (100 MHz, CDG)): 6 = 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, 142.1, 169.2; HRMS [@%4:calcd for
CagH29N20,: 497.2229 (M+H), found: 497.2229

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

The product was synthesized fr@h (0.5 g, 1.0 mmol) according to the general procedure
described above. Purification by column chromatography (hexane-EtOAc, 2:3) yielded a
white solid (295 mg, 63%): m.p.= 67-69 °G]4%° = -11 € 0.52, CHC}); *H NMR (400 MHz

, CDCI3):6 = 0.65, 0.71 (2d, J = 6.8 Hz, 12H), 0.78, 0.92 (2 quintuplets, J = 7.2 Hz, 4H), 1.30

('septuplet, J = 6.8 Hz, 2H), 3.46 (s, 2H), 3.69 (t, J = 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), 6.97-7.05 (m, 4H); 7.13, 7.27 (2d, J = 6.8 Hz, 4H);
%C NMR (100 MHz, CDGJ): 5 = 22.6, 22.7, 24.9, 42.3, 45.8, 46.9, 64.0, 73.4, 124.0, 124.6,
125.8, 126.1, 140.6, 141.8, 166.9; HRMS [ESi}z calcd for GoH3/N,O2: 457.2855,
(M+H)*, found: 457.2857.

4.3.4. (11S,12S)-Bis[(4'Sert-butyloxazoline]-9,10-dihydro-9,10-ethanoanthacene 4c

The product was synthesized fr@ua (0.5 g, 1.02 mmol) according to the general procedure
described above. Purification by column chromatography (hexane-EtOAc, 3:1) yielded a
white solid (404 mg, 86%): m.p.= 84-86 °G]4* = -19 € 0.51, CHCE); 'H NMR (400

MHz , CDCI3):8 = 3.56 (s, 2H), 3.59 (t, J = 9.2 Hz, 2H), 3.86 (t, , J = 8.4 Hz, 2H), 4.07 (t, J =
8.4 Hz, 2H), 4.60 (s, 2H), 6.92, 6.98 (2t, J = 7.2 Hz,4H), 7.10, 7.23 (2d, J = 7.2 HZ’@H);
NMR (100 MHz, CDCY): 6 = 25.6, 32.9, 43.0, 46.5, 69.1, 75.3, 123.7, 124.9, 125.97, 126.0,
140.8, 142.3, 167.2; HRMS [ESIImVz calcd for GoHs/N,O,: 457.2855 (M+H),
found:457.2855.

4.3.5. (11S,12S)-Bis(oxazoline)-9,10-dihydro-9,10-ethanoanthacene 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 was heated at reflux for 3 h, then recooled to
room temperature and washed sequentially with cold water (10 ml), 0CKK2 x 10 ml),

and saturated aqueous NaCl (10ml). After drying over Mg&@ evaporation, the crude
bisamide dichloride was obtained as a white solid (175 mg, 93%NMR (400 MHz ,
CDCI3): 5 = 2.84 (s, 2H), 3.45 (m, 8H), 4.55 (s, 2H), 7.04-7.11 (m, 4H), 7.24, 7.29 (2d, J =
6.4 Hz, 4H). HRMS [ESI:m/z calcd for GoH.N,O.Cl,Na: 439.0956 (M+Na), found:
439.0957.

A mixture of the crude bisamide dichloride, 170mg (0.41 mmol), and NaOH (500 mg, 30

mmol) in 50% aqueous MeOH (5 ml) was heated under reflux 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) yielded the lighd@dsa white solid (102 mg,
73%): m.p.= 95-98 °C;, 0.102g (73%y]§>° = +34 € 1.23, CHC4); *H NMR (400 MHz ,
CDCl): 6 = 3.38 (s, 2H), 3.44-3.64 (m, 4H), 4.06-4.16 (m, 4H), 4.62 (s, 2H), 6.99-7.05 (m,
4H), 7.15, 7.25 (2d, J = 6.4 Hz, 4HJC NMR (100 MHz, CDGJ): 6 = 42,7, 46.9, 54.1, 67.8,
123.8, 124.7, 126.0, 126.2, 140,4, 142.3, 168.4; HRMS [ESH:calcd for GH21N,Oy:
345.1603 (M+H), found: 345.1611.

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

The product was synthesized frda (0.5 g, 0.94 mmol) according to the general procedure
described above. Purification by column chromatography (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):6 = 3.58 (s, 2H), 3.92 (t, J = 8.0 Hz, 2H), 4.48 (t, J = 8.4 Hz, 2H), 4.72 (s, 2H),
54.90 (t, J = 8.0 Hz, 2H), 6.96-7.18 (m, 14H), 7.24, 7.28 (2d, J = 6.4 Hz**EH)MR (100

MHz, CDCk): 6 = 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, 142.1, 169.2; HRMS [ESt}z calcd for GsH29N,02:497.2229 (M+H), found:
497.2229.

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

The product was synthesized fr@e' (0.5 g, 0.94 mmol) according to the general procedure
described above. Purification by column chromatography (hexane-EtOAc, 3:2) yielded a
white solid (407 mg, 63%): m.p.= 178 °G]§* = -33 € 0.87, CHC}); 'H NMR (400 MHz ,
CDCI3): 6 = 3.83 (s, 2H), 3.87 (t, J = 8.0 Hz, 2H), 4.50 (dd, J = 8.4, 10.0 Hz, 2H), 4.78 (s,
2H), 4.92 (t, J = 8.8 Hz, 2H), 6.41 (d, J = 7.2 Hz, 4H), 7.05-7.18 (m, 10H), 7.23, 7.36 (2d, J =

6.8 Hz, 4H);"*C NMR (100 MHz, CDGJ): 5 = 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, 142.1, 169.2; HRMS [mE%1]:calcd for
CzaH29N,0,: 497.2229 (M+H), found: 497.2229.
4.3.8.(11S,12811R,12R)-Bis[(4'R)-phenyloxazoline]-9,10-dihydro-9,10-ethanoanthacene

4f

The product was synthesized fr@&h (0.5 g, 0.94 mmol) according to the general procedure
described above. Purification by column chromatography (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, J = 8.0 Hz, 4H), 4.45-4.53 (m, 4H),
4.72 (s, 2H), 4.78 (s, 2H), 4.87-4.95 (m, 4H), 6.41 (d, J = 6.0 Hz, 4H), 6.96-7.37 (m, 32H);
¥C NMR (100 MHz, CDGJ): & = 42.8, 43.1, 46.5, 47.0, 69.1, 69.2, 75.3, 75.9, 123.8, 124.5,
124.8, 125.1, 126.1, 126.2, 126.3, 126.3, 126.4, 126.5, 127.2, 127.4, 128.4, 128.5, 140.4,
140.9, 142.1, 142.3, 142.5, 168.8, 169.2; HRMS [ESI]: calcd #aH®LN,O,: 497.2229
(M+H)*, found: 497.2229.

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

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

, CDCI3):8 = 3.18 (d, J = 10.8 Hz, 1H), 3.35 (t, J = 8.4 Hz, 1H), 3.43 (d, J = 8.4 Hz, 1H), 3.54
(dd, J = 2.0, 10.8 Hz, 1H), 4.04, 4.07 (2d, J = 8.4 Hz, 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 = 9.2 Hz, 2H), 5.03 (t, J = 9.4 Hz, 1H), 6.84-7.25
(m, 17 H), 7.42-7.44 (m, 1H}3C NMR (100 MHz, CDGJ): 5 = 41.6, 41.7, 46.5, 48.8, 69.0,
69.1, 74.6, 74.8, 123.5, 124.0, 124.6, 125.7, 126.3, 126.4, 126.5, 126.7, 126.9, 127.1, 127.3,
128.4, 128.6, 140.7, 141.2, 142.3, 142.4, 142.6, 143.7, 168.0, 168.2. HRMSnjizSJlcd

for CagH29N205: 497.2229 (M+H), found: 497.2229.
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4.4. General procedure for asymmetric Diels-Alder reaction

A mixture of Cu(Il)(OTf) (5umol, 10 mol % ) and the ligar#l(6 pmol,) in dry CHCI, (0.2

ml) was stirred for 0.5 h at room temperature under argon. The dienophjlen(80n 50l
CH.CI; ) and freshly distilled cyclopentadiene (1@@ol) were then respectively added. The
reaction was monitored by TLC and stopped after consumption of the starting substrate. The
reaction mixture was purified on silica gel with hexane-ethyl acetate (3:1) to give a mixture of
endoandexoisomers of cycloadduc®& The yield was calculated on the basis of the isolated
products. Theenddexoratio was determined by4 NMR analysis and confirmed by HPLC
analysis. The enantiomeric excess of the cycloadduct was determined by chiral HPLC
analysis: Daicel Chiralcel OD-H column, hexar@rOH, 95:5, flow rate = 1 ml/min,
detection: 220nm. The absolute configuration of the cycloaddecido9 product was
assigned based upon the comparison of the sign of optical rotation with the literature values:

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

Supplementary data

Copies ofH and™*C NMR spectra of bis(hydroxyamid&}, 3a’, 3b, 3c, 3d, 3e, 3e', 3f and

6, copies ofH and'*C NMR spectra of bis(oxazolindp, 4a’, 4b, 4c, 4d, 4e 4e', 4f and?,

HPLC chromatograms of selected Diels-alder reactions, X-ray crystallographic data of ligand

4a.

Legends
Fig. 1. Structure of various chiral bis(oxazoline) ligands linked with a rigid backbone.
Fig. 2.™H NMR study of the epimerization of ligandn CDCk

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

(C) Time: 48h

Fig. 3. ORTEP drawing and atom labeling of ligadl

Fig. 4. Cu(i1)-complexes of the four diastereomeric ligardand the correlation between
structure of the ligand and configuration of the cycloadduct

Scheme 1Synthesis of different chiral bis(oxazoline) with a dihydroethanoanthracene

backbone.
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'H and **C NMR spectra of bis(oxazoline) 4 and 7
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lll. HPLC chromatograms of Diels-Alder reaction of cyclopentadiene with 3-Acryloyl-

2-oxazolidinone 8 catalyzed by Cul) (OTf)./bis(oxazolines) 4 complexes

H
o o ﬂ@/(ﬁ) A H
Cu(ll)(OTf),/An-Box (4 (S)
S+ @ u(ID(OTA,/An-Box (4) P 4 + oos
\__/ CH,Cl, )\ o} N/> (minor)
o O
8 0
endo-9
(major)

HPLC conditions: Chiralcel OD-H column; n-hexane/isopropyl alcohol (95:5) at 1 rifi.min

Detection at 220 nm.

Racemic end® + exo9

R

‘5 10 15 ‘20 ‘25 30 35

Peak Ret. Time (min) Area (%) E.E. (%)
exo 9 27.043 803801 5.0347
exo 9 28.229 784322 49127
endo9 29.830 7268743 45.5286
endo9 33.149 7108350 44.5240
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With ligand 4a at 20°C

mAU &

70—

60—

30—

20—

10—

0*4—//\‘&\_‘
" » B o |
Peak Ret. Time (min) Area (%) E.E. (%)
endo9 (minor) 31.387 579974 3.5083
endo9 (major) 33.063 15027563 90.9029 92.56
exo9 (major) 27.593 874068 5.2873
exo9 (minor) 29.290 49847 0.3015

With ligand 4a at 0°C

x o
b} ¥ b
mAU [ =

MMMMMMM

Peak Ret. Time (min) Area (%) E.E. (%)
endo9 (minor) 31.077 493379 2.0967
endo9 (major) 32.569 21997272 93.4832 95.61
exo9 (major) 27.403 1040077 4.4201

exo9 (minor)
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With ligand 4a at -20°C

75—

50—

25—

10

20 30

Peak Ret. Time (min) Area (%) E.E. (%)
endo9 (minor) 29.954 393717 1.5190
endo9 (major) 31.303 24741672 95.4576 96.86
exo9 (major) 26.608 783637 3.0234
exo9 (minor)

With ligand 4a at -40°C
] g
/L § :

R AN, i S

Peak Ret. Time (min) Area (%) E.E. (%)
endo9 (minor) 30.515 235500 1.0188
endo9 (major) 31.961 22348476 96.6869 97.91
exo9 (major) 27.048 530288 2.2942

exo9 (minor)
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With ligand 4e at 20°C

mAU | & =

2

sz

M g —
K
:

l10 20 20 lao

MMMMMMM

Peak Ret. Time (min) Area (%) E.E. (%)
endo9 (major) 29.851 21916558 92.3183 94.30
endo9 (minor) 34.237 520266 2.1915
exo9 (minor) 27.545 13596 0.0573
exo9 (major) 28.419 1289788 5043290

With ligand 4e at 0°C

23

270m
E

Peak Ret. Time (min) Area (%) E.E. (%)
endo9 (major) 29.326 12342155 94.2135 96.06
endo9 (minor) 33.743 243038 1.8552
exo9 (minor)
exo9 (major) 27.983 514999 3.9312
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With ligand 4e at -20°C

I AN

Peak Ret. Time (min) Area (%) E.E. (%)
endo9 (major) 28.783 16349579 96.5472 97.49
endo9 (minor) 33.550 159904 0.9443
exo9 (minor)
exo9 (major) 27.621 424801 2.5085

With ligand 4e at -40°C

=00

29m
e

N

l10

sssssss

Peak Ret. Time (min) Area (%) E.E. (%)
endo9 (major) 29.040 24459314 96.9426 97.82
endo9 (minor) 34.137 222607 0.8823
exo9 (minor)
exo9 (major) 27.979 548786 2.1751
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IV . X-ray crystallographic study of (11S,12S)-bis[(4'R)-phenyloxazoline]-9,10-dihydro-
9,10-ethanoanthacene 4a:structural data, tables of atomic coordinates, anisotropic
displacement parameters, bond lengths, angles and torsion angles.

|. X-ray crystallographic study

(Cs4 Hzg N2 O7); M = 496.58. APEXII, Bruker-AXS diffractometer, Moekradiation § =

0.71073 A), T= 150(2) K; monoclinic By (I.T.#4), a = 12.2274(6), b = 10.3152(4), ¢ =
13.4410(6) A, p= 109.599(2) °, \= 1597.07(12) A Z=2, d = 1.033 g.cify p = 0.064 mrit.

The structure was solved by direct methods using the SIR97 prograahthen refined with
full-matrix least-square methods based G{SHELXL-973 with the aid of thaVINGX

program. The contribution of the disordered solvents to the calculated structure factors was
estimated following th8YPASS algorithtnimplemented as the SQUEEBRtion in

PLATON. A new data set, free of solvent contribution, was then used in the final refinement.
All non-hydrogen atoms were refined with anisotropic atomic displacement parameters. H
atoms were finally included in their calculated positions. A final refinement ovitk 7208
unique intensities and 313 parameters converge®@p= 0.241 R(F) = 0.0846) for 5274

observed reflections with3 24(1).

(2). A. Altomare, M. C. Burla, M. Camalli, G. Cascarano, C. Giacovazzo, A. Guagliardi, A.
G. G. Moliterni, G. Polidori, R. Spagna, J. Appl. Cryst. (1999) 32, 115-119

(2). Sheldrick G.M., Acta Cryst. A64 (2008), 112-122

(3). L. J. Farrugia, J. Appl. Cryst., 1999, 32, 837-838

(4). P.v.d. Sluis and A.L. Spek, Acta Cryst. (1990) A46, 194-201

(5). A. L. Spek, J. Appl. Cryst. (2003), 36, 7-13

Structural data
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Empirical formula seHzg N2 O,
Formula weight 496.58
Temperature 150(2) K
Wavelength 0.71073 A

Crystal system, space group

Unit cell dimensions

monoclinic; P 2

a=12.2274(6)d= 90 °

b = 10.3152(4) A; £09.599(2) °

c =13.4410(6) A 90 °

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

Crystal color

Theta range for data collection
h_min, h_max

k_min, k_max

|_min, |_max

Reflections collected / unique
Completeness to theta_max
Absorption correction type
Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit

524

1597.07(12) A

2,1.033 (g°km

0.064 ritm

0.6 x 0.37 x0.18 mm

colourless

3.11t0 27.48°

-15,15
-13, 12

-15,17

13297 / 7208 [R(int) = 0.033]
0.996
multi-scan
0.989, 0.895
Full-matrix least-squares on F

7208 /1/313

1.049
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Final Rindices [I>24 R? = 0.0846, wR® = 0.241
Rindices (all data) 1R= 0.105, wi” = 0.2613
Largest diff. peak and hole 0.473 and -0.435%e.A

RL=Y | Fol - Fel 11X IFol
"WR2 = (¥ [W(Fo’ - )T/ Y [W(Fe)

Atomic coordinates, site occupancy (%) and equivalent isotropic displacement parameters

(A% x 10°). U(eq) is defined as one third of the trace of the orthogonalizedrigor.

At om X y z occ. U( eq)
Cl -0.0946(2) 0.0229(3) 0.2020(2) 1 0.0342(6)
H1 -0. 0582 -0.0442 0. 2569 1 0. 041

c2 -0.0311(2) 0.0231(3) 0.1241(2) 1 0. 0330( 6)
C3 0.0486(4) -0.0745(4) 0.0169(4) 1 0. 0594( 10)
H3A 0. 0072 -0.106 -0. 0556 1 0.071

H3B 0.1241 -0.1198 0. 045 1 0.071

4 0. 0659(3) 0.0747(4) 0.0180( 3) 1 0.0472(8)
H4 0. 0239 0.1113 -0. 0535 1 0. 057

C5 0.1930(3) 0. 1138(3) 0.0532(3) 1 0. 0457(7)
C6 0.2620(3) 0. 1129(5) 0.1604(4) 1 0. 0637(10)
H6 0.2281 0. 0883 0.2117 1 0.076

Cc7 0.3763(4) 0. 1465(5) 0.1927(5) 1 0. 0858( 10)
H7 0.4216 0. 1456 0. 2656 1 0.103

C8 0. 4256(4) 0. 1818(5) 0.1184(5) 1 0. 0858( 10)
H8 0.5053 0. 2052 0. 1406 1 0.103

9 0.3631(4) 0. 1836( 5) 0. 0154( 6) i 0. 0858( 10)
Ho 0.3992 0. 2075 -0.0345 1 0. 103

C10 0.2423(3) 0. 1499(4) -0.0206(4) 1 0.0577(9)
H10 0.1975 0. 1526 -0. 0936 1 0. 069

Cl1 -0.0860(2) 0. 1547(3) 0.2578(2) 1 0. 0341(6)
H11 -0.0458 0. 2161 0.224 1 0. 041

C12 -0.0163(2) 0. 1484(3) 0.3737(2) 1 0. 0383(6)
C13 0.0634(4) 0. 2369(5) 0.5324(3) 1 0.0642(11)
H13A 0. 0236 0. 258 0.5835 1 0.077
H13B 0. 1356 0. 2885 0. 5499 1 0.077

Cl4 0.0897(3) 0. 0908( 4) 0.5337(3) 1 0.0542(9)
H14 0. 0509 0. 0453 0.5785 1 0. 065

C15 0.2180(3) 0. 0605( 4) 0.5746(3) 1 0.0570( 10)
Cl16 0.2727(3) 0. 0349(4) 0.6811(3) 1 0. 0592( 10)
H16 0.2282 0. 0362 0.727 1 0.071

C17 0. 3900( 5) 0. 0076( 8) 0.7227(6) 1 0.1099(12)
H17 0. 4254 -0.011 0. 7957 1 0.132

C18 0. 4520( 5) 0.0079(8) 0. 6586( 5) 1 0.1099(12)
H18 0.5333 -0.0074 0. 6864 1 0.132

C19 0.3992(5) 0. 0305( 8) 0. 5507(6) 1 0.1099(12)
H19 0. 4437 0. 0282 0.5047 1 0.132

C20 0. 2806( 5) 0. 0565( 8) 0.5111(6) 1 0.1099(12)
H20 0. 2441 0.0715 0. 4377 1 0.132

c21 -0.2255(2) -0.0140(3) 0. 1472(3) 1 0.0379(7)
H21 -0.2349 -0.0997 0. 1106 1 0. 045

c22 -0.2790(3) -0.0128(3) 0.2337(3) 1 0. 0448(8)
c23 -0.3302(3) -0.1188(4) 0.2652(3) 1 0.0619(11)
H23 -0.3375 -0.1999 0.2301 1 0.074

Cc24 -0.3708(4) -0.1018(7) 0. 3504(4) 1 0.0851(18)
H24 -0. 4073 -0.1716 0.3731 1 0. 102

C25 -0.3574(4) 0. 0190( 8) 0.4024(4) 1 0.092(2)
H25 -0.3828 0. 0291 0.4614 1 0.111

C26 -0.3090(3) 0. 1200( 5) 0. 3694(3) 1 0.0633(11)
H26 -0.3011 0.2011 0. 4046 1 0.076

c27 -0.2710(3) 0. 1057(4) 0.2844(2) 1 0. 0455(8)
c28 -0.2102(2) 0.2093(3) 0.2398(2) 1 0.0379(6)
H28 -0.2082 0. 2955 0.2744 1 0. 045

Cc29 -0.2704(2) 0. 2156( 3) 0.1216(2) 1 0.0378(7)
C30 -0.3135(3) 0. 3254( 3) 0.0628(3) 1 0.0430(7)
H30 -0. 3069 0. 4073 0. 0966 1 0. 052

C31 -0.3667(3) 0. 3160(4) -0.0459(3) 1 0.0524(9)
H31 -0.3973 0. 3912 -0. 0865 1 0. 063

C32 -0.3749(3) 0.1963(4) -0.0951(3) 1 0. 0525(9)
H32 -0.4113 0. 1902 -0.1694 1 0. 063

C33 -0.3309(3) 0. 0859( 3) -0.0373(3) 1 0. 0451(8)
H33 -0. 3356 0. 0046 -0.0716 1 0. 054

C34 -0.2796(2) 0. 0953( 3) 0.0716(2) 1 0.0372(6)
[e:] -0.0197(2) -0.0946(2) 0.0837(2) 1 0. 0485( 6)
@ -0.0113(2) 0.2617(2) 0. 42553(19) 1 0. 0509( 6)
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NL 0.0118(2) 0.1207(3) 0.0939(2) 1 0. 0406( 6)
N2 0. 0355(2) 0.0494(3) 0.4234(2) 1 0.0489(7)

Anisotropic displacement parameters)A
The anisotropic displacement factor exponent takes the form:

27 [WPa* Uy + ... + 2 hk a* b* Ws .

At om ull w2 us3 w23 u13
c1 0. 0265(12) 0.0342(14) 0.0379(14) 0.0007(11) 0. 0054( 10)
@2 0.0270(12) 0.0321(13) 0. 0365(13) -0.0047(11) 0. 0060( 10)
3 0. 066( 2) 0. 052(2) 0.075(3) -0.0219(18) 0. 044(2)
ca 0. 0436( 16) 0. 0509( 19) 0. 0523(19) -0.0072(14) 0. 0228(14)
s 0. 0396( 15) 0.0347(15) 0.070(2) -0.0033(14) 0. 0271(15)
o3 0.0431(18) 0.077(3) 0.071(2) -0.014(2) 0.0186(17)
c7 0. 0516( 15) 0. 0590( 15) 0.147(3) 0.0073(17) 0. 0340( 16)
c8 0. 0516( 15) 0. 0590( 15) 0.147(3) 0.0073(17) 0. 0340( 16)
@ 0. 0516( 15) 0. 0590( 15) 0.147(3) 0.0073(17) 0. 0340( 16)
C10 0. 056( 2) 0.0432(18) 0.087(3) 0.0161(18) 0.041(2)
c11 0. 0296(12) 0.0372(14) 0. 0358(13) -0.0023(12) 0.0112(11)
c12 0.0278(12) 0. 0459( 16) 0.0411(15) -0.0087(13) 0.0114(11)
c13 0. 0483(19) 0. 090( 3) 0. 0465(19) -0.018(2) 0. 0054( 16)
c14 0. 0385(16) 0. 080(3) 0. 0380( 16) -0.0025(17) 0. 0049(13)
c15 0.0418(17) 0.071(2) 0. 0509( 19) -0.0155(17) 0. 0056( 15)
C16 0.0511(19) 0. 048(2) 0. 062(2) 0. 0004( 16) -0.0021(17)
c17 0. 0524(14) 0. 156(3) 0.104(2) -0.028(2) 0.0037(13)
c18 0. 0524(14) 0. 156(3) 0.104(2) -0.028(2) 0.0037(13)
c19 0. 0524(14) 0. 156(3) 0.104(2) -0.028(2) 0.0037(13)
20 0. 0524(14) 0. 156(3) 0.104(2) -0.028(2) 0.0037(13)
@1 0. 0285(13) 0. 0364( 15) 0. 0454( 15) 0.0021(12) 0. 0080( 11)
@22 0.0272(13) 0. 053(2) 0. 0510( 18) 0.0134(15) 0. 0088(12)
@3 0. 0306( 14) 0.073(2) 0. 075(3) 0.037(2) 0. 0085( 16)
4 0. 040(2) 0.133(5) 0. 085( 3) 0. 054(3) 0. 024(2)
@25 0. 050( 2) 0.167(6) 0.070(3) 0. 045( 4) 0.034(2)
@26 0.0416(17) 0.102(3) 0. 0493(19) 0.023(2) 0.0192(15)
27 0.0267(13) 0. 066( 2) 0. 0422(16) 0.0077(15) 0. 0089(12)
c28 0.0327(13) 0. 0404( 15) 0.0383(14) 0.0030(12) 0.0089( 11)
29 0.0287(13) 0. 0427(16) 0. 0401( 15) 0.0042(13) 0. 0090( 11)
c30 0. 0354( 15) 0.0412(16) 0.0487(17) 0.0040( 13) 0.0091(13)
c31 0.0457(18) 0. 059( 2) 0. 0454(18) 0. 0165(16) 0. 0055( 15)
c32 0.0410(17) 0.074(2) 0. 0350( 15) 0.0107(16) 0.0034(13)
c33 0. 0390( 16) 0. 0494(19) 0.0441(17) -0.0057( 14) 0.0101(13)
c34 0. 0260(12) 0. 0397(15) 0. 0422(15) 0.0013(12) 0. 0065( 11)
oL 0.0477(12) 0.0369(12) 0.0672(15) -0.0162( 10) 0.0276(12)
@ 0.0449(12) 0.0577(14) 0.0436(12) -0.0156( 10) 0. 0062( 10)
NL 0. 0366(12) 0.0381(14) 0. 0531( 15) -0.0048(11) 0. 0230( 11)
N2 0.0418(14) 0. 0546(17) 0.0407(14) -0. 0006( 12) 0.0010( 11)

Bond lengths [A]

c1 @ = 1.498(4)
ca - c1 = 1.539(4)
ca - = 1.568(4)
c1 - HL =1

@2 - N = 1.263(4)
@ oL = 1.357(3)
c3 oL = 1.431(4)
c3 c4 = 1.553(5)
3 - H3A =0.99

3 - H3B = 0.99

4 - NL = 1.468(4)
4 - = 1.520(5)
- HA =1

G - Cl0 = 1.373(5)
s -0 = 1.405(5)
% - C7 = 1.362(6)
% - He =0.95

7 -8 = 1.377(8)
c7 - H7 =0.95

3 - = 1.339(8)
B - H8 =0.95

@ - c10 = 1.435(6)
@ - H =0.95
C10 - H10 =0.95
Cc11 - C12 = 1.506(4)
c11 - C28 = 1.561(4)
Cc11 - Hi1l =1

S28
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-0.0053(11)
0. 0009( 11)
-0.0144(18)
-0.0026( 14)
.0048(13)
. 0068( 18)
. 0083(12)
. 0083(12)
. 0083(12)
. 0140( 16)
.0002( 11)
-0.0013(12)
0.007(2)
0.0022(17)
0.0094(17)
-0. 0093( 16)
0. 0068(17)
0. 0068(17)
0. 0068(17)
0. 0068(17)
-0.0073(11)
-0.0037(13)
-0.0045(17)
-0.003(3)
0.024(3)
0.022(2)

0. 0095( 14)
0.0072(12)
0. 0000( 12)
-0.0050( 14)
-0.0128(17)
-0.0142(17)
-0.0133(14)
-0.0057(11)
-0.0081( 10)
0.0025(11)
-0.0047(11)
0.0016(13)
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Cl12 N2
C12 @
C13 2
C13 Cl4
C13 H13A
C13 H13B
Cl4 N2
Cl4 C15
Cl4 H14
C15 C20
C15 Cl6
C16 C17
C16 H16
C17 C18
C17 H17
C18 C19
C18 H18
C19 C20
C19 H19
C20 H20
21 C34
1 C22
1 H21
c22 c27
c22 C23
c23 C24
c23 H23
C24 C25
C24 H24
C25 C26
C25 H25
C26 c27
C26 H26
c27 c28
c28 C29
c28 H28
C29 C30
C29 C34
C30 C31
C30 H30
C31 C32
C31 H31
C32 C33
C32 H32
C33 C34
C33 H33
Angles [°]
- Ca
- C1
- C1L
- C1
- C1
- C1L

BB888AAQAIIIRRRARRARRRIIIIRBALRM

eRporRrOoPORRPRPRPPEPPORPOPORORRPREPRPPPOORORPORORRPRERPRPRPOORRERE

. 268(4)
.351(4)
. 443( 4)

540(7)
99
99
470(4)
510(5)

325(8)
387(5)
382(6)
95
325(9)
95

395(9)
95
394(7)
95

95
513(4)
514(5)

387(5)
394(5)
403(8)
95

. 411(10)

533(5)
512(4)

381(4)
398(4)
389(5)
95
388(6)
95

381(5)
95

.389(4)
95

- H3B

TRFFAIIRRFIFIARRIEEERIRR

© © oo

.9(2)
.0(2)
.6(2)

.3(3)
.5(3)
.2(2)
.1(3)

.5(3)
.6(3)
.8(3)

S0(3)
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125. 5(4)
117. 9(5)

120. 0( 4)

120. 8(5)
6

119. 9(5)

120. 9( 4)
126. 3(4)
112.7(3)
108. 1(2)
106. 5(2)
105. 2(2)

119. 9(3)
126. 5(3)
113. 6(3)
120. 0(3)
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C33
C33
C29
C12

C12

C34
C34
C34

N1

C29
c21
c21
C13

Cl4

Torsion angles [°]

Cl1
c21
Cl1
c21
0oL
0oL
N1
a3
N1

L8

QRALRIQAIAG

C1
C1
C1
C1

BRABAFZIARRRRBY

BRA8BAFRRRRAAA

120.
126.
113.
106.
105.
107.
105.

C10
C10

3(3)
6(3)
1(3)
4(2)
3(3)
4(3)
9(3)

-9.4(4)
113. 3(3)
170. 4(2)
-66.9(3)
4.4(4)
124. 0(3)
-143.0(3)
101. 5(4)
37.5(5)
-78.0(4)
-0.2(6)
179. 3(4)
-0.2(7)
0.0(7)
0.6(7)
0.8(5)
-178.7(4)
-1.0(6)
-112.9(3)
123. 6(2)
122.6(2)
-0.9(3)
2.7(4)
126. 6(3)
-177.5(2)
-53.6(3)

-88. 6(6)
-150. 3(4)
92. 0(5)
1.0(8)
-179. 5(5)
1.0(10)
-2.4(12)
1.8(12)
-1.6(10)
178. 9(6)
0.3(12)
-66. 4(3)
57.7(3)
179. 2(2)
-56.8(3)
-54.3(3)
59. 3(3)
127. 4(3)
-119. 1(3)
-1.2(5)
177.1(3)
-1.0(6)
2.0(7)
-0.6(6)
-1.7(5)
-177.6(3)
2. 6(5)
-175.8(3)
179. 0( 3)
0. 6(4)
-130.9(3)
53.0(3)
115. 7(3)
-60.5(3)
178.1(2)
-56.3(3)
-67.3(3)
58. 3(3)
127. 8(3)
-119. 6(3)
-52.8(3)
59. 8(3)
0.5(5)
179. 8(3)
-0.8(5)

S31



C13

- N2

-C

C32
C33
C34
C34
C34
C34
C34
C34
C34
C34
C34
C34
0oL
0oL
o1
2
2
2

N1
N1
N1
N1
N2
N2
N2

12

= 3.8

0.0(5)
1.1(5)
-1.5(5)
-179.0(3)
0.7(4)
-178.7(3)
178. 6(3)
-0.8(4)
-127.9(3)
118. 9(3)
54. 4(3)
-58.8(3)
3.2(4)
-176. 6(3)
-4.5(4)
2.8(4)
-177.1(3)
-4.7(4)
-0.1(4)
179. 7(3)
-123.9(3)
-2.8(4)
0.8(4)
-179. 4(3)
-126.5(4)

S32



