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ABSTRACT

Two new azobenzene crown ether calix[4)arenes, 10 and 11, were synthesized by two pathways.
In the first pathway, two ethoxy nitrobenzene groups were attached to r-butylcalix[4)arenes in a 1,3
position. Subsequent reduction of the nitrobenzene groups by metaliic zinc in an alkaline solution
afforded 10 and 11 in 8% and 12%, respectively. In the second pathway, an azobenzene containing two
glycolic units was prepared prior connecting to r-butylcalix[4)arenes. The yields from the second
approach (5%, 8% for 10 and 11, respectively) were lower than those from the former approach. Single
crystals of 10 suitable for X-ray crystallography was obtained by recrystatlization in methanol. Both the
X-ray structure and '"H-NMR spectra of 10 indicated that the stereoisomer of the azobenzene moiety was
trans and the calixarene platform was in cone conformation. 'H NMR spectroscopy suggested that 10
underwent an observable cis-trans isomerization in CDCI, under room light and upon UV irradiation with
cis:trans ratios of 33:67 and I36:64, respectively. Compound 6 which was the precursor of [t showed
fluxional behavior and was found to have mixed conformations of cone and partial cone with a ratio of
47:53 at -30 °C. 'H-NMR spectrum of 11 suggested that 11 was initially isolated as cis azobenzene with
calix[4)arene in cone conformation and underwent conformational interconversion through calix(4)arene
annulas in a similar fashion to 6 upon exposing to light. The complexation studies of 10 with picrate salts
of Na” and K’ using '"H NMR spectroscopy suggested that Na preferred to bind the cis form of 10 while
K preferred to bind the trans form. The stereoisomer of the azobenzene unit in 11 changed partially from

¢is 1o trans upon complexing with K.
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2.1 MINAALY
211 Saquasmsininls
nsinSiasdniaraioflsomnnuiin Fluka, J.T. Baker ¥159 Merck uacihunlsiaslao
Nidoain1¥usqnisn fMviazaiwfiiiu commercial grade 15y 0zd Tny lanasTsiimu uazumivoa
segnnduudaiagarii@au molecular sieves 11419 4 A acetonitrile pzgniiimihdaeitinasgn® as
s IRuTgnigaonedu Tasin Tnas ez 193anuavuna 0.063-0.200 mm 91AUTEN Merck
W15 N5 FuSiRan1an(4) 13U p-rert-butylealix[4]arene, 1,” 1AL 26,28-dimethoxy-p-iert-butylcalix

3 as 'xs aaa : o a
[4)arene, 2,7 aunsawsouldnndsnid 181 13uda Ugasommuassduiunsnieldussoma

9

o/ '3

Tlulasinu  naadusin ldvrigoiiondnueiaods Tsaoutiuadosuumudns Tauuud ('H NMR)
a J
HaeNIg Dtﬂﬁzﬁﬁ’l@] 84A1/352n01 (elemental analysis)
P a '
212 miowenl¥lumsinsizy
P ¢ p o & a Y
MsARIEYsIRRRUsznaunszin Tao]4inTee CHON/S analyser (PE2400) M5TAT12¥A10
= : il F ; i
LU AN 2 TUUATDA Fission mass spectrometer (Trio 2000) yAviaauvaIvi1d laglHinsoq
Electrothermal 9000 g33aiiiavzAns1en lau1HinToa Spectronic 3000 N1sTiAs1zHA1835 'H NMR
A utuNITDUIRS 0 NAdes @ Tauuugailn Tnsiimes Bruker ACD 200 MHz 119¢ Bruket
} a‘ 9 = = a 9/ £ & o &
AM 400 MHz funisnaaoiinesimsnfasuunaiquvgizdeclsnios JEOL 500 MHz gud
4 - z ] a [ = as ' a
inseadaInenaasazmalnladueagnasnssiumineds  lunn 4 nsdzazarodedishios
a '8 3 Y o g a3 a o » )
Ans1zvaslu dewterated chloroform ud21¥dnyanuainaans Isvesuiluindradaduvivosdyaia
a
B 9
213 msduanzy

o Id , .
N3 AIAINEY 2-(2 -bromoethoxy)nitrobenzene, 3

1o o-nitrophenol (4.45 g. 32.0 mmol), 1,2-dibromoethane (60.11 g, 320.0 mmol) (182 potassiumn
carbonate (8.85 g, 64.0 mmol) Tu¥IAAUNANTBIADVYUIA 500 mL UAUAN acetonitile adl1l 150 mL 910
S a o @ < Y o AU yd v
wuivandvesnauiung 24 M lwawdrdand 3 Idu wenvesnavesnvinaisazaiwaronisnios
Y 8 ¥ 1 a o o o« o y
udrdnvewvedalanaslstimu vimiuflamsnezgmirlszimodiinzaredio rotary evaporator
3/ g a o ° = :
s Idvaudaiiman s idumivaaas lWluvesdedimaowari Iiidudrmiuda (ice bath) 9 18v04
s & A 2 9 ¢ L & 2
181 (4) anasnds Idigniiendnueiiilu ethoxy dinitrobenzene (7%) Mmiudati lnses uas
3/ = ° a @ 9 < a ' a
andowmuean iamsniimde lszmandiazawesniunseiamsazansuguud uiy

Jay

hexane a4l HARNUAINABINTT (3) szansonuITuvBLTIRFY (5.80 g, 74%) mp: 164-165 °C.



msAguilondnyazdmiuas 3 8, (200 MHz; CDCL,) 3.65 (2 H, t, J 6.0, -OCH,CH,Br), 4.40
(2 H, t, J 6.0, -OCH,CH,Br), 7.02-7.10 (2 H, m, aromatic), 7.52 (1 H, t, J 8.0, aromatic), 7.81 (1 H, d, J
8.0, aromatic); Anal. Calc. for C;HBINO,: C, 39.05; H, 3.28; N, 5.69. Found C, 39.07; H, 3.21; N, 5.65.

msAgaienanyuzdiniums 4 &, (200 MHz; CDCL) 453 (4H, s, -OCH,CH,0-), 7.11 (2 H,
t, J 8.0, aromatic), 7.23 (2 B, d, J 7.0, aromatic), 7.56 (2 H, t, J 8.0, aromatic), 7.82 (2 H, 4, J 7.0,

aromatic)

ﬂﬁiﬁﬁtﬂi‘lzﬁ 25.27-di(2-ethoxy)nirobenzene-p-rert-butylcalix[4larene. 5

WErd p-tert-butylcalix[4]arene (6.48 g. 10.0 mmol!) LB potassium carbonate (1.45 g, 10.5 mumol)
asluvInRunauABIRBIUIA 500 mL LAY acetonitrile a4 230 mL 1T HERGTUNET 3
Tmuéﬁﬂ'eu 9 rya 2-(27-bromoethoxy)nitrobenzene (3) aa"lﬂuﬁammﬁvlﬁnvf?m'allﬂﬁﬂ 47U Lligl’flﬁyxi
By wunuoswausaniindsazaedasmnssandadieveaiadaelanae Tsimu nntiuilamsy
szgmiliszmsRiazaie@an rotary evaporator 92 IduBuedmies FnhadTuvniuadaed
@150UN36870 dichloromethane (3x20 mL) 11ﬁa91ﬂglunza1§uﬁ1i§un%'%anuﬁa@ﬁﬁvﬁw sodium
sulfate anhydrous 11830394181 sodium sulfate anhydrous oA nnshniesazaroiig s smodai
A AIUBNAILINTBA rotary evaporator 9% IdVBTaFnAna avarwvouisFindeelu dichloromethane
TaoldUSinusihazawliosiiqa udadu acetone as'ly Nﬁngﬂ%nﬂﬁwémmmmmi 5 9zan
spnInNnveuvaiialasslifiazaszinueenl)egnadh q (6.51 g, 66%) mp: 205-207 °C.

niswgnilandnualdMiuas 5 &, (200 MHz; CDCL) 0.94 and 1.28 (18 H each, s, +Bu
protons), 3.28 (4 H, d, J13.0, ArCH,Ar), 4.26-4.33 (4 H, m, ArCH,Ar and ~-OCH,CH.0O-), 4.45-4.47 (4 H,
m, -OCH2CHBO-), 5.19 2 H, s, HOAr), 6.75 (4 H, s, HOArH), 6.95 (2 H. t, J 8.0, nitrobenzene), 7.03 (4
H, s, ROATH), 7.24 (2 H, d, J 8.0, nitrobenzene), 7.46 (2 H, t, J 7.0, nitrobenzene). 7.7 (2 H, 4. J 8.0,

nitrobenzene); Anal. Calc, for C(;H, N,O,: C, 73.60; H, 7.21; N, 2.86. Found C, 73.62: H, 7.27: N. 2.73.

MIFUATIEH 25.27-1di(2-ethoxy)nitrobenzene]-26.28-dimethoxy -p-tert-butvicalix[4larene, 6

aauas 2 (137 g, 2.03 mmol) potassium carbonate (1.12 g, 8.11 mmol) LAY potassium
hydroxide (3-5 pellets) 83144 AUABUADINDUUIA 250 mL A NAY acetonitrile 50 mL a1 THud 1A
vosnaufigamgl 3540 °C Hunanlszie 4 $2Tua fiew 9 Buais 3 (1.0 ¢ 4.06 mmol) tu
acetonitrite (40 mL) aelUfiaznen udrIndndvesnaunoldusseimalulasoudniune 48 41
Tue wdnivessmuiuaiuaudinseusweuieoonudadsde dichloromethane 9101
Tszivediiiaza1ooondie  rotary  evaporator vt [Evoaumamiaiina  suhlvazasly

dichloromethane (30 mL) UBEANAAIUAITBLAIY ammonium chloride DUHI (2x20 mL) nagi (2x20



ol) swdumssunidiuon ldnnmsafaudanilgmhesndau anbydrous sodium sulfate ey
0509197 sodium sulfate oo UEIsEMERR Az IdveuE Aty Mvsaddindiim
avatwly dichloromethane TaldUimadmihazaeiivudnieaudnivlusnndasuviarunodunl
TsanTans i Tao1d 10% ethyl acetate 11 hexane iPudisz vimfinhniafasindoimsuansan
Taun151@Y methanol a4 1Uve 1ANANEEur03aT 6 (0.41 g, 20%) mp: 189-191 °C.

nmsigalionanyeidvivens 6 8, (200 MHz; CDC),) 0.84 kaz 1.05 (9 H each, br s,
CH,OArt-Bu), 1.28 (18 H each, br s, ROArt-Bu), 3.00-3.40 (4 H, br, ArCH,Ar), 3.47 (6 H, s, ~-OCH,),
3.60-4.60 (12 H, br, ArCH,Ar and ~OCH,CH,0-), 6.40-6.69 (4 H, br, CH,0ArH), 6.92-7.30 (8 H, br,
nitrobenzene and ROArH), 7.51 (2 H, t, J 7.0, nitrobenzene), 7.81 (2 H, d, J 8.0, nitrobenzene) Anal.
Cale. for C,H,,N,0,,: C, 73.93; H, 7.40; N, 2.78. Found C, 73.92; H, 7.46; N, 2.76.

mifhlﬂi‘lzﬁ 2-(2 -hydroxy)nitrobenzene, 7

215 7 wamsadunnefldlaldfuneunsdunsiziadieiuas 3 UHATeTEnIN o-
nitropheniol (2.78 g, 20.0 mmol) iag 2-bromoethanol (7.50 g, 60.0 mmol) Taui K,CO, (2.90g, 21.0
mmol) e s ¥naasual 7 uveunardmaes 230 g, 63 %)

asngilendnuaidmiuats 7 'H NMR (200 MHz, CDCI) &, 3.83 (2 H, 1, J 45, -
OCH,CH,0OH), 4.10 (2 H, t, J 4.5, -OCH,CH,0H), 4.41 (1 H, s, -OH), 6.9t (1 H, t, J 7.0, aromatic), 7.01
(1 H, d, J 8.0, aromatic), 7.40 (1 H, t, ./ 7.0, aromatic), 7.68 (1 H, d, J 8.0, aromatic). MS (mv/z): 183 (87),

139 (M, 100), 122 (67).

AMIFUATIEN 2,2-d1(2 -hydroxoethoxy)azobenzene, 8

HAUES 7 (2,01 g, 10.92 mmol) TUMNIUEA 10 mL {U NaOH (437 g, 1093 mmol) 1411 (6
mL) Tuuiedunanuuin 5o mL idaaune s invhudulane densdadly) (2.86 g, 43.74 mmol) u&"
vmssrdnduoamauiiunm 48 $lus del3Euasdnungives nseueveicennidadig
AzNBURIY CHLC, miuszmodihazaieeenn fitate voadei 1vzinnazaiy CH,CI, 80
ASauA A 0m 52 0BNMIVEY ammonium chloride TiMsHonFuBDIUNTneans T A 1H
Na,SO, L‘ﬁ"t‘!ﬂ“ﬂlf'l nspuazszmaiedIiazatvean Iy dusamaimidaddy Failuiivuiant
Taeld silica gel column Taul 15% ethylacetate u dichloromethane 11w ARA: ﬁymmsaﬂnwﬁn
laTasms@uumusauddasslidiazawseme lUetned 4 (0.51 g, 30%)

nshgudlendnualdmiuds 8 'H NMR (200 MHz, CDCL) 8, 328 (4 H, br t, -
OCH,CH,0H), 4.25 (4 H, br t, -OCH,CH,0H), 5.04 (2 H, br, ~OH), 7.12-7.65 (4 H, m, aromatic), 7.38 (2



H, t, J 8.0, aromatic), 7.70 (2 H, d, J 8.0, aromatic). Anal. Caled for C,;H (N,O,: C, 63.56; H, 6.00; N,
9.27. Found: C, 63.56; H, 6.19; N, 9.29.

MsdunsIZH 2.2-di(2 -mesviethoxylazobenzene, 9

1% methane sulfonylchloride (0.67 g, 5.83 mmot) A2 triethylamine (1.07 g, 10.60 mmol) a4y
IARUNAVEINOVLIA 100 mL NUT] magnetic bar HFIAEABUBINTURIY dichloromethane §1U2L
20 mL §InTigunadl 0-5 °C (hunan 30 wifl Avw q iALAITAZAY dichloromethane (5 mL) Y8313
8 (121 g 2.65 mmol) adlluvewmuetindh q udanude’lun 1 $2Tuadiqaingdl 0-10 =C 1o
Qamgﬁmmmsa:mudmfumﬁ’uQmﬁqﬁﬁaﬂﬁ'ﬁwmsaﬁmmwauﬁ'w I M HC! (2 x 20 mL) uas
0 dmoneriuiiiueeduniinoonud i Ifued e Na,so, iienses Na,so, sz l8asazarsidy
Zudour lilszmoedaaratveensy Idvesdadimaoudy  udnh i i¥usanidaudanuea
Aot TaeTl 30% cthylacetate 1 hexane (Fu@re a15 9 Mmrsoanwan A1y dichloromethane 1Az
ethyl acetate (0.40 g, 33 %)

msgnliondnueiveams 9 'H NMR (200 MHz, CDCL,) 8, 3.04 (6 H, s, -SO,CH,), 4.44 (4 H,
1, J 4.0, -OCH,CH,0Ms), 4.69 (4 H, t, J 4.0, -OCH,CH,0Ms), 7.05-7.09 (4 H, m, aromatic), 7.50 (2 H, 1,
J 8.0, aromatic), 7.60 (2 I, d, J 8.0, aromatic). Anal. Caled for C,;H,,N,0,S,: C, 47.15; H, 4.84; N, 6.11.
Found: C, 47.11; H, 4.85; N, 6.12,

N3 FUNT1EH 25.27-di(2-ethoxy)azobenzene p-rert-butylcalix[4larene, 10.

38 A: ®15 5(0.70 g, 0.71 mmol) 14 isopropanol (8.0 mL), NaOH (0.28 g, 7.0 mmol) Tuaia(a
mL) uas Taviedansd (0.2 g, 3.06 mmol) gormmindroiuluyviadunanvuia 50 mL ud25Wana
wioudumuvewauiunar 48 511w wasnlfAsunduasgquuglivosiins workup iuiRed
fudumoulunuduansdas 8 notwindafaslivianidonedmiTasinTans il Tnald
15% ethyl acetate 11 hexane IJUAI%¥E 715 10 MLITOANKAD LAIINIMIUDATOU (0.05 g, 8%)

35 B: 15 1 (1.02 g, 1.54 mmol) (ag Na,CO, (0.16 g, 1.55 mmol) gAMLty CH,CN (100
mL) Moluviedunauasanannie 250 mL nauweanauiigungd 40 °C $hina 24 21w aos 9
A5 9 (0.84 g, 1.84 mmol) 11 CH,CN (20 mL) a¢ I Tuvaanaudanan udriimsIvidndas'li/dn
1 5u euffsonduaideampideudiuoneveaieenudr81987u dichloromethane. d@aniiiiu
msazarwanih lszmedihnazatmoaniuudts @y 1 M HA aslduvesndeiiiRieshlvidunas
udainsafadly dichloromethane uum?yuaai’unﬁﬂaanua"a@m‘ivﬁw Na,80, N58IUBTILINIFIN

:‘ at & 3 o o Q‘ & o~
armgoendy miniuddudergmiluhinuignidineduilasinlans il Taold 10% ethyl
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acetate 13 hexane ufI¥: 135 10 vzansdnnnmmueaieuldifurdnddugdamnzudnisitly
AnseHa16ITInT10 ASadalans Wil (0.07g, 5%) mp 195-197 °C (decomp.).
msngariendanyaiveses 10 'H NMR (400 MHz, CDCL,) &, 1.03 and 1.20 (18 H each, s, +-
Bu protons), 3.20 and 4.15 (4 H each, d, J,; 13.0, ArCH,Ar), 4.38 and 4.84 (4 H each, br t, -OCH,CH,0-
), 6.86 (4 H, s, ROArH), 6.92 (4 H, s, HOArH), 7.08 (2 H, t, J 6.0, azobenzene), 7.16 (2 H, d, J 8.0,
azobenzene), 7.34 (2 H, t, J 6.0, azobenzene), 7.61 (2 H, s, HOAr), 7.70 (2 H, 4, J 8.0, azobenzene). Anal,
Caled for C,H,N,04CH,0,: C, 76.62; H, 7.84; N, 2.79. Found: C, 77.21; H, 7.51; N, 2.72. UV/vis [\

(am), £ (dm’smol " «em™)]: 344, 19233; 446, 3167.

n1sAURTIZH 25,27-[di(2-ethoxy)azobenzenel-26,28-dimethoxy p-tert-butylcalix[4larene, 11.

35 A: Waua1s 6 (0.51 g, 0.50 mmol) v isopropanol (10 mL), NaOH (0.2 g, 5.0 mmol) 1141{1 (2
mL) uaglavedangd (0.13 g 2.0 mmol) aaluvIadunaLYNIA 50 mL kA1INSSHENITuNA 2
Fu msuvnuazmsias uSgninszi Taedf@ersumsdaunsisas 8 @5 11 amnsaannin
1811 methanol 1aY ethyl acetate (0.06 g, 12%).

3% B: waN@13 2 (0.82 g, 1.18 mmol) LAY Na,CO, (0.25 g, 2.36 mmol) Tuvradunauabine
43119 250 mL u& AN CH,CN (120 mL) a3l navveswaufigaingd 40 °C funat 24 42T oo 7
IAUA1588a10 CH,CN (20 mL) 983 9 (0.65 g, 1.42 mmol) as I/ luvoananatneg q ud3dnagaoly
an 2 Ju ﬂfumaumsuunua:mﬁﬁwmﬂﬁ'v?eﬁﬁlns:ﬁﬂﬂu?%&?)mﬁumiﬁamﬂzﬁms 10 a5 11
#1u150anHAN 1413 methanol taz ethyl acetate (0.09, 8%). mp 228-230 °C.

nsigadiendnusiveeas 11 'H NMR (400 MHz, CDCL) &, 0.82 and 1.28 (18 H each, s, r-
Bu protons), 3.10 and 4.23 (4 H each, d, J,; 12.0, ArCH.Ar), 3.44 (6 H, s, -OCH,), 4.34 and 4.63 (8 H, w,
-OCH,CH.0-), 6.42 (4 H, s, CH,0ArH), 6.94 (2 H, m, azobenzene), 7.01 (4 H, s, ROAcH), 7.08 (4 H. m,
azobenzene), 7.41 (2 H, m, azobenzene). Anal. Calcd for CuH, N,O4: C, 78.95; H, 7.91; N, 2.97. Found:
C.79.06; H. 7.91: N, 2.97. UVivis [A (nm), € (dm'smol " «cm™)): 334, 19385: 440, 774,

2.1.4  msany o Tanye Isimoy

asany)oawe lswsuves 10 uay 11 T@asziiluraoa NMR Tagiidimsyin luiiiudade

3 ]
=

1yl dmaen NMR fussyans 10 159 11 (3.28 mmol) 1u eDCL, (0.7 mL) ldasly photo-reactor
(quartz) u&1m100a3 UV (19 180 W mercwry low-pressure lamp) 15urnategiaon 4 $11ue. n1s'le la
wo'lsdazgniaamlaldinatin 'H NMR spectroscopy #1018509 Bruker AM400 MHz NMR

ﬂ’: o 1 a 1 QI v Q‘: .4
spectrometer AUAILATNIUNITNIUAY (Aaguyn 30 w1T) deluntiuds1ddnminmisle Tawe 154
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494 10 130 11 nulAuas Ionvaoa Idnwluieanaasdis Tunisnaasawuiienseygnialilu
waon NMR Wunaedies 4 u waz@samunann q 2 $3Tue  maneassiinarnnudifiavue

nizdhfigungil 25 °C zunazgansnaasssnsshid lifosnda 2 %y

2.1.5 msfnymsnaasdsensusidouiy No” uas K loosuuaswansenunons lo 1o

e lsiw vy
) o «

Fman lUidudsae 104 viwmasa NMR Aussqars 10 w38 11 (3.28 mmol) Tu CDCY, (0.7

] 3 3/ =3
mL) laaslu photo-reactor (quartz) UAINWUTI UV (1‘5 180 W mercury low-pressure lamp) Wutran

oy o Y a - A 1 - a

9619108 4 %2109 1AUAY sodium M50 potassium picrate (9.84 mmol) Tugnmvsuaaslyluvaoa
MIARAUHAYDY NMR spectra (400 MHz) UBIVOIHANNTEN 2 TUNAIDINAITNIVUAL DISNAADAULA

» 14 ¥
azgad uiuMsRgungionazznssiigedinios 2 afa

2.1.6 BnwmsonSaan lans Wil

= v

doyams diffraction ¥84M13 5 1Az 10 QIR UTNQAMAT 298 K #101A504 Bruker SMART CCD
area detector diffractomer CAIN'I%’ O rotation scans (scan width of 0.3°) l1A@g graphite-monochromated
MoKt radiation (A = 0.71073) fiszue¥19u04 detector (i1 4.5 wu. Yoyafufiu1dazn reduced #2v
Tsunsu SAINT® m1suf 1o empirical absorption 11114 1aui14sunsn SADABS™ msvwising
?\’%"N‘U’adﬁ‘lﬂfﬁﬁmi%ﬁ direct method AN refine A3 anisotropic thermal parameters @115V
pzaoud LilelaTasiouTaol95% least square 910 Tsunsy SHELX-97* lalasnuozanuianuany
Lluuﬂmﬁ; different Fourier taz32:191 1 lun1is refinement A2 ldﬂéﬁdﬂgﬂﬁﬁﬁai%i S5uar 10 1%11
i vibrational disorder $3tiloeu191nivaza R 1Y include aglulnsavesman(ajaniu e ld
M3 refinement 13 VAAIRAAT R 1AL WR Aoudage swazidunvestoyanianiadalansiliaad

M uarsiedi1



maefl 1 Mvazdeadoyanniadalans il 5 and 10

Compound
formula
fw
T,K
A A
crystal system
space group
a (A)
b(A)
c(A)
B
V(A
V4
p (calcd) (Mg/m’)
abs coeff (i, mm')

Final R indices {I > 26(I)]

R indices (all data)

5.C,HG

Cu HyN, 0y
1037.30
293(2)
0.71073
monoclinic
P2(1)/c
16.1437 (2)
21.0292 (2)
18.9685 (3)
110.3080 (10)
6039.31(13)
4

1.346 Mg/m’
0.091

R1 =0.0923
wWR2 =0.2653
R1=0.1255

wR2 =0.3047

10.C, H,0,
Ceaty N5
1003.28
293 (2)
0.71073
monoclinic
Cc
15.1260 (3)
31.1347 (3)
12.6692 (3)
98.4970 (10)
5900.99 (19)

4
1.129

0.073
R1=0.073]
wR2 =0.1663
R1=0.1178

wR2=0.1982
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2.2 HamInaasanareHUsisramsnaany

221 msdunnziuazigniiondnyaivesmsidunsizd I8

msdunszdas 10 uaz 11 M8 2 woy upy A Jumsdunsizdiiimsifouny ethoxy
nitrobenzene A4UM calix[4)arene fow lave 1feRAsouMUAUUIING ToWANSENI o-nitrophenol

) [
1a% 1,2-dibromoethane 9INUUN reductive coupling VYY) nitrobenzene 9218 azobenzene crown ether
¥ v

calix[4)arene ¥19@09AWARBINTS @I lUUUY B 9290 reductive coupling 1N187AY0Y ethoxy
. ( 9 a8 & 9 o : = 1 & : Ed
nitrobenzene {@UNDUHAIVUFDUININUI calix(4)arene DNADUNUY TUADUMSHUATIZHET 10 LAz

| o
11 mwsoag Iddsnanalunmuniui 1

: NO,
Pathway A | OH Pathway B

Br Br
N~ gy l K;CO4/ CHyCN \/\onl K:CO3/ CH,CN
: NO, O,\j i: : j-\1'02
: 0\/\ 0\/\
Br ; OH
OH o O ¥
1PrOtVH ;O Zn / NaOH

Dy

K:COy/ CHyCN

7

HO\/\O
LR=H j@
2.R = Cihy .
Nay
Y

CH:C1, | HyCS0,A / (CaHg),N

(¢]
\/\OH
8

Zn/ N3aOR
iPrOWH ;0

Na;CO3 / CHyCN

1 y
MAUMIAT 1 TUADUNISTUATIEV S 10 way 11
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LOAMATUYE o-nitrophenol AU 1,2-dibromoethane (Y5184 10 111) ludrvirazary acetonitrile
a a 1 a 1 o a
Tauld x,c0, Ystnannmitunaily base az1¥es 3 oglugndnifimdesguinndredudunde

s

p
UN

wivg (74%) uezens 4 dusdasusdiudes (7%) msilgisniidetdiiun 1.2-
dibromocthane (JuSnINIMTITHARAUs RABsmsuasigrundiiduviaioafons 3 ua
dmnld 1,2-dibromoethane Tur/Sinafiwedes dndasausidnInapdums 4

a5 5 Fuiuoyus nitrobenzene Y4 calix(4]arene MmTndUnTIEH Id1IMIFAT0MEAAD
FUVBY p-tert-butylcalix[4)arene (€13 1) U 2 1N1Y03815 3 U acetoninile Tasll K,CO, 151 1.05
T base 213 5 Musaansan1&lu dichloromethane 1aE acetone v liHANTAnVaEAR AT
Unu 66 % YiAsnnRnfuiiesisnaasusioonunihmdngiifudeigndendnuaiudrind
KaafuaIRnINATISIMLR 3 §umts (15 12) NMR dlnasuves 5 dsingdaeiuveaTsao
YUY nitro aromatic %’;’uﬁ 6.95-7.74 ppm ﬁmumuwm singlet ‘ﬁ 6.85 ppm 19UBNI intramolecular
hydrogen bond Faduuurenan uanmnﬂyﬁtymﬁm doublet YpaazwFBMUTALR 3.50 uay 4.25
ppm LAz dQyQ I singlet Y84 r-butyl Tsoudi 1.28 1taz 0.94 ppm FaaBi calix[4]arene 8glugy

v laundune sy

NO,
i :0

13

[

TunrmonwiEuisnfivsdunsiedms 6 nnUfasoueatiasuves wiamnainai3u @)
fuens 3 Idiimsnaasslunas q a1z U§A5o1 10 THF Tauld potassium terr-butoxide Suniavy
Tanaatmaniiiues 13 Jufannlfdior eliminaton veams 3 unuReziAnUfasoumuii  §11%
Na ifhuuaee 18ndasusiduats 13 81 24 % ualdens 6 fos 8% edalsimmannsaminliinu
nAnfuaivesms 6 Taverfod§isoisenitams 2 fu w5 3.2 i) T acetonitrite Tauldiia K,CO,
tar KOH 3 4 whussasdadiuii base uonwdnfamindeinsdiniznosinilasinTnsns il
Tau1d 10% ethylacetate 114 hexane 1Hudvz vs 1815 6 somnIudSuta 20 % nsiUSuundadaat
0913 6 Saniouiiorvvsdumszd steric congestion iesannyumondi i msidaU§Asoum
fuuuiindTeRaniAaldd uazms 13 naondurdedusti liswisnin@odld NMR malafy

YOIANT 6 LAY Ty 17 board SUITBININAMSHYIA intramolecular hydrogen bonding Wil 1w
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a a 9y a 9 a a o o & a & dy
flavowndnmuisavyulfedudaszidumgidmdninaneuneswdusisvazidsayonusosil
w1dnandaluiadode 1y
o A kg a -4 a A
11391 reductive coupling 49483 5 1o 1¥ IAes 10 Miuns Insdaudasniniias latidsio
Eo . Yy o o v Janzdan=a
BB azatwas 5 1 isopropanol 1A IANAISALa1Y NaOH iaz Tavzdansd niuvesnay
:A a @ o ° Y a o
wiounssnandaieldussoinielulnsnwiunal 48 $11ue wdnonuonuazireasiusgns a1l
[l 14
wanduat 10 oglugUndnddurlsuia 8% NMR vos 10 ugaslugalfi 4a Ushmursaifin(4lssuds
o luylves Tauneuslasiusu
asa : o a a‘l

U561 reductive coupling 48315 6 vx1des 11 FeermsamluSens 14 Taumsnnadn

Fromsldwnmealumisazalonay ethyl acetate/hexane 32 1ANANTFuUS Y 12% NMR apasy

[l [l v {

Tugui 4c YsngAyraifanudanu i broad miloudnasuveses 6 wenvinilwuhiiiaies
» ¥ [l

nnTsapuvaarewiudouniauduiludyn i doublet @oag uazwuIh 701 uaz 6.42 ppm i

o . a é} \ 1 a o~ ' 4 o Vv o 1

Ay singlet (AATN waasmueman4lsisusglugiyslauasuresindu uaadiiuiins

. v

199 azocrown M1 Inseaiaveamizoaanluais 11 §a21 rigid vinTu

715 7 annsodunsizd IdnndfasommuinuiiondleWansenine onirophenol My 2-
bromoethanol (3 11) T acetonitrile Tagl% K,CO, ifluiua (1.05 1) ndsnnmsusnuaznisias 1
vigniudaozIdas 7 ogluglvssveananfmiies @aitludiuim 63%) 1o reductive coupling
o & o = . 1 o Y a :.’y
fuas 7 frolavedeirdlu i-ProH Tavegluaisazaisyes NaOH uduonuasiransiiuSqnidoe
aa o s ¥ F o 15 g
FAN WONOANUTITS 15% ethyl acetate 1u dichloromethane Lﬂuﬂ’)‘lﬁ: wlfens 8 agiugﬂuawm
wmarddu udiannin lddronsianumiueass Idvewdaddusua 30%

13 8 azgnilAon Ty methane sulfonate ether (15 9) DRV IRUATowmuTDVT
ad laWamina e &15 8 QN mesylate #70 methane sulfonyl cholride (2.2 (1) LdY triethylamine
Ysnanatunes: Tdars 9 senun 33% wdawinmsusnuazmsians I¥usaniuda Y§nseumui
uuUTAA ToWanuoaas 9 v 1 uaz 2 1u acetonitrile 1a61% Na,CO, 1unasz1¥ azobenzene calix
[4)arenes 10 (5%) itaz 11 (8%) Mudwu M3 ldUSnandasmaidioissziiumwsiziuianmsiaeiu
v .5’ [ aan a ~ o o aaa ~ a a a P ' & o 4
nuTusshaRsnmsiie Indwesnudjasoumuiuuuihadledlan  Wuihdunanedadus

TA05 U0 TNISFUATILIHLUY A AN ATNISHAUNSIZH UL B

222  Ipsea$nNuanvedaIs s uaxs a15 10
5 5 uaz 10 wrdnitanuneanlunsinsied lnssad i3 tisnysinsasala
s WA 1A Tnsaardrandnueams s dwanslugui | wudmiiemanialssuzeglug Taunsuvas

s A [ & =~ = 14 1
wHudsasandoaiunnves NMR luTnseadrendndall TuanavesosdTaw include ofludau upper
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v » v
Him YDINAANAIY FIUKUIY nitrobenzene NAABTURIINETUA LTI nitro 1) IuAras Ity
& Ao . . a S a a o oo
Feoduaunguiteiivit¥ns reductive coupling (indiu ldnnuas IS inandnsuaid vinais
~ e P (UL s d ta . s a &
# 1 WU R uag wR 71 18010M3 refine HAAsudagaraililums 12113 vibrational disorder 1iRAY

My rerr-butyl 49929180 AU SZUBsURUSER T YUEIMS 5 uana i lumised 2

51 1 Taseafendnveams 5

o @

A13190 2 AVUIINUES (bond lengths, A) (1A Y UWUTY (bond angles, ©) NAIAYUYBIATS

o

AVYINUBE (bond lengths, A) YNWUTY (bond angles, ©)

O(7)-N(1) 1.223 (4) O(8)-N(1)-0(7) 12.3.3 (3)
O(8)-N(1) 1.195 (4) 0(10)-N(2)-0(9) 116.9 (5)
O(9)-N(2) 1.155 (6) O(8)-N(1)-C(32) 119.7 (3)
O(10)-N(2) 1.131 (5) O(7)-N(1)-C(32) 116.9 (3)
N(1)-C(32) 1.465 (4) O(10)-N(2)-C(28) 125.2 (3)
N(2)-C(28) 1.451 (8) O(9)-N(2)-C(28) 117.0 (4)
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o [l =n Py 1 L} <% t ns'

gruszunsa ez avhdn (C,-C ) oglutie 1.462 (9) T 1.560 (8) A smAeniin 1525 A

wuszluver Tsndneiiniogssnin 1163 G) - 1237 3)° uazyuiuszyeaduaz v Anoyly

L ‘é %4 L} o
¥ 103.9 (7)° — 112.6 (4)° FaavandofuAIURUTZUDY trigonal planar 1A% tetrahedral geometry
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Synthesis of Tetraalkylated Calix[4]arenes and Studies of Their

Conformational Behaviors -

Sudarath Veravong, Vithaya Ruangpornvisuti, Bongkot Pipoosananakaton,

Mongkol Sukwattanasinitt and Thawatchai Tuntulani*

Deparnnent of Chemistry, Faculty of Science, Chulalongkorn University, Bangkok 10330,
Thailand

Abstract
Three new tetraalkylated calix[4]arenes, 25,27-[N,N~-di-((2-ethoxy)benzyl)propyiene

diamine]-26,28-dimethoxy-p-tert-butylcalix[4]arene dihydrochloride, 7, 25,27-[di(2-ethoxy)
nitrobenzene]-26,28-dimethoxy-p-tert-butylcalix[4]arene, 10, and 25,27-[di(2-ethoxy)
azobenzene]-26,28-dimethoxy-p-tert-butylcalix[4]arene, 11, have been synthesized. These
compounds underwent the conformational interconversion of the calix[4]arene unit which
could be studied by variable temperature 'H NMR experiments. Rates of conformational
interconversion of 7 were determined to be 111.0 s and 94.6 s'' in DMSO-d; at 50 °C and
CD30D at 27 °C, respectively. In CDCls at =30 °C, compound 10 was found to exist in both
cone and partial cone conformations with the ratio of 43:57. Cyclization of 10 by reductive
coupling to 11 confined the calix{4]arene unit in cone conformation. The compound 11 in
CDCl; then underwent conformational interconversion upon isomerization of the azobenzene

unit leading to mixed conformations of calix(4]arene.



Our group has been working on the synthesis and complexation studies of di- and
trisubstituted calix[4]arenes by 'H NMR analysis for a number of years.''"* Understanding
of the conformational interconversion of the calix[4]arene conformation is thus an important
subject to pursue for better knowledge to control the complexation ability of this superb
supramolecular building block. This article describes the synthesis and characterization of
25,27-N,N"-di((ethoxy)benzyl)propylenediamine-26,28-dimethoxy-p-tert-butylcalix{4]arene
dihydrochlornide, 7, 25,27-[di(2-ethoxy)nitrobenzene]-26,28-dimethoxy-p-terr-butylcalix(4]
arene, 10, and 25,27-[di(2-ethoxy)azobenzene]-26,28-dimethoxy-p-tert-butylcalix(4]arene,
11. Both 7 and 11 contain two methoxy groups and bridging groups with different lengths
and rigidity at the lower rim. We have studied effects of solvents and bridging groups upon

the conformational interconversion of the calix{4]arene unit in these compounds.

Experimental Section

Materials.  All materials were standard analytical grade, purchased from Fluka, J.
T. Baker or Merck, and used without further purification. Commercial grade solvents such as
acetone, dichloromethane and methanol were distilled and stored over 4 A molecular sieves.
Acetonitrile was dried according to the standard techniques.” Chromatographic separations
were performed on silica gel columns (kieselgel 60, 0.063-0.200 mm, Merck). Thin layer
chromatography (TLC) was carried out using silica gel plates (kieselgel 60 Fpss, | mm,
Merck).  25,27-Di-(2-ethoxy)benzaldehyde-p-rers-butylcalix[4]arene, 4,'> and 26,28-
dimethoxy-p-tert-butylcalix[4]arene, 9,° were prepared according to methods described in the
literature. Unless otherwise noted, all reactions were carried out under nitrogen.

Analytical Instruments. Elemental analyses were carried out on a Perkin Elmer
CHONY/S analyser (PE2400 series IT). Melting points were taken on an Electrothermal 9100
apparatus. UV-visible spectra were recorded on a Spectronic 3000 array spectrophotometer.
The 'H-NMR spectra were recorded either on a Bruker ACF 200 MHz or a Bruker AM 400
MHz nuclear magnetic resonance spectrometer. Variable temperature NMR experiments

were carried out on a JEOL 500 MHz NMR spectrometer at the Scientific and Technological



Research Equipment Center of Chulatongkorn University. Temperatures employed are 120,
100, 50, 27, 0, -15, -25, -35 and —40 °C depending on the solvents. In most cases, samples
were dissolved in deuterated chloroform and chemical shifts were recorded using a residual
chloroform signal as internal reference.

Preparation of 25,27-di-((2-ethoxy)benzaldehyde)-26,28-dimethoxy-p-tert-butylcalix
[4]arene, 5. Compound 4 (1.12 g, 1.19 mmol), BaO (0.19 g, 1.21 mmol) and dry THF (80
mL) were placed in a 250 mL two-necked round bottom flask and stirred for 1.5 hours. Then,
-BuOK (0.41 g, 3.63 mmol) and CH;I (0.39 mL, 6.24 mmol) were added to the mixture. The
reaction was heated at reflux for 1 hour. After the reaction was cooled to room temperature,
THE was evaporated by reduced pressure to dryness. The residue was dissolved in CH,Cl,
and washed with 1 M HCIl. The organic layer was subsequently separated, dried over
anhydrous Na,SO4 and evaporated to dryness. The residue was chromatographed on a silica
gel column using 10% EtOAc in hexane as eluant to separate a crude product of 5 which was
further purified by column chromatography using 1% CH30H in CH>Cl, as eluent (0.33 g,
28%).

du (200 MHz; CDCl3) 0.79 and 1.04 (9H each, br s, CH3O0Ar-+-C4Hs), 1.27 (18H, br s,
ROAr-t-C4Hy), 3.14 (4H, br s, ArCH,Ar), 3.82 (6H, s, OCH,), 4.03-4.50 (12H, m,
OCH,CH,O- and ArCH,Ar), 6.50 (4H, br s, CH3;0ArH), 6.98-7.05 (8H, m, aromatic and
ROArH), 7.52 (2H, t, J 8.3, aromatic), 7.82 (2H, d, J 7.7, aromatic), 10.44 (2H, br s, CHO);
Anal. Calc. for C4H7605: C, 78.98; H, 7.87. Found C, 78.97; H, 7.77.

Preparation of 25,27-[N,N"-di-((2-ethoxy)benzyl)propylenediimine ]-26,28-dimethoxy-
p-tert-butylcalix{4]arene, 6. Into a stirred solution of compound 5 (0.56 g, 0.58 mmol) in
CH,CN (60 mL) was added dropwise a solution (CH3OH, 12 mL) of 1,3-diaminopropane
(0.08 mL, 0.96 mmol). The reaction was heated at reflux for 24 hours. White solid of 6
precipitated after the reaction mixture was cooled to room temperature. It was isolated by
filiration, washed with cold CH5OH and dried (0.32 g, 55%).

du (200 MHz; CDCl3) 0.79 and 1.03 (9H each, br s, CH;OAr-t-C4Hy), 1.27 and 1.32
(9H each, br s, ROAr-t-C4Hy), 1.52-1.70 (1H, m, NCH,CH>CH,N), 1.85-2.05 (1H, m,
NCH,CH,CH,N), 2.80-3.32 (8H, m, NCH,CH, and ArCH,Ar), 3.32-3.61 (3H, br m, OCH»),
3.74 (3H, br s, OCH3), 3.90-4.50 (12H, m, OCH,CH,0- and ArCH,Ar), 6.43 and 6.50 (4H,
br s, CH3yOArH), 6.70-7.10 (8H, m, aromatic and ROArH), 7.27-7.32 (2H, m, aromatic), 7.90
{(2H, d, J 7.2, aromatic), 8.65 (2H, br s, HC=N); Anal. Caic. for C¢;Hg,N,O¢: C, 79.57; H,
8.17; N, 2.77. Found C, 79.49; H, 8.03; N, 2.62.



Preparation of 25,27-[N,N"-di-((2-ethoxy)benzyl)propylenediamine]-26,28-di
methoxy-p-tert-butylcalix[4]arene dihydrochloride, 7. Compound 6 (0.47 g, 0.46 mmol) was
stirred with suspended NaBH, (0.48 g, 12.64 mmol) in CH,Cl, (100 mL) for 2 days. Excess
NaBH, was then destroyed by adding a copious amount of water. The organic layer was
separated, dried over anhydrous Na,SO4 and evaporated to dryness to give a white residue.
The residue was added 2% HCI in CH30H until pH of the solution became 1. Upon removal
of CH;0OH, white solid of 7 precipitated (0.39 g, 77%).

Sy (500 MHz at 100 °C; DMSO-dg) 0.95 (18H, s, CH3O0Ar-r-C4Hy), 1.30 (18H, br s,
ROAr-1-C4Hy), 2.03 (2H, br m, NCH,CH,CH>N), 2.84 (4H, br m, NCH,CH,CH-N), 3.28
(4H, br m, ArCH,Ar), 3.54 (4H, br s, ArCH,N), 4.11 (6H, br s, OCH3), 4.16-4.18 (8H, br m,
ArCH»Ar and OCH,CH»0), 4.38 (4H, br m, OCH,CH,0), 6.65 (4H, br s, CH;0ArH), 7.02
(2H, t, J 8.3, aromatic), 7.12 (2H, d, J 7.2, aromatic), 7.16 (4H, s, ROArH), 7.38 (2H, t, J 8.3,
aromatic), 7.59 (2H, d, J 7.2, aromatic); Anal. Calc. for CgHggN2O4Cly*2CH3;OH+2H,0: C,
69.73; H, 8.48; N, 2.36. Found C, 69.84; H, 7.87; N, 2.39. MALDI-TOF MS for [M;
1014.2 m/z.

Preparation of 2-(2"-bromoethoxy)nitrobenzene, 8. In a 500 mL two-necked flask
equipped with a magnetic bar and a reflux condenser, o-nitrophenol (4.45 g, 32.0 mmol), 1,2-
dibromoethane (60.11 g, 320.0 mmol) and K;COs; (8.85 g, 64.0 mmol) were mixed in CH;CN
(150 mL). The mixture was refluxed for 24 hours and then allowed 10 cool to room
temperature. The solid was separated by filtration and washed with CH,Cl,. The combined
solution was then evaporated to dryness to obtain a yellow residue. Methanol was
subsequently added to dissolve this residue, and the solution was chilled in an ice bath to
precipitate white solid identified as dinitrophenoxy ethylene. The white precipitate was
filtered and washed with cold methanol (0.55 g, 7%). The supematant was evaporated to
dryness. The residue was then dissolved in diethyl ether. The desired product, 8, crystallized
as a bright yellow solid by adding hexane (5.80 g, 74%).

Melting point: 164-165 °C; &y (200 MHz; CDCl;) 3.65 (2 H, t, J 6.0, -OCH-.CH,Br),
440 (2 H, t, J 6.0, -OCH,CH,Br), 7.02-7.10 (2 H, m, aromatic), 7.52 (1 H, ¢, J 8.0, aromatic),
7.81 (1 H, d, J 8.0, aromatic); Anal. Calc. for CgHgBrNOs: C, 39.05; H, 3.28; N, 5.69. Found
C, 39.07; H, 3.21; N, 5.65.

Preparation of 25,27-[di(2-ethoxy)nitrobenzene]-26,28-dimethoxy-p-tert-butylcalix
[4]arene, 10. In a 250 mL two-necked flask equipped with a magnetic bar and a condenser, 9
(1.37 g, 2.03 mmol), K,COs (1.12 g, 8.11 mmol), KOH (3-5 pellets) were mixed in CH;CN



(50 mL). After stirting at 35-40 °C for 4 hours, 8 (1.00 g, 4.06 mmol) in CH3CN (40 mL)
was then slowly added . The mixture was refluxed for 48 hours and allowed to cool to room
temperature. The mixture was filtered and the solid residue was washed with CH,Cl>. The
filtrate was combined and the solvent was removed to give a brown viscous residue. The
residue was dissolved in CH,Cl,, washed with saturated NH4Cl solution and extracted with
H,O (2 x 20 mL). The organic phase was subsequently separated and dried over anhydrous
Na,SO,. After separation of Na,SOj, the solvent was removed to give a dark brown residue.
The residue was redissolved in a minimum amount of CH,Cl, and chromatographed on a
silica gel column with 10% ethyl acetate in hexane as eluent. The desired product. 10, was
crystatlized in methanol to give orange needles (0.41 g, 20%)

Melting point: 189-191 °C; 8y (200 MHz; CDCls) 0.84 and 1.05 (9 H each, br s,
CH;OAurs-Bu), 1.28 (18 H each, br s, ROArt-Bu), 3.00-3.40 (4 H, br, ArCH»Ar), 3.47 (6 H, s,
-OCHz), 3.60-4.60 (12 H, br, ArCH>Ar and ~-OCH,CH,0-), 6.40-6.69 (4 H, br, CH;0ArH),
6.92-7.30 (8 H, br, nitrobenzene and ROArH), 7.51 (2 H, t, J 7.0, nitrobenzene), 7.81 (2 H, d.
J 8.0, nitrobenzene); Anal. Calc. for CsH7uN.Oq: C. 73.93; H, 7.40; N, 2.78. Found C,
73.92; H, 7.46; N, 2.76.

Preparation of 25,27-[di(2-ethoxy)azobenzene]-26,28-dimethoxy-p-tert-burvlcalix[4]
arene, 11. Compound 10 (0.51 g, 0.50 mmol) in isopropanol (10.0 mL), NaOH (0.20 g, 5.00
mmol) in H,O (2 mL) and zinc (0.13 g, 2.00 mol) were placed in a 50 mL round-bottom
flask. The mixture was refluxed for 2 days and allowed to cool to room temperature. The
mixture was filtered and the residue was washed with CH,Cl,. The combined filtrate was
evaporated to obtain an orange residue. The residue was dissolved in CH,Cl,, washed with
NH4Cl and extracted with H,O (2 x 20 mL). The organic phase was separated and dried over
anhydrous Na;SO;. The product was then filtered and purified by silica gel column with 5%
ethyl acetate in hexane as eluent. [t was crystallized in methanol and ethyl acetate to give
orange crystals (0.06 g, 12 %).

Melting point: 228-230 °C; &y (400 MHz; CDCls3) 0.82 and 1.28 (18 H each. s, ¢-Bu
protons), 3.10 and 4.23 (4 H each, d, Jag 12.0, AcCH,Ar), 3.44 (6 H, s, -OCH;), 4.34 and
4.63 (8 H, m, -OCH,CH>0-), 6.42 (4 H, s, CH;OArH), 6.94 (2 H, m, azobenzene), 7.01 (4 H,
s, ROArH), 7.08 (4 H, m, azobenzene), 741 (2 H, m, azobenzene); Anal. Calc. for
Cs2H7aNOs: C, 78.95; H, 7.91; N, 2.97. Found C, 79.06; H, 7.91; N, 2.97; UV/vis [A (nm), &
(dm’*mol ' ecm™)]: 334, 19385; 440, 7714.



Results and Discussion

Synthesis and Characterization. We have synthesized 25,27-N,N ™-di((ethoxy)
benzyl)propylenediamine-26,28-dimethoxy-p-tert-butylcalix[4]Jarene  dihydrochloride, 7,
according to the procedure shown in Scheme 2. The preparation of 7 started from

methylation of 4 with 2 equiv. of CHsl in the presence of BaO and +~BuOK in THF to obtain

S ~ 9 2
O 4] o o
( j BaO, -BuOK. CH sUTHF
OH Lt \0
o o reflux I hr o
4
N N,
(¢} (e}
( ) 1) NaBH 4
~o < 2)HO/CH ;0H

Scheme 2. Synthetic procedure for preparation of 7.

the methylated product, 5, in 28%. The product § was further reacted with propylene diamine
(1:1 stoichiometry) in acetonitrile to precipitate a Schiff base, 6, in 55%. The Schiff base was
subsequently reduced with NaBH; in CH,Cl, and then protonated with 0.74% v/v
HCI/CH;0H to give the desired product 7 in 76%. '"H NMR spectra of 3, 6 and 7 in CDCly at
room temperature showed broad signals indicating the conformational interconversion of the
calix[4]arene framework due to lack of intramolecular hydrogen bonding. However,
elemental analysis results of compounds 5-7 agree with the proposed structures.

We have synthesized other tetrasubstituted calix[4]arenes by attaching two ethoxy
nitrobenzene groups into the dimethoxy calix[4]arene (9) framework. Reductive coupling of
nitrobenzene groups was then employed to afford the azobenzene crown ether calix(4]arenes.
This synthetic procedure started from a nucleophilic substitution reaction between o-
nitrophenol and excess 1,2-dibromoethane resulting in the isolation of the monosubstituted

compound 8 (74%) and disubstituted compound (7%), eq 1. Excess 1,2-dibromoethane was



needed in order to produce the monosubstituted product. If the equimolar amount of 1,2-

dibromoethane was used, the major product was found to be the disubstituted compound.

' NO, O,N
NO 2 2
PV E N R ouee
OH ’ O  Br Q
N _/
8
Nitrobenzene calix[4]arenes, 10, was synthesized by a nucleophilic substitution
reaction between 8 and 9 in the presence of K,CO;. Sugar-like crystals of 10 was obtained
in 20% after separation and purification. Reductive coupling of 10 using zinc metal in
propanol/water gave the azobenzene, 11, which was crystallized from hot methanol to give

orange crystals (12%), eq 2. 'H NMR spectra and microanalysis results of 8, 10 and 11

agree well with the proposed structures.

ore
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Effects of solvents and temperatures towards conformational interconversjon of
7. Due to the bridge between 2 opposite phenoxy oxygens at the lower rim, the possible
conformation of the calix[4]arene framework of 7 are cone, partial cone and 1,3-alternate.
We thus studied the conformational behaviors of 7 by 'H NMR spectroscopy. 'H-NMR
spectra of 7 in CDCl;, DMSO-ds and CD30D at room temperature were tecorded. The 'H-
NMR spectrum in CDCl3, an aprotic solvent, showed complicated lines of t-butyl signals and
broad lines in the aromatic region. In DMSO-ds (Figure lc), there are three broad singlets
appear at 0.81, 0.98 and 1.27 ppm due to CH30Ar-t-C4Hy and ROAr-1-C4Hy. The signals in
the aromatic region are also complicated and broad. The results show that the conformational
interconversion of the calix[(4)arene framework occurs in CDCly; and DMSO-dg.
Interestingly, the 'H NMR spectrum of 7 in CD;0D (Figure 1b), a polar protic solvent, shows
two sharp singlets of 7-butyl protons at 0.99 and 1.34 ppm and also two broad singlets at 7.21
and 6.71 ppm due to ROArH and CH3;OArH. This signifies the effect of solvents on the rate

of the aryl ring interconversion in the calix[4)arene unit.



Figure 1

The temperature dependence of the conformational interconversion in CDCl3, DMSO-
ds and CD3;OD were then investigated by variable temperature NMR spectroscopy.
Unfortunately, the spectra of 7 in CDCl; showed complicated signals in all regions and the
coalescence point cannot be observed. However, upon increasing temperature, the 'H NMR
spectra of 7 in DMSO-ds became sharper. We have noticed that the singlet at 1.30 ppm was
always sharp at various temperatures while the singlet at 0.95 ppm was broad and became
more resolved at higher temperature. The signal at 1.30 ppm must belong to Ry yOArC
(CH»); and the latter is assigned to CH3;OArC(CH;); because the aryl rings of Ry OArC
(CH,)3 cannot move as freely as the rings containing CH30- groups. The spectrum recorded
at 100 °C is illustrated in Figure 1d. The singlets for CH;OArH and ROArH appear at 6.65
and 7.16 ppm, respectively. The four aromatic protons of the bridging group become distinct
from each other and appear at 7.02, 7.12. 7.38 and 7.59 ppm. The —OCHj signal appears at
4.11 ppm. We have found that the coalescence temperature was at 50 °C with the line width
(at 6.65 ppm) of 50 Hz. The rate of the conformational interconversion was then calculated
tobe 111.0s".'°

In addition, studies of the conformational interchange of 7 at lower temperature have
been performed in CD30D. The spectrum at 40 °C (Figure la) shows several singlet peaks
in the r-butyl region and a very complicated signals due to methylene bridge protons
suggesting a mixed conformation of the calix[4]arene framework upto 2 conformations in the
solution (possibly cone and partial cone). Unfortunaiely, the spectrum is too complicated to
identify the ratio of each conformation. The coalescence temperature was found at 27 °C
with the line width (at 6.72 ppm) of 43 Hz. The rate of conformational interconversion was
calculated to be 94.6 s in CD,OD. However, judging from the coalescence temperature
which is lower in CD;OD, the rate of interconversion seems to be faster in CD:OD than in
DMSO-ds or CDCl; at the same temperature. The presence of the hydrogen bonding in
CD30OD may thus be responsible for increasing the interconversion rate of the aryl rings of
calix[4]arene.

In order to examine the effect of conformational interconversion on the complexation

ability of 7, the complexation studies of 7 with Zn** was performed by potentiometric

7

titration.'”  The result showed that 7 did not form a complex with Zn** as its analogous

compound, 25,27-[N,N’-di-((2-ethoxy)benzyl)propylenediamine]-26,28-dihydroxy-p-tert-



10

butylcalix[4]arene, did.'"> The conformational interconversion may, therefore, prohibit 7 to
form a complex with Zn*".

Effects of the length and rigidity of the bridging group. In the same manner as 7,
the '"H NMR spectrum of 10 in CDCl; at room temperature (Figure 2a) shows complicated
broad signals which indicate the existence of conformation interconversion leading to a
mixed conformation of the calix[4]arene framework. However, the 'H NMR spectrum of 10
is more resolved than that of 7 in CDCl; suggesting the increasing rigidity of calix[4]arene in
10. Upon decreasing temperature, the broad signals became sharper. However, signals due
to protons on nitrobenzene rings do not change much when compared to other signals. This
implies that the movement of the calix[4]arene unit occurs on the aryl ring containing OCHj,
group. The S00 MHz 'H NMR spectrum of 10 at —30 °C (Figure 2b) reveals that in solution
(CDCl5) 10 exists as a mixture of two conformers: partial cone and cone conformations. The
cone conformation possesses two planes of symmetry. The r-butyl protons appear as two
singlets at 0.78 and 1.29 ppm. The methoxy protons appear as a singlet at 3.8] ppm. On the
other hand, the partial cone conformation has only one plane of symmetry. The (-butyl
protons appear as three singlets at 1.04, 1.18 and 1.28 ppm (ratio 2:1:1). The methoxy
protons appear as two singlets at 3.01 and 3.18 ppm (ratio 1:1). There should be 3 pairs of
signals due to methylene bridge protons in the spectrum; however, the signals are
superimposed on the glycolic proton signals which appear as 4 sets of multiplets between 4.0-
4.50 ppm. The ratio of cone:partial cone can be calculated from the integration ratio of the

methyl protons of each conformation to be 43:57.
Figure 2

The 'H NMR spectrum of the coupling product (CDCls, room temperature), 11, is
quite well resolved (Figure 2¢), compared to that of 10. The spectrum suggests that 11 exists
In a cone conformation which represents by one pair (AB system) of methylene bridge
protons at 3.10 and 4.23 ppm (J = 12 Hz) and two singlets at 6.24 and 7.0l ppm
corresponding to the meta-protons on the phenyl rings of calix[4]arene. The r-butyl protons
appear as two sharp singlets at 0.82 and 1.28 ppm. The result shows that the bridging group
of 11 (ethoxyazobenzene) can enhance the rigidity of the calix[4]arene framework probably
by squeezing the two connected aryl rings together, which makes it harder for the methoxy

groups to swing through the calixarene annulas.



It is well known that azobenzene exists in two isomers: cis and trans.'® These two
isomers can be switched by light. Upon standing in the day light for several hours, the 'H
NMR spectrum of 11 changed dramatically. In Figure 2d, there are many singlets due to t-
butyl protons between 0.7-1.4 ppm. The region of the methylene and aromatic protons
becomes very complicated. Another singlet probably due to methoxy protons appears at 3.72
ppm. The results suggest the occurrence of mixed conformations in the NMR time scale and
also show that the conformational interconversion of the calix[4]arene unit takes place upon
isomerization of the azobenzene unit which acts as a bridging group. Compared to the
results obtained by Reinhoudt et al,” compound 2 containing shortest glycolic chain (n = 1)
still showed conformational interconversion. The length of the bridging chains may not be
the only one factor in controlling the conformational interconversion. The rigidity or
inflexibility of the bridging group must also be accounted for governing the conformational
behavior of calix[4]arene. Recently, Okada and colleagues have discovered that using the
proper bridging groups between aryl rings at the ortho and para positions (with respect to the

hydroxy groups) resulted in rigid calix(4]arene frameworks.'*"’

Concluding remarks

The calix{4]arene unit in 7 containing a benzo propylenediamine bridging group was
found to undergo conformational interconversion at different rates depending on solvents. In
a protic solvent like CD;0D, the conformational interconversion seemed to be faster than in
aprotic solvents such as CDCl; and DMSO-ds at the same temperature. Changing two
substituents to ethoxy nitrobenzene in 10 increased the rigidity of calix[4]arene. Compound
10 existed in both cone and partial cone conformation (43:57) in CDCl; at —30 °C. Reductive
coupling of nitrobenzene to azobenzene in 11 allowed the calix(4]arene unit to exist in cone
conformation. Reducing rigidity upon isomerization of the azobenzene group caused the
conformational interconversion to occur and resulted in mixed conformations of calix[4)
arene. We have thus demonstrated that temperature, solvent, length and rigidity of bridging

groups have strong effects on conformational behaviors of the calix[4]arene unit.
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Figure 1. '"H NMR spectra of 7 (a) in CD;OD at 40 °C (b) in CD;0D at 27 °C (¢) in
DMSO-dg at 27 °C (d) in DMSO- ds at 100 “C. * and # denote the trace of water in the
solvent and the solvent signal, respectively.



(d)

i

-F_
[43:
(

o ] 4P UL

80 70 60 s0 40 30 20 1.0 PPM

Figure 2. 'H NMR spectra (CDCl3) of (a) 10 at 27 °C (b) 10 at -30 °C (¢) 11 at 25 °C (d) 11 at 25
°C after isomerization. * and # denote the trace of water in the solvent and the solvent signal,
respectively.
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New Azobenzene Crown p-fert-Butylcalix[4]arenes as Switchable
Receptors for Na* and K™ ions: Synthesis and Isomerization Studies
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Narongsak Chaichit," and Thawatchai Tuntulani*

~ Departmenr of Chemistry, Faculty of Science, Chulalongkorn Universiry. Bangkok 10330, Thailand
‘Depariment of Physics, Faculty of Science, Thammasat University at Rangsis, Pathumthani 12121, Thailand

Two new azobenzene crown ether calix[4]arenes, 10 and 11, were synthesized by two
pathways. In the first pathway, two ethoxy nitrobenzene groups were attached to t-butylcalix
[4]arenes in a 1,3 position. Subsequent reduction of the nitrobenzene groups by metallic zinc
in an alkaline solution afforded 10 and 11 in 8% and 12%, respectively. In the second
pathway, an azobenzene containing two glycolic units was prepared prior connecting to -
butylcalix[4]arenes. The yields from the second approach (5%, 8% for 10 and 11,
respectively) were lower than those from the former approach. Single crystals of 10 suitable
for X-ray crystallography was obtained by recrystallization in methanol. Both the X-ray
structure and 'H-NMR spectra of 10 indicated that the stereoisomer of the azobenzene moiety
was rrans and the calixarene platform was in cone conformation. 'H NMR spectroscopy
suggested that 10 underwent an observable cis-trans isomerization in CDCl; under room light
and upon UV irradiation with cis:trans ratios of 33:67 and 36:64, respectively. Compound 6
which was the precursor of 11 showed fluxional behavior and was found to have mixed
conformations of cone and partial cone with a ratio of 47:53 at =30 °C. "H-NMR spectrum of
11 suggested that 11 was ipitially isolated as cis azobenzene with calix[4]arene in cone
conformation and underwent conformational interconversion through calix[4]arene annulas in
a similar fashion to 6 upon exposing to light. The complexation studies of 10 with picrate
salts of Na® and K* using "H NMR spectroscopy suggested that Na* preferred to bind the cis
form of 10 while K* preferred to bind the trans form. The stereoisomer of the azobenzene

unit in 11 changed partially from cis to frans upon complexing with K*.



Introduction
Large and complex molecular systems can be constructed utilizing various synthetic
techniques. Attaching functional mojeties into specific molecular frameworks can result in
interesting molecular or supramolecular devices.! Azobenzenes make up an interesting class
of compounds that exhibit photoresponsive properties. They have been incorporated into a
number of supramolecular frameworks to produce ionophores for transports and photo-
switchable rf:ceptors.2 Calix[n]arenes have been of particular interest as molecular platforms

3 Yamada et al. have shown

for synthesizing selective ionophores in inclusion complexation.
that an azobenzene-capped calix[4]arene possessed a higher binding ability to metal ions such
as Na* K* Ni%*, Cu®**, Zn>*, Cd** and AI* in the trans form than for cis isomer.® Later,
Vicens and colleagues have synthesized a series of trans and cis azobenzene crown calix[4]
arenes.” From the crystal structure, an azobenzene calix[4]arene containing one glycolic unit
existed in cis isomer.® Azobenzene crown calix[4]arenes that contained more than one
glycolic unit exhibited allosteric properties. Changes have been observed in cis/trans ratio
from 70/30 for the free ligand to 80720, 80/20, 75/25 and 85/15 for K*, Rb", Cs™ and NH,",
respectively;7

We are interested in constructing a switchable molecular system which can selectively
bind Na* or K* to mimic the biological Na*/K* ion pump.® According to a report by Swager
and coworkers, it was found that bithiophene calix[4]arenes containing 6 etherea! oxygen
donors can bind Na* and K to different extents.” We therefore synthesized two azobenzene
crown ether calix[4]arenes (10 and 11) in which the azo benzene unit was connected to the
glycolic chains of the calix[4]crown and studied their isomerization and inc)usion properties.
It is anticipated that azobenzene crown ether calix[4]arenes will form complexes with both

Na® and K7, and the binding abilities can then be switchable by external stimuli.

Experimental Section

Materials.  All materials and solvents were standard analytical grade, purchased
from Fluka, J. T. Baker or Merck, and used without further purification. Commercial grade
solvents such as acetone, dichloromethane and methanol were distilled and stored over 4 A
molecular sieves. Acetonitrile was dried according to the standard technique.'’
Chromatographic separations were performed on silica gel columns (kieselgel 60, 0.063-
0.200 mm, Merck). Thin layer chromatography (TLC) were carried out using silica gel plates
(kieselgel 60 Fyss, 1 mm, Merck). p-tert-Butylcalix{4]arene, 1,'" and 26,28-dimethoxy-p-tert-



butylcalix[4]arene, 2,'* were prepared according to methods described in the literature.
Unless otherwise noted, all reactions were carried out under nitrogen.

Analytical Instruments. Elemental analyses were carried out on a Perkin Elmer
CHONY/S analyzer (PE2400 series II). Melting points were taken on an Electrothermal 9100
apparatus. UV-visible spectra were recorded on a Spectronic 3000 array spectrophotometer.
The "H-NMR spectra were recorded on a Bruker ACF 200 MHz or a Bruker AM 400 MHz
nuclear magnetic resonance spectrometer. Variable temperature NMR experiments were
carried out on a JEOL 500 MHz NMR spectrometer. UV-visible spectra were recorded on a
Spectronic 3000 spectrophotometer. In all cases, samples were mixed in deuteraied
chioroform and chemical shifts were recorded using a residual chloroform signal as internal
reference.

Synthesis. Preparation of 2-(2-bromoethoxy)nitrobenzene, 3. In a 500 mL two-
necked flask equipped with a magnetic bar and a reflux condenser, o-nitrophenol (4.45 g,
32.0 mmol), 1,2-dibromoethane (60.11 g, 320.0 mmol) and K,COs (8.85 g, 64.0 mmol) were
mixed in CH3CN (150 mL). The mixture was refluxed for 24 hours and then allowed to cool
to room temperature. The solid was separated by filtration and washed with CH,Cl,. The
combined solution was then evaporated to dryness to obtain a yellow residue. Methanol was
subsequently added to dissolve this residue, and the solution was chilled in an ice bath to
precipitate white solid identified as ethoxy dinitrobenzene, 4. The white precipitate was
filtered and washed with cold methanol (0.55g, 7%). The supernatant was evaporated to
dryness. The residue was then dissolved in diethyl ether. Hexane was added and the mixture
was cooled in an ice bath. The desired product, 3, crystallized as a bright yellow solid (5.80
g, 74%). mp 164-165 °C.

'H NMR (200 MHz, CDCl:) &; 3.65 (2 H, t, J 6.0, -OCH,CH,Br), 4.40 (2 H, t, J 6.0,
-OCH,CH;>Br), 7.02-7.10 (2 H, m, aromatic), 7.52 (1 H, t, J 8.0, aromatic), 7.81 (1 H, d. J
8.0, aromatic). Anal. Caled for CgHgBrNOs; C, 39.05; H, 3.28; N, 5.69. Found: C, 39.07: H,
3215 N, 5.65.

Preparation of 25,27-di(2-ethoxy)nitrobenzene-p-tert-calix{4]arene, 5. In a 500 mL
two-necked flask equipped with a magnetic bar and a reflux condenser, 1 (6.48 g, 10.0 mmol)
and K,CO; (1.45 g, 10.5 mmol) were mixed in CH3CN (230 mL) and refluxed for 3 hours.
The compound 3 (4.92 g, 20.0 mmol) was then added dropwise to the reaction mixture, and
the mixture was further refluxed for 4 days. The mixture was then allowed to cool to room

temperature. The sold was separated by filtration. The solution was evaporated to dryness.



The residue was subsequently dissolved in water and extracted with 3 portions of CHCl, (50
mL). Drying and removal of the solvent afforded a yellow solid. The solid was redissolved
in CH,Cl, to get a clear yellow solution in which a small quantity of acetone was then added.
Upon slow evaporation of the sollvent, sugar-like crystals of § were obtained (6.51 g, 66%).
mp 205-207 °C.

'H NMR (200 MHz, CDCl3) &; 0.94 and 1.28 (18 H each, s, t-Bu protons), 3.28 (4 H,
d, J 13.0, ArCH,Ar), 4.26-4.33 (4 H, m, ArtCH,Ar and ~-OCH,CH,0O-), 4.45-4.47 (4 H, m, -
OCH,CH,0-), 5.19 (2 H, s, HOAr), 6.75 (4 H, s, HOArH), 6.95 (2 H, t, J 8.0, nitrobenzene),
7.03 (4 H, s, ROATH), 7.24 (2 H, d, J 8.0, nitrobenzene), 7.46 (2 H, t, J 7.0, nitrobenzene),
7.7 (2 H, d, J 8.0, nitrobenzene). Anal. Calcd for C¢ggH7oN20o: C, 73.60; H, 7.21; N, 2.86.
Found: C, 73.62; H, 7.27; N, 2.73.

Preparation of 25,27-[di(2-ethoxy)nitrobenzene]-26,28-dinethoxy-p-tert-butylcalix
[4]arene, 6. Compound 6 was synthesized from the reaction between 2 (1.37 g, 2.03 mmol)
and 3 (1.0 g, 4.06 mmol) in the presence of K,COs (1.12 g, 8.11 mmol) as well as KOH (3
pellets) in a similar fashion to the preparation of 5. The desired product can be separated by
column chromatography using 10% ethyl acetate/hexane as eluent. Upon addition of
methanol into the solution of 6 orange needles precipitated (0.41 g, 20%). mp 189-191 °C.

'H NMR (200 MHz, CDCl3) & 0.84 and 1.05 (9 H each, br s, CH;OAw-Bu), 1.28 (18
H each, br s, ROArz-Bu), 3.00-3.40 (4 H, br, ArCH,Ar), 3.47 (6 H, s, -OCH3), 3.60-4.60 (12
H, br, ArCH,Ar and —-OCH,CH,0-), 6.40-6.69 (4 H, br, CH;0ArH), 6.92-7.30 (8 H, br,
nitrobenzene and ROArH), 7.51 (2 H, t, J 7.0, nitrobenzene), 7.81 (2 H, d, J 8.0,
nitrobenzene). Anal. Calcd for Cg;H74N,O(o: C, 73.93; H, 7.40; N, 2.78. Found: C, 73.92; H,
7.46; N, 2.76.

Preparation of 2-(2”-hydroxoethoxy)nitrobenzene, 7. In a similar fashion to the
synthesis of 3, the reaction between o-nitrophenol (2.78 g, 20.0 mmol) and 2-bromoethanol
(7.50 g, 60.0 mmol) in the presence of K,CO4 (2.90 g, 21.0 mmol ) gave 7 as a vellow liquid.
(2.3 g, 63%).

'H NMR (200 MHz, CDCls) 8; 3.83 (2 H, t, J 4.5, -OCH,CH>0H), 4.10 (2 H, t, J 4.5,
-OCH,CH,0H), 4.41 (1 H, s, -OH), 691 (1 H, t, J 7.0, aromatic), 7.0l (1l H, d, J 8.0,
aromatic), 7.40 (1 H, t, J 7.0, aromatic), 7.68 (1 H, d, J 8.0, aromatic). MS (nvz): 183 (87),
139 (M*, 100), 122 (67).

Preparation of 2,2-di(2"-hydroxoethoxy)azobenzene, 8. A mixture of 7 (2.01 g, 10.92
mmol) in methanol (10 mL), sodium hydroxide (4.37g ,109.3 mmol ) in H,O (6 mL) was



stirred in a SO mL round bottom flask, and zinc (2.86 g, 43.74 mmol) was then added. The
mixture was refluxed under nitrogen atmosphere for 48 hours and allowed to cool to room
temperature. The solid was removed by filtration and washed with CH;Cl,. The combined
filtrate was evéporatcd to dryness. The residue was dissolved in CH,Cl, and it was then
extracted with saturated ammonium chloride. The combined organic layer was separated and
dried over Na,SO,4. After removal of Na;SQy, the filtrate was evaporated to give a viscous
orange residue. The residue was redissolved in minimum CH,Cl, and chromatographed on a
silica gel column with 15% ethyl acetate/dichloromethane as eluant. The product crystallized
as an orange solid upon addition of methanol and slow evaporation of the solvent (0.51 g,
30%).

'"H NMR (200 MHz, CDCl;) & 3.28 (4 H, br t, -OCH,CH,OH), 4.25 (4 H, br t, -
OCH,CH,0H), 5.04 (2 H, br, -OH), 7.12-7.65 (4 H, m, aromauc), 7.38 (2 H, t, J 8.0,
aromatic), 7.70 (2 H, d, J 8.0, aromatic). Anal. Calcd for C;sH,sN-04: C, 63.56; H, 6.00; N,
9.27. Found: C, 63.56; H, 6.19; N, 9.29.

Preparation of 2,2-di(2"-mesylethoxy)azobenzene, 9. Into a 100mL two-necked flask
equipped with a magnetic bar, methane sulfonylchloride (0.67 g, 5.83 mmol) and
triethylamine (1.07 g, 10.60 mmol) were dissolved in 20 mL of dichléromethane and stirred
for 30 min at 0-5 °C. Compound 8 (1.21 g, 2.65 mmol) in 5 mL of CH,Cl> was then added
slowly into the mixture and it was stirred for 1 hr. After warming to room temperature, the
mixture was extracted with 2 portions of 1M HCI (20 mL) and water. The organic phase was
separated and dried over Na,SO4. Removal of Na;SOy yielded an orange solution which was
evaporated to give an orange-brown residue. The residue was chromatographed on a silica
gel column with 30% ethyl acetate/hexane as eluant. The product was crystallized as orange
crystals by adding dichloromethane and ethyl acetate (0.40 g, 33%).

'H NMR (200 MHz, CDCl3) & 3.04 (6 H, s, -SO-CH:), 4.44 (4 H, ¢, J 4.0, -
OCH,CH,0OMs), 4.69 (4 H, t, J 4.0, -OCH,CH,OMs), 7.05-7.09 (4 H, m, aromatic), 7.50 (2
H, ¢, J 8.0, aromatic), 7.60 (2 H, d, J 8.0, aromatic). Anal. Calcd for CsH2N-03S5: C, 47.15;
H, 4.84; N, 6.11. Found: C,47.11; H,4.85; N, 6.12.

Preparation of 25,27-di(2-ethoxy)azobenzene p-tert-busylcalix{4]arene, 10.

Method A: In a 50 mL round bottom flask, a mixture of 5 (0.70 g, 0.71 mmo}) in
1sopropanol (8.0 mL), NaOH (0.28 g, 7.0mmol) in H,O (4 mL) and Zn (0.2 g, 3.06 mmol)
was stirred and refluxed under nitrogen for 48 hours. It was then allowed to cool to room

temperature. The workup procedures were casried out in the same manner as the synthesis of



8. The product was purified by column chromatography with 15% ethyl acetate/hexane as
eluant. Compound 10 was crystallized from hot methanol to obtain orange crystals (0.05 g,
8%).

Method B: In a 250 mL two-necked flask, compound 1 (1.02 g, 1.54 mmol) and
Na,CO; (0.16 g, 1.55 mmol) were dissolved in CH3CN (100 mL). The mixture was stirred
for 24 hours at 40 °C. Compound 9 (0.84 g, 1.84 mmol) in CH;CN (20 mL) was then slowly
added. The reaction mixture was further refluxed for | day. After cooling to room
temperature, the solid was separated by filtration and washed with CH,Cls. The combined
solution was evaporated to dryness. The residue was neutralized with 1M HCI (50 mL) and
extracted with dichloromethane (2 x 50 mL). The organic layer was separated and dried over
Na,SO,. After filtration, the solvent was removed by a rotary evaporator to give an orange
oily residue which was further purified by column chromatography (Si0,) with 10% ethyl
acetate/hexane as eluant. The product was crystallized from hot methanol to give orange
crystals (0.07g, 5%). mp 195-197 °C (decomp.).

'"H NMR (400 MHz, CDCl3) &y 1.03 and 1.20 (18 H each, s, ¢~Bu protons), 3.20 and
4.15 (4 H each, d, Jag 13.0, ArCH»Ar), 4.38 and 4.84 (4 H each, br t, -OCH,CH,0-), 6.86 (4
H, s, ROArH), 6.92 (4 H, s, HOArH), 7.08 (2 H, t, J 6.0, azobenzene), 7.16 (2 H, d, J 8.0,
azobenzene), 7.34 (2 H, t, J 6.0, azobenzene), 7.61 (2 H, s, HOAr), 7.70 (2 H, d, J 8.0,
azobenzene). Anal. Calcd for CgH7oN20g*C4HgOs: C, 76.62; H, 7.84; N, 2.79. Found: C,
77215 H, 7.51; N, 2.72. UV/vis [A (nm), € (dm’»mol '«cm™")]: 344, 19233; 446, 3167.

Preparation of 25,27-[di(2-ethoxy)azobenzene]-26,28-dinethoxy-p-tert-butylcalix{4]
arene, 11.

Method A: A muxture of 6 (0.51 g, 0.50 mmol) in isopropanol (10 mL), NaOH (0.2
g, 5.0 mmol) in H,O (2 mL) and Zn (0.13 g, 2.0 mmol) was placed in a 50 mL round bottom
flask. The mixture was refluxed for under nitrogen for 2 days. The isolation and purification
procedures were carried out in the same manner as compounds 8. Compound 11 was
obtained as orange crystals in methanol and ethyl acetate (0.06 g, 12%).

Method B: In a 250 mL two-necked flask, compound 2 (0.82 g, 1.18 mmol) and
Na,COj3 (0.25 g, 2.36 mmol) were dissolved in CH;CN (120 mL). The mixture was stirred
for 24 hours at 40 °C. Compound 9 (0.65 g, 1.42 mmol) in CH3CN (20 mL) was then slowly
added. The reaction mixture was further refluxed for 2 days. The separation and purification
procedures were carried out in the same manner as compounds 10. The product crystallized

as orange crystals in methanol and ethyl acetate (0.09, 8%). mp 228-230 °C.



'H NMR (400 MHz, CDCls) 8y 0.82 and 1.28 (18 H each, s, ¢-Bu protons), 3.10 and
4.23 (4 H each, d, Jag 12.0, ArCH,Arx), 3.44 (6 H, s, -OCHj3), 4.34 and 4.63 (8 H, m, -
OCH,CH,0-), 6.42 (4 H, s, CH;0ArH), 6.94 (2 H, m, azobenzene), 7.0l (4 H, s, ROArH),
7.08 (4 H, m, azobenzene), 7.41 (2 H, m, azobenzene). Anal. Caled for Cs:H74N206: C,
78.95; H, 7.91; N, 2.97. Found: C, 79.06; H, 7.91; N, 2.97. UV/vis [A (nm), € (dm3-mol'
Lem™)]: 334, 19385; 440, 7714.

Isomerization studies. Isomerization studies of 10 and 11 have been carried out in
NMR tbes. Typically, an NMR tube containing 10 or 11 (3.28 mmol) in CDCl; (0.7 mL)
was placed in a photo-reactor (quartz) and irradiated with a 180 W mercury low-pressure
lamp for at least 4 hours. Isomerization was followed by 'H NMR spectroscopy using a
Bruker AM400 MHz NMR spectrometer before and after irradiation (every 30 minutes).
Isomenzation of 10 or 11 was also studied under room light. All compounds were left
standing for at least 4 days. NMR spectra were recorded every 2 hours. All experiments
were performed at 25 °C, and each set of experiments was repeated at least twice.

Isomerization and complexation studies with Na* and K" ions. Typically, an
NMR twube containing 10 or 11 (3.28 mmol) in CDCl; (0.7 mL) was placed in a phto-reactor
(quartz) and irradiated with a 180 W mercury low-pressure lamp for at least 4 hours. Sodium
or potassium picrate (9.84 mmol) was then added as solid into the tube. NMR spectra (400
MHz) of the mixture were recorded after 2 days. All experiments were repeated at Jeast
twice.

X-ray crystallography. Diffraction data of 10¢C,H3O, were collected at 298 K on a
crystal of dimension 0.6 mm x 0.3 mm x 0.3 mm with a Bruker SMART CCD area detector
diffractomer using () rotation scans (scan width of 0.3°) and graphite-monochromated MoKao.
radiation (A = 0.71073) at a detector distance of 4.5 cm. A hemisphere of the reciprocal
space was covered by combination of three sets of exposures. Each set had a different ¢
angle (0°, 88°, 180°) and each exposure lasted 30 seconds. The collected data were reduced
using the program SAINT."* Empirical absorption correction was done by the program
SADABS' with Tpin and Tmax of 0.6302 and 1.0000, respectively. A total of 21,214
reflections were measured within 28ma of 61.05°. The structure was solved by direct
methods and refined with anisotropic thermal parameters for all non-hydrogen atoms by full
matrix least square using SHELX-97 package.!”> Al hydrogen atoms were found in different

Fourier maps and were included in the refinement. Due to vibrational disorder of the solvent



of crystallization, refinement converged with rather high R and wR values (0.731 and 0.1663,
repectively). Detailed crystaliographic data are described in Table 1.

Table 1

Results and Discussion
Synthesis and characterization. The synthesis of compounds 10 and 11 was
conducted in two different pathways. In pathway A, two ethoxy nitrobenzene groups were
attached to the calix[4]arene framework by a nucleophilic substitution between o-nitrophenol
and 1,2-dibromoethane. A reductive coupling of nitrobenzene groups was then carried out to
afford the azobenzene crown ether calix[4]arenes. Alternatively, in pathway B the ethoxy
nitrobenzene moieties were subjected to reductive coupling prior attaching them to the calix

[4]arene units. The synthesis of compounds 10 and 11 can be summarized in Scheme 1.
Scheme 1

Alkylation of o-nitrophenol with 10.0 equiv. of 1,2-dibromoethane in the presence of
excess K»COs in acetonitrile gave yellow needle-shaped crystals of 3 as a major product
(74%) and 4 as a minor product (7%). The reaction needed excess 1,2-dibromoethane in
order to produce the mono-substituted product. If the equimolar amount of 1.2-
dibromoethane was used, the major product would be the disubstituted compound, 4.

A nitrobenzene derivative of calix(4]arene, 25,27-di(2-ethoxy)nitrobenzene-p-reii-
butylcalix[4]arene, 5, was prepared by alkylation of p-tert-butylcalix[4}arene, 1 with 2.0
equiv.of compound 3 in acetonitrile in the presence of 1.05 equiv. K;CO:. Compound 5 was
crystallized in dichloromethane and acetone to give sugar-like crystals in 66%. The same
reaction also produced needle-like crystals which was chracterized as the trisubstituted
product, 12. The 'H-NMR spectrum of 5 showed the signals of nitroaromatic protons at 6.95-
7.74 ppm. The product has intra-molecular hydrogen bonds indicated by a singlet peak of
OH proton at 6.85 ppm. The spectrum also consists of two doublet signals due to the
methylene bridge protons at 3.50 ppm and 4.25 ppm and two signals due to fert-butyl groups

at 1.28 ppm and 0.94 ppm indicating that the calix[4]arene unit is in cone conformation.
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In early attempts, we tried to prepare compound 6 from alkylation reaction of the
dimethylated compound, 2, with 3 in various conditions. A preparation using potassium rert-
butoxide as base in THF gave the elimination product of 3, compound 13, instead. Another
method, using NaH as base gave 13 in 24% along with compound 6 in only 8%.
Nevertheless, higher yield of 6 can be obtained from alkylating compound 2 with 2.0 equiv.
of compound 3 in acetonitrile in the presence of 4.0 equiv. of K,CO3 and KOH. The desired
product was separated on a silica gel column with 10% ethyl acetate/hexane as eluent to
afford compound 6 in 20%. The yield was quite low due to the steric congestion of the
methyl group which may decelerate the rate of the substitution reaction and the elimination
product. 13, was an inevitable side reaction under basic condition. The 'H-NMR spectrum of
11 showed broad signals due to the absence of intramolecular hydrogen bonding causing in
various conformations of the calix[4]arene framework to exist in the solution, vide infra.

Reductive coupling was carried out with a modified procedure from the literature.'
Typicallv, the mixture of dinitrobenzene calix[4]arene, S, in i-PrOH in the presence of
aqueous sodium hydroxide and zinc was stirred and refluxed under nitrogen atmosphere for
48 hours. The product was obtained as orange crystals in 8% vyield after an extensive
purification by chromatography and recrystallization. The 'H-NMR spectrum of 10 shown in
Fig. 3a contains two doublets of the methylene bridged protons at 3.20 and 4.15 ppm and (wo
singlets of tert-butyl protons at 1.03 and 1.20 ppm suggesting the cone conformation of the
calix{4)arene framework was retained.

A similar coupling reaction of compound 6 gave compound 11 which was purified by
crystallization in methanol and ethyl acetate/hexane to give orange crystal of 11 (12%). The
signal of aromatic protons of compound 11 (Fig. 3c) appeared as a pair of sharp singlet peaks

at 7.01 ppm and 6.42 ppm unlike the broad peaks of compound 6. The spectrum also shows
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two pairs of doublets due to the methylene bridge protons. The results implied that compound
11 became more rigid and the calix[4]arene framework resumed the cone conformation.

Compound 7 was prepared from a nucleophilic substitution reaction between o-
nitrophenol with 3.0 equiv. of 2-bromoethanol in the presence of 1.05 equiv. of K,COj3 1n
acetonitrile. After separation and purification, a yellow liquid of 7 was obtained in 63%. A
reductive coupling of compound 7 with metallic zinc in i-PrOH in the presence of sodium
hydroxide solution and purification of the crude by silica gel column chromatography with
15% ethyl acetate/dichloromethane as eluent gave 8 as an orange viscous liquid which was
then crystallized as an orange solid upon addition of methanol (30%).

Compound 8 was converted into a methane sulfonate ester, 9, to facilitate the
nucleophilic substitution reaction. The mesylation of 8 with 2.2 equiv. methane
sulfonylchloride and excess triethylamine in dichloromethane gave 9 in 33% after
purification. The nucleophilic substitution of 9 with 1 or 2 in the presence of Na,COs in
acetonitrile gave azobenzene calix[4]arenes 10 (5%) and 11 (8%), respectively. The low
yield of nucleophilic substitution reactions may stem from the competing polymeric
formation during the reactions. It should be noted that the overall yields of the products in
pathway A are higher than those in pathway B.

The crystal structure of 10. We were able to obtain crystals of both 10 and 11.
However, only crystals of 10 are suitable for single crystal X-ray analysis. The X-ray
structure of 10 illustrated in Fig. 1 shows that a molecule of ethy! acetate has included jnto
the calix(4]arene unit of 10 pointing the -CH,CH3 moiety into the upper rim cavity. The
aromatic Cgp-Cqpz distances in the molecule vary from 1.333 (15) to 1.449 (10) A with an
everage value of 1,396 A while the Cyp3-Cypa distances vary form 1.462 (9) to 1.560 (8) A
with a mean value of 1.525 A. The aromatic Csp2 bond angles are in the range of il6.3 (3)°-
123.7 (3)°, and Cp3 bond angles of 103.9 (7)°-112.6 (4)° which are in line with trigonal
planar and tetrahedral geometry. Bond angles involving bridging methylenes vary from 110.6
(3)° to 111.9 (3)° which are slightly larger than the tetrahedral angle. The C-O distances vary
from 1.377 (4) to 1.443 (4) A with a mean value of 1.412 A. The distances of N(1)-C(54)
and N(2)-C(48) are 1.515 (7) and 1.431 (8) A, respectively. The azobenzene unit is in frans
isomer with a N=N distance of 1.179 (6) A. The relative torsion angle of C(48)-N(2)-N(1)-C
(54) 1s 178.35° indicating that the azobenzene unit is almost flat. The distances between
ethereal O atoms are O(1)-O(6) = 4.618 and O(3)-O(5) = 5.813, and the distances between
ethereal and phenoxy oxygen atoms are O(2)-O(6) = 3.338 and O(4)-O(5) = 5.073 A. The

ethereal and hydroxy oxygen atoms are, therefore, preorganized for binding aikali cations.



Figure 1

Solution behavior of compound 6. Due to the lack of intramolecular hydrogen
bonding compound 6 possessed conformation interconversion through the calixarene annulas.
The "H NMR spectrum of 6 in CDC]; at room temperature (Fig. 2a) shows complicated broad
signals which indicate mixed conformations of the calix[4]arene framework. Upon
decreasing temperature, the broad signals became sharper. However, signals due to protons
on nitrobenzene rings do not change significantly when compared to other signals. This
implies that the movement of the calix(4}arene unit occurred on the aryl rings containing
methoxy groups. The 500 MHz 'H NMR spectrum of 6 at 30 °C (Fig. 2b) reveals that in
solution (CDCl;) 6 existed as a mixture of two conformers: partial cone and cone
conformations. The mixed conformations of cone and partial cone were also found in

7 The cone

tetramethoxycalix[4]arenes bridged by a polyether chain at the upper rim.’
conformation possesses two planes of symmetry. The ¢#-butyl protons appear as two singlets at
0.78 and 1.29 ppm, and the methoxy protons appear as a singlet at 3.81 ppm. On the other
hand, the partial cone conformation has only one plane of symmetry. The #-butyl protons
appear as three singlets at 1.04, 1.18 and 1.28 ppm (ratio 2:1:1). The methoxy protons appear
as two singlets at 3.01 and 3.18 ppm (ratio 1:1). The spectrum also consists of 5 peaks due
to the aromatic protons of the calix[4]arene unit at 7.09, 7.04, 6.91, 6.58 and 6.43 ppm.
There should be at least 5 pairs of signals due to methylene bridge protons in the spectrum;
however, some signals are superimposed on the glycolic proton signals which appear as 4

sets of multiplets between 4.0-4.5 ppm. The ratio of cone:partial cone can be calculated from

the integration ratio of either r-butyl protons or methoxy protons of each conformation to be
43:57.

Figure 2

Isomerization studies of compounds 10 and 11. Nakamura and colleagues has

demonstrated use of UV spectrophotometry to study photoisomerization of azobenzocrown
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ethers.”” Unfortunately, both trans and cis + trans forms of 10 and 11 gave almost the same

UV spectra. This may stem from the fact that after isomerization the cis:trans ratio of 10

became 36:64 in which the amount of the cis form was not enough to influence the alteration



of absorption bands in the UV spectra. NMR spectroscopy was then used in the investigation
of isornerization.

Partial '"H NMR spectra of 10 before and after irradiation depicted in Figs. 3a and 3b
show discrete features. The signals belonging to the cis isomer, -Bu (1.21 and 1.19 ppm),
ArCHyAr (3.31 and 4.35), ROAIH (6.97), HOArH (7.06) and ArOH (8.41)," of 10
distinctively appear in the spectrum after irradiation. Compound 10 reached the
photostationary state after 24 hours, and the ratio of cis and rrans was then able to be
estimated from the integral area of the signals to be 36:64. Interestingly, we found that upon
standing under room light for several days, compounds 10 in CDCl; also underwent
jsomerization to give the cis:trans ratio of 33:67. This result correlates with the observation
of Vicens et al. in which azobenzene calixcrowns containing one glycolic unit were stable as
cis isomers.® However, thus far, we cannot isolate the cis isomer of 10. The trans form is,
therefore, still thermodynamically more stable.

Interestingly, when CH;CN (10 pL) was added into the CDCl; solution of 10 after
isomerization, the signals due to rers-butyl, aromatic, ethereal and hydroxy protons shifted
dramatically. The signal due to methyl protons of included CH3CN appeared at 2.05 and 2.10
ppm for cis and trans isomers of compound 10. The results suggest that both cis and trans
forms of 10 can inctude CH3CN into the cavity of calix[4]arene.

"H NMR spectrum of 11 also changed remarkably after irradiation and upon standing
under room light for several hours. However, we cannot conclusively say that the cis-trans
isomerization has occurred since we do not have a crystal structure of 11 to substantiate the
isomer of the azobenzene moiety before irradiation. It was found that the aromatic protons in
cis-azobenzene are more shielded than those in trans-azobenzene.?®*' 'H NMR spectra of 8,

9, 10 and compounds containing trans-azobenzene groups?®?!

consist of doublet signals at
~7.6-7.9 ppm while those of 11, before and after irradiation, do not have signals in this
region. In addition, the 'H NMR spectrum of 11 in Fig. 33 shows complicated signals of
aromatic, methylene bridge and rerr-butyl protons which could result from various
conformations of the calix[4]arene unit. The bithiophene analogue of compound 11 was also
found to have a complicated NMR spectrum due to fluxional behavior.” We suspect that 11
stay in the cis form and just undergo the conformational change of the calix[4]arene

framework in the same manner as its precursor, 6, rather than the cis-rrans isomerization.



Figure 3

Effects of Complexation of Na* and K* ions. The picrate salts of Na* and K" ions
were employed in complexation studies. Normally, the picrate salts were not soluble in
CDC); and were added as solid into NMR tubes containing solutions of 10 and 11. The
inclusion of cations into ligands can be notified by the appearing of a singlet signal of
aromatic protons of the picrate anion around 8.6-8.9 ppm which is well separated from the
signals of the ligands. The metal salts were added into the ligands before and after UV
irradiation.”? "H NMR spectra of complexes of 10 after addition of sodium and potassium
picrates possessed two doublet signals at 3.26 and 4.20 ppm (J~13 Hz) indicating that 10
maintained the cone conformation of calix[4]arene after complexation with the metal ions.

'H NMR spectra (400 MHz, CDCls) of 10 in Fig. 4 shows significant changes from
the spectrum of the free ligand (Figs. 2a and 2b). The spectrum in Fig. 4a shows a singlet
signal of picrate protons at 8.64 ppm. The broad peak of the glycolic protons of trans isomer
at 4.44 ppm separates from those of cis isomer at 4.40 ppm and the multiplet signals appear
around 6.82-6.93 ppm. Furthermore, doublet peaks of methylene bridge protons of the rrans
form at 3.26 ppm and the cis form at 3.32 ppm slightly shift from those of the free ligand. It
was found from the integration that the amount of cis isomer increased from 36% to the range
of 42-47%.

Addition of potassium picrate into 10 results in an appearance of a singlet signal of
picrate protons at 8.92 ppm. The intensity of the signals corresponding to the cis isomer
decreases dramatically. The integration shows that the percentage of cis isomer decreases
from 36% to the range of 10-16%, and the amount of frans isomer increases to approximately
84-90%. However, upon standing under the room light, the amount of the ¢is form gradually
increased to 25% after standing for 19 days, and reached 42% in 30 days. We do not have a
definite explanation for the increasing of cis isomer. However, it is possible that K" firstly
formed a complex with the rrans form of 10 and increased the percentage of the trans form.
Later, the thermal trans to cis isomerization took place and increased the amount of the cis

form. The result also implies that the stability of the trans-10¢K complex is not very strong.
Figure 4

'H-NMR spectra of ligand 11 in the presence of Na* and K* picrates are shown in Fig.

5. The singlet signals of picrate aromatic protons are observed at 8.78 ppm. Fig. 5a shows



that, upon addition of Na®, the spectrum of 11 does not change significantly from that of the
free ligand and a signal due to picrate protons has very low intensity. This suggests that the
presence of Na* has no effect to isomerization of the azobenzene unit. On the other hand, the
presence of K* caused significant changes in the '"H NMR spectrum (Fig 5b). A doublet at
7.55 ppm and a singlet peak at 3.33 ppm are observed in the spectrum upon addition of
potassium picrate into the solution of 11 for only 2 days. The doublet around 7.55 ppm was

generally found in various trans azobenzenes??!

and the singlet at 3.33 ppm was in the
region of methoxy protons. The result implies that cis to trans 1somerzation of 11 occurs
partially in the presence of K', and this is also in line with the results obtained from

compound 10.
Figure 5

Conclusion

Two new azobenzene calix[4]crowns (10 and 11) have been synthesized bv rwo
different pathways. Compound 10 can be isolated as frans isomer and was found to undergo
trans to cis 1somerization under room light and UV irradiation. Compound 6 which is the
precursor of compound 11 undergo conformational interconversion due to the absence of
intramolecular hydrogen bonding and was found to exist in mixed conformations of cone and
partial cone (47:53) at =30 °C. Compound 11 was believed to exist in the cis form and
undergo conformational interconversion rather than cis-tfrans isomerization upon exposing to
UV or room light.  The complexation studies showed that for 10, the percentage of cis
isomer increased in the presence of Na* while the amount of trans isomer increased in the
presence of K*. It also imply that the cis form is suitable for binding Na* while the trans
form is appropriate for K*. In case of compound 11, it was found that cis to rrans
isomerization occurred somewhat in the presence of K*. Compared to the azobenzene crown
ether synthesized by Shinkai and coworkers which showed the extractability of K™ over Na*

in both cis and trans forms,>

our compounds 10 and 11 which consisted of 6 oxygen donor
atoms from the ethoxy azobenzene unit attaching to the calix[4]arene frameworks showed
selectivity of the cis and trans forms towards Na* and K*, respectively. Compounds 10 and
11 can thus possibly be used as switchable receptors or sensors for Na* and K* ions.
Supplementary Material. The following are available on request from the
correspondent author: tables of crystal data and structure refinements, atomic coordinates and

equivalent isotopic displacement parameters, bond lengths, bond angles, anisotropic
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displacement parameters and hydrogen coordinates and isotropic displacement parameters for

10‘C4H302.
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Table 1. X-ray crystallographic data for 10eC4HgO»

formula
fw
T, K
A, A
crystal system
space group
a (A)
b(A)
c (A)
B
V(AY
Z
p (caled) (Mg/m”)
abs coeff (1, mm’™")

Final R indices [1 > 26()]

R indices (all data)

CeaH7sN203
1003.28

293 (2)
0.71073
monoclinic
Cc

15.1260 (3)
31.1347 (3)
12.6692 (3)
98.4970 (10)
5900.99 (19)
4

1.129

0.073
R1=0.0731
wR2 =0.1663
R1=0.1178
wR2 =0.1982
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Scheme 1. Synthetic procedures of 10 and 11.
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Figure 1. The crystal structure of 10+C;HzO;. Hydrogen atoms were omitted for clarity.
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Figure 2. 'H NMR (500 MHz, CDCl;) spectra of compound 6 at (a) 25 °C and (b) =30 °C.
* and # denote signals of the solvent and trace of water, respectively.
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Figure 3. Partial 'H NMR (400 MHz, CDCls) spectra of 10 (a) before, (b) after UV irradiation
and 11 (c) before, (d) after irradiation. * denotes signals of the solvent.
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Figure 4. Partial '"H NMR (400 MHz, CDCls) of 10 in the presence of (a) Na* (b) K™.
* denotes signals of the solvent.
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Figure 5. Partial 'H NMR (400 MHz, CDCl;) of 11 in the presence of (a) Na* (b) K™
* denotes signals of the solvent.
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Table 1A. Crystal data and structure refinement for 10¢C4HgO,.

Empirical formula CesHag NoOg
Formula weight 1003.28
Temperature 293 (2) K
Wavelength 0.71073 A
Crystal system, space group monoclinic, Cc
15.12603) A
b 31.1347(3) A
¢ 12.6692(3) A
B 98.4970(10) °
14 5900.99(19) A’
4 4
Cald. density 1.129 Mg/m’
Absorption coefficient 0.073 mm”
F(000) 2160
Crystal size 0.6 x 0.3 x 0.3 mm
0 range for data collection 2.07-30.31 °
Index ranges 2l<=h<=21,-44 <=k <=27 -17<=1 <= 17
Reflections collected / unique 21046 / 14604 [R(int) = 0.01901)
Completeness to 26 = 30.31 47.3%
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 14604 /2/918
Goodness-of-fit on F 1.116
Final R indices [I > 2o(1)] R1=0.0731, wR2 =0.1663
R indices (all data) R1=0.1178, wR2 =0.1982
Absolute structure parameter 2.2(12)

Largest diff. peak and hole 0.225 and -0211e. A~



o

Table 2A. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters (A*
x 10%) for 10eC4HgO,. U(eq) is defined as one third of the trace of the
orthogonalized Uij tenser.

X y z U(eq)
N(1) -2602(3) 4985(2) 7426(4) 104(2)
N(2) -2967(4) 4990(2) 8186(5) 122(2)
o(D) -1228(2) 3570(1) 6774 (2) 58(1)
Oo2) -295(2) 4370(1) 7749(2) 65(1)
03) 185(2) 4591(1) 5768(2) 54 (1)
O4) -739(2) 3785(1) 4825(3) 66(1)
O(5) -3326(2) 4154 (1) 6794 (4) 1E5(1)
O(6) -1502(2) 5017(1) 5992(3) 90(1)
o) 2992(4) 2932(2) 7072(5) 143(2)
O(8) 4176(10) 3045(5) 8142(14) 340(8)
C(1) -651(2) 2858(1) 6595(3) 49(1)
C(2) -926(2) 2871(1) 5389(3) S8(1)
C(3) -161(2) 3053(1) 4838(3) S54(1)
C(4) 505(3) 2776(1) 4594(3) 5%(1)
C(5) 1234(2) 2921(1) 4125(3) 58(1)
C(6) 1259(3) 3362(1) 3899(3) 56(1)
C(7) 616(2) 3651(1) 4139(2) S1(1)
C(8) 727(2) 4132(1) 3958(3) 33(D)
C9) 1374(2) 4336(1) 4839(3) 48(1)
C(10) 2293(2) 4318(1) 4821(3) SI(1)
C(11) 2939(2) 4474 (1) 5658(3) 55(1)
C(12) 2621(3) 4637(1) 6554(3) S3(1)
C(13) 1704(2) 4670(1) 6619(3) 48(1)
C(14) 1395(3) 4828(1) 7647 (3) 54 (1)
Cc15) 1291(2) 4456(1) 8419(3) 49(1)
C(16) 2019¢(3) 4323(1) 9138(3) 33¢(1)
C17 1984(2) 3984(1) 9851(3) S5(1)
C(18) 1159(3) 3772(1) 9805(3) S6(1)
C(19) 405(2) 3887(1) 5079(3) 48(1)
C(20) -446(3) 3622(1) 9023(3) 54(1)
C(Q2D) -417(2) 3219(1) 8325(3) S1(1)
C(22) 41(2) 2854 (1) 8769(3) 34.(D)
C(23) 162(2) 2487(1) 8160(3) S3(DH
C(249) -182(2) 2502(1) 7091(3) 53(1)
C(295) -778(2) 3208(1) 7247(3) 49(1)
C(26) 471(2) 4239(1) 8393(3) 50(1)
C(27) 1100(2) 4533(1) 5745(3) 47(1)
C(28) -103(2) 3492(1) 4618(3) SI(1)
C(29) 704(3) 2097(1) 8677(4) 68(1)
C(30) 1652(5) 2155(3) 8607(13) [71(5)
C@3Y1) 584 (9) 2029(3) 9833(7) 154 (4)

C(32) 382(8) 1676(2) 8136(9) 157(4)



C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C@l)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C61)
C(62)
C(63)
C(64)

1958(3)
2874(4)
1760(7)
2033(5)
3940(3)
4525(3)
4100(4)
4222(5)
2788(3)
3653(5)
2607(7)
2909(6)
-2158(3)
-2410(3)
-3505(3)
-3341(3)
-3603(6)
-4040(6)
-4196(6)
-3952(5)
-1641(3)
-2206(3)
-2355(5)
-1974(7)
-1418(7)
-1278(5)
-1120(3)
-131(3)
1749(6)
2655(10)
3816(7)
4055(7)

2612(1)
2831(2)
2486(3)
2203(2)
4449(1)
4689(2)
4665(3)
3978(2)
3846(1)
4036(4)
3980(3)
3364(2)
3610(1)
4077(2)
4204(2)
4591(2)
4610(3)
4274(4)
3918(3)
3872(2)
5415(1)
5418(2)
5810(2)
6191(2)
6181(2)
5789(2)
4989(2)
4987(1)
3394(3)
3334(4)
2817(3)
2388(3)

3831(4)
3973(8)
2660(6)
4510(7)
5555(4)
6457(5)
4488(5)
5575(9)
10691(3)
10466(8)
11781(5)
10708(8)
6896(4)
6678(7)
7833(6)
8467(7)
9478(7)
9831(11)
9249(10)
8226(8)
6432(4)
7212(4)
7711(3)
7397(7)
6630(8)
6133(6)
5019(4)
5215(4)
6999(7)
7339(12)
7420(9)
7018(9)

76(1)

114(2)
132(3)
104(2)
69(1)

85(1)

102(2)
130(3)
68(1)

152(4)
132(3)
116(2)
71(1)

101(2)
101(2)
109(2)
134(3)
156(4)
169(5)
135(3)
83(1)

85(1)

122(2)
146(3)
154(3)
123(3)
82(1)

74(1)

111(2)
198(5)
158(3)
150(3)



Table 3A. Bond lengths [A] for 10¢C4H;0s.

N(1)-N(2)
N(1)-C(54)
N(2)-C(48)
O(1)-0(25)
O(1)-0(45)
0(2)-0(26)
0(3)-0(27)
0(3)-0(60)
O(4)-0(28)
O(5)-C(47)
O(5)-C(46)
0(6)-0(53)
0(6)-0(59)
0(7)-0(63)
O(7)-C(62)
O(8)-C(63)
O(1)-0(25)
O(1)-0(24)
O(1)-0(2)
C(2)-C(3)
0(3)-0(4)
0(3)-0(28)
0O4)-0(5)
C(5)-C(6)
C(5)-C(33)
C(6)-C(7)
C(7)-C(28)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(9)-C(27)
C(10)-C(11)
C(11)-C(12)
C(11)-C(37)
0(12)-0(13)
O(13)-0(27)
O(13)-0(14)
O(14)-0(15)
O(15)-0(16)
C(15)-C(26)

1.179(6)
1.515(7)
1.431(8)
1.405(4)
1.443(4)
1.377(4)
1.401(4)
1.462(4)
1.379(4)
1.391(8)
1.435(6)
1.388(5)
1.438(5)
1.309(11)
1.411(11)
1.221(13)
1.399(5)
1.411(5)
1.524(5)
1.545(5)
1.397(5)
1.398(5)
1.402(5)
1.405(5)
1.544(5)
1.390(5)
1.411(4)
1.530(5)
L.511(5)
1.395(5)
1.416(4)
1.417(5)
1.393(5)
1.540(5)
1.405(5)
1.394(5)
1.530(4)
1.540(5)
1.384(5)
1.410(5)

C(16)-C(17)
C(17)-C(18)
C(17)-C(41)
C(18)-C(19)
O(19)-0(26)
C(19)-C(20)
C(20)-C(21)
0(21)-0(25)
0(21)-0(22)
C(22)-C(23)
0(23)-0(24)
0(23)-0(29)
0(29)-0(30)
C(29)-C(31)
C(29)-C(32)
C(33)-C(34)
0(33)-0(36)
0(33)-0(35)
C(37)-C(40)
C(37)-C(38)
C(37)-C(39)
C(41)-C(42)
C(41}-C(44)
C(41)-C(43)
C(45)-C(46)
C(47)-C(52)
C(47)-C(48)
C(48)-C(49)
C(49)-C(50)
C(50)-C(51)
C(51)-C(52)
C(53)-C(58)
C(53)-C(54)
C(54)-C(55)
C(55)-C(56)
C(56)-C(57)
C(57)-C(58)
C(59)-C(60)
C(61)-C(62)
C(63)-C(64)

1.395(5)
1.405(5)
1.553(6)
1.402(5)
1.4104)
1.522(5)
1.541(5)
1.395(5)
1.405(5)
1.405(5)
1.378(5)
1.556(5)
1.462(9)
1.517(10)
1.524(8)
1.531(8)
1.531(8)
1.521(9)
1.527(7)
1.532(7)
1.560(8)
1.502(9)
1.512(8)
1.507(8)
1.519(7)
1.369(8)
1.449(10)
1.396(11)
1.348(12)
1.333(15)
1.406(14)
1.363(7)
1.399(6)
1.408(8)
1.402(11)
1.376(11)
1.405(9)
1.481(7)
1.388(14)
[.494(14)



Table 4A. Bond angles [°] for 10+C,HgO,.

N(2)-N(1)-C(54) 112.3(5) C(5)-C(33)-C(35) 110.5(5)
N(1)-N(2)-C(48) 116.2(6) C(40)-C(37)-C(38) 109.0(5)
C(25)-0O(1)-C(45) 116.2(3) C(40)-C(37)-C(11) 108.8(4)
C(27)-0(3)-C(60) 110.7(3) C(38)-C(37)-C(11) 112.3(3)
C(47)-0O(5)-C(46) 116.2(5) C(40)-C(37)-C(39) 110.4(6)
C(53)-0(6)-C(59) 120.1(3) C(38)-C(37)-C(39) 106.9(4)
C(63)-O(7)-C(62) 121.4(8) C(11)-C(37)-C(39) 109.4(4)
C(25)-C(1)-C(24) 117.0(3) C(42)-C(41)-C(44) 106.7(7)
C(25)-C(1)-C(2) 122.0(3) C(42)-C(41)-C(43) 110.2(7)
C(24)-C(1)-C(2) 120.9(3) C(44)-C(41)-C(43) 107.5(6)
C(D)-C(2)-C(3) 110.6(3) C(42)-C(41)-C(17) 112.1(4)
C(4)-C(3)-C(28) 119.4(3) C(44)-C(41)-C(17) [11.4(4)
C(4)-C(3)-C(2) 119.1(3) C(43)-C(41)-C(17) 108.8(4)
C(28)-C(3)-C(2) 121.4(3) O(1)-C(45)-C(46) 106.6(3)
C(5)-C(4)-C(3) 122.2(3) O(5)-C(46)-C(45) 111.2(4)
C(4)-C(5)-C(6) 116.6(3) C(1)-C(25)-0(1) 118.3(3)
C(4)-C(5)-C(33) 122.1(3) 0(2)-C(26)-C(15) 122.1(3)
C(6)-C(5)-C(33) 121.2(3) 0(2)-C(26)-C(19) 117.8(3)
C(T)-C(6)-C(5) 123.1(3) C(15)-C(26)-C(19) 120.0(3)
C(6)-C(7)-C(28) 118.5(3) C(13)-C27)-0(3) 118.5(3)
C(6)-C(7)-C(8) 120.3(3) C(13)-C(27)-C(9) 122.7(3)
C(28)-C(7)-C(8) 121.1(3) 0(3)-C27N)-C(9) 118.8(3)
C(9)-C(8)-C(7) 111.9(3) O(4)-C(28)-C(3) 122.9(3)
C(10)-C(9)-C(27) 116.3(3) O(4)-C(28)-C(7) 116.9(3)
C(10)-C(9)-C(8) 120.7(3) C(3)-C(28)-C(7) 120.2(3)
C(27)-C(9)-C(8) 123.0(3) C(30)-C(29)-C(31) 109.5(8)
C(9)-C(10)-C(11) 123.5(3) C(30)-C(29)-C(32) 109.3(8)
C(12)-C(1 )-C(10) 116.9(3) C(31)-C(29)-C(32) 103.9(7)
C(12)-C(L1)-C(37) 123.3(3) C(30)-C(29)-C(23) 109.7(4)
C(10)-C(11)-C(37) 119.3(3) C(31)-C(29)-C(23) 112.6(4)
C(11)-C(12)-C(13) 122.4(4) C(32)-C(29)-C(23) 111.6(4)
C(27)-C(13)-C(12) 117.9(3) C(34)-C(33)-C(36) 108.3(5)
C(27)-C(13)-C(14) 121.903) C(34)-C(33)-C(5) 110.9(4)
C(12)-C(13)-C(14) 120.1(3) C(36)-C(33)-C(5) 112.3(4)
C(13)-C(14)-C(15) 111.8(2) C(34)-C(33)-C(35) 105.9(6)
C(16)-C(15)-C(26) 118.9(3) C(36)-C(33)-C(35) 108.7(5)
C(16)-C(15)-C(14) 119.9(3) C(5)-C(33)-C(35) 110.5(5)
C(26)-C(15)-C(14) 121.2(3) C(40)-C(37)-C(38) 109.0(5)
C(15)-C(16)-C(17) 123.4(3) C(40)-C(3N)-C(11) 108.8(4)
C(18)-C(17)-C(16) 116.5(3) C(38)-C(37)-C(1 1) 112.3(3)
C(18)-C(17)-C(41) 119.9(3) C(40)-C(37)-C(39) 110.4(6)
C(16)-C(17)-C(41) 123.5(3) C(38)-C(37)-C(39) 106.9(4)
C(17)-C(18)-C(19) 122.6(3) C(11)-C(37)-C(39) 109.4(4)
C(18)-C(19)-C(26) 118.6(3) C(42)-C(41)-C(44) 106.7(7)
C(18)-C(19)-C(20) 119.5(3) C(42)-C(41)-C(43) 110.2(7)
C(26)-C(19)-C(20) 121.8(3) C(44)-C(41)-C(43) 107.5(6)

C(19)-C(20)-C(21) 111.9¢3) C(42)-C(41)-C(17) 112.1(4)



C(25)-C(21)-C(22)
C(25)-C(21)-C(20)
C(22)-C(21)-C(20)
C(23)-C(22)-C(21)
C(24)-C(23)-C(22)
C(24)-C(23)-C(29)
C(22)-C(23)-C(29)
C(23)-C(24)-C(1)
C(21)-C(25)-C(1)
C(21)-C(25)-0(1)
C(1)-C(25)-0(1)
0(2)-C(26)-C(15)
O(2)-C(26)-C(19)
C(15)-C(26)-C(19)
C(13)-C(27)-0(3)
C(13)-C(27)-C(9)
0(3)-C(27)-C(9)
O(4)-C(28)-C(3)
0(4)-C(28)-C(7)
C(3)-C(28)-C(7)
C(30)-C(29)-C(31)
C(30)-C(29)-C(32)
C(31)-C(29)-C(32)
C(30)-C(29)-C(23)
C(31)-C(29)-C(23)
C(32)-C(29)-C(23)
C(34)-C(33)-C(36)
C(34)-C(33)-C(5)
C(36)-C(33)-C(5)
C(34)-C(33)-C(35)
C(36)-C(33)-C(35)

118.1(3)
122.8(3)
119.0(3)
122.2(4)
116.9(3)
122.6(3)
120.4(3)
123.7(3)
121.9(3)
119.6(3)
118.3(3)
122.1(3)
117.8(3)
120.0(3)
118.5(3)
122.7(3)
118.8(3)
122.9(3)
116.9(3)
120.2(3)
109.5(8)
109.3(8)
103.9(7)
109.7(4)
112.6(4)
111.6(4)
108.3(5)
110.9(4)
112.3(4)
105.9(6)
108.7(5)

C(44)-C(41)-C(17)
C(43)-C(41)-C(17)
O(1)-C(45)-C(46)
O(5)-C(46)-C(45)
C(52)-C(47)-0(5)
C(52)-C(47)-C(48)
O(5)-C(47)-C(48)
C(49)-C(48)-C(47)
C(49)-C(48)-N(2)
C(47)-C(48)-N(2)
C(50)-C(49)-C(48)
C(49)-C(50)-C(51)
C(50)-C(51)-C(52)
C(47)-C(52)-C(51)
C(58)-C(53)-0(6)
C(58)-C(53)-C(54)
O(6)-C(53)-C(54)
C(53)-C(54)-C(55)
C(53)-C(54)-N(1)
C(55)-C(54)-N(1)
C(56)-C(55)-C(54)
C(57)-C(56)-C(55)
C(56)-C(57)-C(58)
C(53)-C(58)-C(57)
0(6)-C(59)-C(60)
O(3)-C(60)-C(59)
C(61)-C(62)-0(7)
0(8)-C(63)-0(7)
O(8)-C(63)-C(64)
0(7)-C(63)-C(64)

111.4(4)
108.8(4)
106.6(3)
111.2(4)
115.8(7)
118.6(7)
125.3(5)
119.7(6)
111.6(7)
128.6(7)
119.4(10)
121.2(10)
123.0(8)
118.0(9)
124.0(4)
120.3(5)
115.7(4)
118.4(5)
114.8(4)
126.7(5)
120.5(6)
120.0(6)
119.0(6)
121.6(5)
112 . 4(4)
109.5(4)
114.9(8)
112.9(12)
132.3(12)
113.3(9)



Table SA. Anisotropic displacement parameters (A? x 10%) for 10¢C4HgO,. The anisotropic
displacement factor exponent takes the form: -2 7* [ h* a*> U11 + ... + 2 h k a* b* U12]

Uil U22 U33 U23 Ul3 Ul12
N()  81(3) 137(4) 103(3) 52(3) 43(2) 44(2)
N(@2) 102(4) 159(5) 106(4) 6(3) 23(3) 1(3)
o(1)  48(1) 53 (1) 75(2) 9(1) 16 (1) 4(1)
0(2) 61(2) 58(1) 78(2) 14 (1) 20(1) 6(1)
0@3) 52(1) 49(1) 64 (1) 13 (1) 19(1) 9(1)
0(4)  59(2) 71(2) 74 (2) 18(1) 24 (1) 14 (1)
O(5) 52(2) 128(3) 165(4) 52(3) 20(2) 30(2)
O®6)  100(2) 63(2) 113(2) 31(2) 52(2) 38(2)
o(7) 121(4) 148(4) 151(4) -19(3) -10(3) 24(3)
O(8) 311(14) 264 (12) 398(18) -72(12) -109(13) -56(10)
c(1) 3702 512) 61(2) 3(1) 10(1) -11(1)
C(2) 52(2) 63(2) 58(2) -3(2) 9(2) -16(2)
C3) 532 58(2) 51(2) -8(1) 9(2) -13(1)
C4) 6302 48(2) 62(2) -5(2) 16(2) -7(2)
C(5)  60(2) 55(2) 62(2) 122) 19(2) -6(2)
C6)  60(2) 58(2) 51(2) -4(2) 14(2) -4(2)
C(y  54(2) 54(2) 45(2) 2(1) 9(1) 0(1)
C@8) 36(2) 55(2) 50(2) 7(1) 11(2) 4(2)
CO)  55(2) 43(2) 49(2) (1) 14 (1) 5(1)
C(10)  59(2) 44(2) 55(2) o1) 20(2) 3(1)
C(11) 5502 48(2) 63(2) 2(1) 15(2) 7(1)
C(12) 61(2) 43(2) 55(2) 3(1) 13(2) 0(1)
C(13)  58(2) 34(1) 55(2) 1(1) 21(2) 1(1)
C(14) 68(2) 38(2) 60(2) -1(1) 23(2) 2()
C(15)  60(2) 41(2) 49(2) (1) 18(2) -4(1)
C(16)  60(2) 49(2) 54(2) -7(1) 19(2) 9(2)
C7)  63(2) 55(2) 48(2) -4(1) 12(2) -4(1)
C(18)  72(2) 47(2) 51(2) o) 19(2) -5(2)
C(19)  56(2) 46(2) 47(2) (1) 20(2) 2(1)
C(0) 59(2) 49(2) 60(2) -4(2) 28(2) -4(2)
CR21) 45(2) 48(2) 63(2) -1(1) 20(2) -5(1)
C(22) 51(2) 54(2) 9(2) 4(2) 9(2) 7(1)
C(23)  44(2) 46(2) 71(2) 1(1) 11(2) -5(1)
C(24)  48(2) 45(2) 67(2) -10(2) 15(2) -6(1)
C25) 39(2) 47(2) 64(2) 3(1) 16(2) 2(1)
C(26)  59(2) 45(2) 50(2) -6(1) 19(2) 2(1)
CQ27)  52(2) 37(1) 54.(2) 8(1) 18(2) 9(1)
C(28) 46(2) 58(2) 47(2) 2(1) 6(1) (1)
C(29)  65(2) 52(2) 86(3) 7(2) 2(2) 5(2)
C(30)  76(4) 110(5) 323(15) 79(7) 16(6) 35(4)
C(31) 22210 105(5) 135(6) 30(5) 28(6) 87(7)
C(32) 201(9) 64(3) 174(8) 2(4) -81(7) 30(4)
C(33) 81(3) 58(2) 95(3) -12(2) 332) 1(2)

C(34) 8l1(4) 91(4) 175(7) 0(4) 40(4) 20(3)



C@35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)

176(8)
103(4)
51(2)
53(3)
68(3)
64(3)
69(2)
76(4)
168(7)
104(5)
44 (2)
59(3)
46(2)
62(3)
121(5)
133(6)
127(6)
95(4)
90(3)
86(3)
158(6)
231(10)
227(10)
153(6)
78(3)
75(3)
121(6)
192(12)
156(8)
118(7)

125(6)
77(3)
68(2)
08(4)
145(5)
89(4)
75(2)
223(10)
156(7)
97(4)
72 (3)
94(4)
115(4)
93(4)
152(7)
154(8)
118(6)
105(4)
70(2)
90(3)
L17(5)
88(4)
81(4)
76(3)
92(3)
66(2)
97(5)
155(8)
116(6)
162(8)

102(5)
139(5)
92(3)
102(4)
98(4)
239(10)
58(2)
142(7)
60(3)
135(6)
98(3)
156(6)
148(5)
168(6)
138(7)
200(10)
291(13)
220(9)
96(3)
83(3)
103(4)
135(6)
178(7)
162(6)
79(3)
85(3)
113 (5)
228(12)
183(9)
161(8)

-15(4)
7(3)
-10(2)
-5(3)
-8(4)
-37(5)
4(2)
86(8)
-6(4)
10(4)
20(2)
52(4)
48(4)
43(4)
29(5)
61(8)
87(7)
64(5)
32(2)
22(2)
9(4)
-9(4)
18(4)
1(3)
16(2)
26(2)
-26(4)
-106(8)
4(6)
36(7)

42(5)
40(4)
20(2)
5(2)
31(3)
25(5)
4(2)
-31(4)
-19(4)
-18(5)
15(2)
33(3)
30(3)
9(3)
52(5)
88(7)
129(8)
78(5)
41(3)
28(3)
61(4)
82(6)
109(7)
99(5)
20(2)
24(2)
11(4)

-28(10)

-35(7)
-9(6)

51(5)
22(3)
6(2)

6(2)

-15(3)
20(3)
-4(2)

-17(5)
39(7)
19(3)
3(2)

18(2)
29(2)
2(3)

26(5)
34(6)
49(5)
37(4)
30(2)
24(2)
37(4)
29(5)
4(5)

33(3)
29(2)
28(2)
10 (4)
12(8)
-8(6)

21(6)



Table 6A. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A% x 10%)
for 10'C4H302.

X y z U(eq)
H(2) -2840(6) 5730(3) 8170(8) 180
H(3) -2210(6) 6420(3) 7770(8) 180
H®4) -1150(6) 6530(3) 6560(7) 180
H(5) -780(6) 5730(3) 5570(7) 180
H(6) -310(8) 4470(4) 7190(9) 225
H(7A) -1520(6) 5280(3) 4380(7) 180
H(7B) -1250(6) 4640(3) 4740(7) 180
H(BA) -50(7) 5000(3) 4620(8) 180
H(8B) -30(6) 5250(3) 5720(7) 180
H(11) 2490(3) 4198(13) 4190(3) 69(11)
H(13) 3010(2) 4703(10) 7210(3) 51(9)
H(16A) 4130(3) 3863(15) 6330(4) 77
H(16B) 4800(3) 4010(13) 5630(3) 77
H(16C) 3780(3) 3824(14) S110(4) 77
H(17A) 4310(3) 4531(14) 7050(4) 77
H(17B) 430003) 4986(15) 6510(3) 77
H(17C) 5200(3) 4665(13) 6390(3) 77
H(18A) 4740(3) 4675(13) 4470(3) 77
H(18B) 3860(3) 4929(15) 4540(4) 77
H(18C) 3810(3) 4509(14) 3900(4) 77
H(19A) 840(3) 4964 (12) 7470(3) 62
H(19B) 1830(2) 5037(12) 8000(3) 62
H(21) 2520(3) 4424(15) 9070(4) 84(13)
H(23) 1100(3) 3541(15) 10200(3) 73(12)
H(26A) -520(2) 3533(10) 9770(3) 40(8)
H(26B) -1000(2) 3775(11) 8720(3) 51(9)
H(28) 350(3) 2863(11) 9450(3) 50(10)
H(30) -890(3) 3750(12) 5310(3) 40(11)
H(31A) 1750(3) 2312(15) 8050(3) 60
H(31B) 1900(3) 1904(14) 8860(3) 60
H(31C) 1660(3) 2412(16) 9070(3) 60
H(324) 980(3) 1720(13) 10260(3) 60
H(32B) 10(3) 2101(14) 9910(4) 60
H(32C) 790(3) 2285(15) 10120(4) 60
H(33A) 530(3) 1735(14) 7270(4) 60
H(33B) -210(3) 1695(14) 7970(4) 60
H(33C) 760(3) 1428(13) 8660(3) 60
H(34B) -1030(3) 2553(13) 5090(3) 71(12)
H(34A) -1430(3) 3108(15) 5230(4) 85(13)
H(36) 420(3) 2493(16) 4770(3) 75(12)
H(38) 1790(2) 3482(11) 3590(3) 52(9)
H(41B) 180(2) 4283(10) 3880(3) 45(8)
H(41A) 1010(19) 4155(9) 3300(2) 29(7)

H(43A) 1400(3) 2052(11) 4280(3) 44



H(43B)
H(43C)
H(44A)
H(44B)
H(44C)
H(45A)
H(45B)
H(45C)
H(47A)
H(47B)
H(48A)
H(48)

H(49)

H(50)

H(51)

H(52)

H(55A)
H(55B)
H(55C)
H(56A)
H(56B)
H(56C)
H(57A)
H(57B)
H(57C)
H(58)

H(95A)
H(95B)
H(96A)
H(96B)
H(96C)
H(97A)
H(97B)

2130(2)
2500(2)
2190(2)
1640(2)
1200(3)
3290(2)
3090(2)
2810(2)
-2000(2)
-2290(2)
-2520(3)
-2300(3)
-4070(3)
-4510(3)
-4080(3)
-3510(4)
3080(4)
2360(4)
3380(4)
3410(4)
3540(4)
4100(4)
3050(4)
1950(4)
2660(4)
-120(2)

2910(3) -

3210(2)
1640(3)
1510(3)
1470(3)
4690(3)
3890(3)

2274(11)
2020(11)
2275(11)
2741(13)
2308(12)
2573(11)
2883(12)
3132(13)
4228(11)
4110(10)
3377(17)
3518(13)
3616(16)
3704(16)
4308(15)
4834(16)
3325(18)
3258(17)
3313(16)
4290(18)
3962(16)
3932(16)
3888(17)
3897(18)
4215(19)
2301(12)
3442(12)
638(12)

3384(12)
3642(14)
3118(15)
2336(13)
2359(13)

5270(3)
4370(3)
2340(3)
2240(3)
2570(3)
3740(3)
4810(3)
3640(3)
7120(3)
5970(3)
6430(4)
7590(3)
7590(4)
9400(4)
10600(4)
9800(4)
10060(5)
10830(4)
11380(5)
10480(5)
9630(5)
10810(5)
12360(5)
11890(5)
11710(5)
6730(3)

- 7960(3)

7180(3)
6170(4)
7390(3)
7230(3)
7280(3)
6170(4)

EREERRRER

~) W W
~} L n
~~
—
n
N

67(11)

oo OO OO OO
—_— e —

101
101
101
101
101
101
101
101
101
42(9)

50
63
63
63
63
63
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Table 7A. Crystal data and structure refinement for 5.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

a
b

c

B

Volume

Z, Calculated density
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected / unique
Completeness 1o 2theta (30.53)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F’

Final R indices [1> 26()]

R indices (all data)

Largest diff. peak and hole

Ce3 Hys N2 Oy
1037.30

293(2) K

0.71073 A
monoclinic, P2(1)/c

16.1437(2) A
21.0292(2) A
18.9685(3) A
110.3080(10) °
6039.31(13) A’

5, 1.346 Mg/m’

0.091 mm’*

2620

1.34t030.53 °
-23<=h<=22,-29<=k <=29, 27 <=1<= 14
42992 / 17323 [R(int) = 0.0200]
91.6%

Full-matrix least-squares on F°
17323/0/862

1.039

R1 =0.0923, wR2 =0.2653
R1=0.1255, wR2 =0.3047

1.079 and -0.738 ¢. A3
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Table 8A. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A’

x 10%) for 5. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z Uleq)
o(1) 2056(1) 4060(1) 5305(1) 42(1)
0®2) 2285(1) 4589(1) 3943(1) 53(1)
0(3) 876(1) 5304(1) 3278(1) 40(1)
0®4) 385(1) 4565(1) 4417(1) 48(1)
0% 3500(1) 4342(]) 7213(1) 67(1)
O(6) 2204(1) 6127(1) 4102(1) 58(1)
o) 3838(2) 4910(2) 9226(2) 113(1)
O(8) 3171(2) 5229(2) 8107(2) 110(1)
0(9) 4487(5) 5608(6) 4057(4) 283(6)
0(10) 3443(3) 6113(3) 3532(2) 174(3)
0(99) 31(3) 2308(2) 2017(3) 65(1)
0(102) 5281(5) 8139(10) 5187(11) 424(12)
N(1) 3781(2) 4974(2) 8570(2) 67(1)
N2) 3887(2) 5897(2) 4078(2) 83(1)
C(1) 2000(1) 3435(1) 5038(1) 37(D)
C(2) 1272(2) 3062(1) 5011(1) 38(1)
C(3) 1223(2) 2442(1) 4743(1) 44(1)
C(4) 1859(2) 2185(1) 4480(1) 47(1)
C(5) 2549(2) 2583(1) 4482(1) 45(1)
C(6) 2637(1) 3210(1) 4749(1) 38(1)
C 3371(2) 3623(1) 4674(1) 41(1)
C(8) 3221(1) 3774(1) 3854(1) 38(1)
C(9) 3634(2) 3426(1) 3446(1) 42(1)
C(10) 3487(2) 3548(1) 2686(1) 44(1)
C(11) 2902(2) 4042(1) 2351(1) 42(1)
C(12) 2471(1) 4405(1) 2737(1) 38(1)
C(13) 2642(1) 4265(1) 3500(1) 37(1)
C(14) 1857(2) 4948(1) 2340(1) 41(1)
C(15) 873(2) 4811(1) 2136(1) 37(1)
C(16) 401(2) 4497(1) 1474(1) 41(1)
C(17) -494(2) 4346(1) 1277(1) 42(1)
C(18) -907(2) 4506(1) 1791(1) 39(1)
C(19) -461(1) 4809(1) 2469(1) 35(1)
CR0) 415(1) 4985(1) 2615(1) 34(1)
C21) 751(2) 5978(1) 3275(2) 45(1)
C(22) 1301(2) 6197(1) 4049(2) 54(1)
C(23) 2833(2) 5987(1) 4767(2) 49(1)
C(24) 2702(2) 5946(2) 5453(2) 60(1)
C(25) 3395(3) 5780(2) 6100(2) 71(1)
C(26) 4216(3) 5662(2) 6087(2) 75(1)
c27N 4375(2) 5703(2) 5416(2) 70(1)
C(28) 3688(2) S861(2) 4767(2) S7(1)



C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(58A)
C(59A)
C(60A)
C(97)
C(98)
C(99)
C(102)
C(103)
C(101)
C(97A)
O(99A)
C(99A)

2337(2)
3331(2)
4353(2)
4509(2)
5360(2)
6065(2)
5927(2)
5080(2)
1803(2)
-2257(2)
-1008(2)
3944(2)
-918(2)
-932(1)
-248(1)
-249(1)
912(2)
-1584(2)
-1582(2)
487(2)
3271(3)
4435(3)
4621(4)
-2746(3)
-2968(3)
-1784(3)
843(3)
2302(5)
2205(5)
-1990(4)
-976(5)
-643(7)
-1298(13)
-1650(2)
-373(12)
1369(5)
581(3)
549(4)
3846(5)
4623(15)
4516(13)
1010(6)
1292(15)
346(6)

4131(2)
4122(2)
4429(2)
4722(2)
4804(2)
4617(2)
4335(2)
4236(2)
1491(1)
2698(1)
4011(1)
3169(2)
4894(1)
4269(1)
4115(1)
3522(1)
3089(1)
3216(1)
3816(1)
3337(1)
2806(2)
3631(2)
2697(3)
2480(2)
2942(2)
2129(2)
1284(2)
1073(2)
1416(2)
3928(4)
4444(3)
3381(4)
3320(9)
4334(13)
3660(14)
2769(4)
2708(2)
3226(3)
7544(3)
8567(5)
7876(13)
2345(4)
2897(14)
3105(4)

6107(1)
6460(1)
7665(1)
8360(1)
8863(2)
8676(2)
7991(2)
7487(2)
4206(2)
3022(2)
535(2)
2234(2)
3045(1)
3443(1)
4118(1)
4460(1)
4101(1)
3417(1)
3112(1)
5179(1)
1605(2)
1877(3)
2724(3)
3565(3)
2326(3)
2876(4)
3855(4)
4852(3)
3583(3)
422(3)
-136(3)
503(6)
789(11)
84(12)
246(13)
2071 (4)
2308(2)
2918(4)
5004(4)
4732(9)
4892(14)
1928(4)
2330(2)
2846(5)

SI(1)
51(1)
52(1)
53(1)
70(1)
84(1)
80(1)
67(1)
62(1)
55(1)
53(1)
59(1)
37(1)
35(1)
36(1)
37(1)
42(1)
42(1)
40(1)
42(1)
89(1)
92(1)
108(2)
88(1)
104(2)
118(2)
122(2)
140(3)
120(2)
57(2)
54(1)
81(3)
71(4)
230(2)
259(18)
58(2)
71(1)
38(1)
129¢2)
304(11)
530(3)
29(2)
600(4)
50(2)




Table 9A. Bond lengths [A] for .

O(1)-C(1)
O(1)-C(29)
0(2)-C(13)
O(3)-C(20)
0(3)-C(21)
O(4)-C(43)
O(5)-C(31)
0(5)-C(30)
0(6)-C(23)
0(6)-C(22)
0(7)-N(1)
0(8)-N(1)
0(9)-N(2)
O(10)-N(2)
0(99)-C(98)

0(99)-C(974)
0(102)-C(101)

N(1)-C(32)
N(2)-C(28)
C(1)-¢(2) -
C(1)-C(6)
C(2)-C(3)
C(2)-C(48)
C(3)-C(4)
C(4)-C(5)
C(4)-C(37)
C(5)-C(6)
C(6)-C(7)
C(7-C(8)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(10)-C(11)
C(10)-C(40)
C(11)-C(12)
C(12)-C(13)
C(12)-C(14)
C(14)-C(15)
C(15)-C(16)
C(15)-C(20)
C(16)-C(17)
C(17)-C(18)
C(17)-C(39)
C(18)-C(19)
C(19)-C(20)
C(19)-C(41)
C(21)-C(22)

1.400(3)
1.437(3)
1.358(3)
1.391(3)
1.433(3)
1.363(3)
1.359(3)
1.434(3)
1.348(3)
1.433(3)
1.223(4)
1.195(4)
1.155(6)
1.131(5)
1.209(5)
1.648(11)
1.290(18)
1.465(4)
1.451(5)
1.399(3)
1.405(3)
1.392(3)
1.523(3)
1.396(4)
1.392(4)
1.542(4)
1.402(3)
1.516(3)
1.522(3)
1.392(3)
1.397(3)
1.401(3)
1.399(4)
1.536(4)
1.398(3)
1.406(3)
1.529(3)
1.527(3)
1.390(3)
1.404(3)
1.398(4)
1.399(3)
1.535(3)
1.391(3)
1.393(3)
1.526(3)
1.501(4)

C(23)-C(24)
C(23)-C(28)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(29)-C(30)
C(31)-C(36)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(37)-C(56)
C(37)-C(55)
C(37)-C(57)
C(38)-C(54)
C(38)-C(53)
C(38)-C(46)
C(38)-C(52)
C(39)-C(59A)
C(39)-C(60)
C(39)-C(60A)
C(39)-C(58)
C(39)-C(59)
C(39)-C(58A)
C(40)-C(49)
C(40)-C(51)
C(40)-C(50)
C(41)-C(42)
C(42)-C(47)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(44)-C(48)
C(45)-C(46)
C(46)-C(47)
C(97)-0O(99A)
C(97)-C(97A)
C(97)-C(98)
C(98)-O(99A)
C(98)-C(97A)
C(98)-C(99)
C(98)-C(99A)
C(99)-O(99A)
C(102)-C(101)
C(103)-C(101)
C(97A)-O(99A)

1.391(4)
1.406(4)
1.388(5)
1.357(6)
1.387(6)
1.382(5)
1.510(4)
1.389(5)
1.397(4)
1.385(4)
1.362(6)
1.374(6)
1.386(5)
1.496(5)
1.522(6)
1.541(6)
1.496(5)
1.507(5)
1.538(4)
1.567(5)
1.285(13)
1.459(8)
1.510(16)
1.536(7)
1.579(6)
1.650(19)
1.512(5)
1.529(5)
1.550(6)
1.521(3)
1.395(3)
1.408(3)
1.405(3)
1.391(3)
1.517(3)
1.398(3)
1.388(4)
0.61(6)
1.046(12)
1.493(8)
1.20(2)
1.389(8)
1.603(8)
1.467(10)
2.02(5)
1.364(19)
1.512)
1.38(4)



Table 10A. Bond angles [°] for S.

C(1)-0(1)-C(29)
C(20)-0(3)-C(21)
C(31)-0(5)-C(30)
C(23)-0(6)-C(22)

C(98)-0(99)-C(97A)

O(8)-N(1)-0(7)
O(8)-N(1)-C(32)
O(7)-N(1)-C(32)
O(10)-N(2)-0(9)
O(10)-N(2)-C(28)
0(9)-N(2)-C(28)
C(2)-C(1)-0(1)
C(2)-C(1)-C(6)
O(1)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-C(48)
C(1)-C(2)-C(48)
C(2)-C(3)-C(4)
C(5)-C(4)-C(3)
C(5)-C(4)-C(37)
C(3)-C(4)-C(37)
C(4)-C(5)-C(6)
C(5)-C(6)-C(1)
C(5)-C(6)-C(7)
C(1)-C(6)-C(7)
C(6)-C(7)-C(8)
C(9)-C(8)-C(13)
C(9)-C(8)-C(7)
C(13)-C(8)-C(7)
C(8)-C(9)-C(10)
C(9)-C(10)-C(11)
C(9)-C(10)-C(40)
C(11)-C(10)-C(40)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
C(11)-C(12)-C(14)
C(13)-C(12)-C(14)
0(2)-C(13)-C(8)
0(2)-C(13)-C(12)
C(8)-C(13)-C(12)
C(15)-C(14)-C(12)
C(16)-C(15)-C(20)
C(16)-C(15)-C(14)
C(20)-C(15)-C(14)
C(15)-C(16)-C(17)
C(16)-C(17)-C(18)
C(16)-C(17)-C(39)
C(18)-C(17)-C(39)

115.92)
116.27(17)
118.2(2)
120.3(2)
55.6(3)
123.3(3)
119.7(3)
116.9(3)
116.9(5)
125.2(3)
117.0(4)
119.2(2)
121.1(2)
119.5(2)
118.6(2)
119.1(2)
121.9(2)
122.5(2)
117.0(2)
121.5(3)
121.5(3)
123.1(2)
117.5(2)
119.3(2)
123.1(2)
111.25(18)
119.4(2)
121.4(2)
119.2(2)
122.1(2)
116.8(2)
122.5(2)
120.7(2)
123.22)
117.9(2)
120.4(2)
121.7(2)
115.5(2)
123.9(2)
120.6(2)
115.07(19)
117.6(2)
121.02)
121.5(2)
122.7(2)
117.2(2)
121.8(2)
120.9(2)

C(57)-C(37)-C(4)
C(54)-C(38)-C(53)
C(54)-C(38)-C(46)
C(53)-C(38)-C(46)
C(54)-C(38)-C(52)
C(53)-C(38)-C(52)
C(46)-C(38)-C(52)
C(59A)-C(39)-C(60)
C(59A)-C(39)-C(60A)
C(60)-C(39)-C(60A)
C(59A)-C(39)-C(58)
C(60)-C(39)-C(58)
C(60A)-C(39)-C(58)
C(59A)-C(39)-C(17)
C(60)-C(39)-C(17)
C(60A)-C(39)-C(17)
C(58)-C(39)-C(17)
C(59A)-C(39)-C(59)
C(60)-C(39)-C(59)
C(60A)-C(39)-C(59)
C(58)-C(39)-C(59)
C(17)-C(39)-C(59)
C(59A)-C(39)-C(58A)
C(60)-C(39)-C(58A)
C(60A)-C(39)-C(58A)
C(58)-C(39)-C(58A)
C(17)-C(39)-C(58A)
C(59)-C(39)-C(58A)
C(49)-C(40)-C(51)
C(49)-C(40)-C(10)
C(51)-C(40)-C(10)
C(49)-C(40)-C(50)
C(51)-C(40)-C(50)
C(10)-C(40)-C(50)
C(42)-C(41)-C(19)
C(47)-C(42)-C(43)
C(47)-C(42)-C(41)
C(43)-C(42)-C(41)
O(4)-C(43)-C(44)
O(4)-C(43)-C(42)
C(44)-C(43)-C(42)
C(45)-C(44)-C(43)
C(45)-C(44)-C(48)
C(43)-C(44)-C(48)
C(44)-C(45)-C(46)
C(47)-C(46)-C(45)
C(47)-C(46)-C(38)
C(45)-C(46)-C(38)

111.3(3)
113.2(4)
109.7(3)
112.3(3)
107.1(4)
105.7(3)
108.6(3)
134.2(8)
120.6(19)
37.6(13)
54(2)
107.7(6)
133.8(8)
114.9(7)
110.9(5)
109.8(6)
112.5(3)
53(2)
111.3(6)
77.0(14)
105.9(4)
108.5(3)
L15(2)
51.1(8)
88.4(15)
63.6(8)
104.7(7)
146.6(7)
108.6(4)
110.4(3)
112.2(3)
108.0(3)
107.9(4)
109.7(3)
110.37(17)
118.9(2)
120.4(2)
120.5(2)
123.0(2)
117.2(2)
119.8(2)
118.7(2)
120.1(2)
121.1(2)
123.0(2)
116.6(2)
123.0(2)
120.4(2)



C(19)-C(18)-C(17)
C(18)-C(19)-C(20)
C(18)-C(19)-C(41)
C(20)-C(19)-C(41)
O(3)-C(20)-C(19)
0(3)-C(20)-C(15)
C(19)-C(20)-C(15)
0(3)-C(21)-C(22)
0(6)-C(22)-C(21)
O(6)-C(23)-C(24)
O(6)-C(23)-C(28)
C(24)-C(23)-C(28)
C(25)-C(24)-C(23)
C(26)-C(25)-C(24)
C(25)-C(26)-C(27)
C(28)-C(27)-C(26)
C(27)-C(28)-C(23)
C(27)-C(28)-N(2)
C(23)-C(28)-N(2)
O(1)-C(29)-C(30)
0(5)-C(30)-C(29)
0(5)-C(31)-C(36)
0(5)-C(31)-C(32)
C(36)-C(31)-C(32)
C(33)-C(32)-C(31)
C(33)-C(32)-N(1)
C(31)-C(32)-N(1)
C(34)-C(33)-C(32)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(35)-C(36)-C(31)
C(56)-C(37)-C(55)
C(56)-C(37)-C(57)
C(55)-C(37)-C(57)
C(56)-C(37)-C(4)
C(55)-C(37)-C(4)

122.4(2)
118.02)
119.5(2)
122.4(2)
119.70(19)
118.32(19)
121.8(2)
105.3(2)
106.2(2)
125.3(3)
117.4(3)
117.2(3)
120.3(3)
121.6(3)
119.8(3)
119.1(3)
122.0(3)
117.0(3)
121.0(3)
111.4(2)
104.0(2)
124.4(3)
117.8(3)
117.8(3)
121.0(3)
117.8(3)
121.2(2)
120.3(3)
119.6(3)
121.0(4)
120.2(3)
111.5(5)
108.5(5)
105.8(4)
109.2(3)
110.5(3)

C(46)-C(47)-C(42)
C(44)-C(48)-C(2)
O(99A)-C(97)-C(97A)
O(99A)-C(97)-C(98)
C(97A)-C(97)-C(98)
0(99)-C(98)-O(99A)
0(99)-C(98)-C(97A)
O(99A)-C(98)-C(97A)
O(99)-C(98)-C(99)
O(99A)-C(98)-C(99)
C(97A)-C(98)-C(99)
0(99)-C(98)-C(97)
O(99A)-C(98)-C(97)
C(97A)-C(98)-C(97)
C(99)-C(98)-C(97)
0(99)-C(98)-C(99A)
O(99A)-C(98)-C(99A)
C(97A)-C(98)-C(99A)
C(99)-C(98)-C(99A)
C(97)-C(98)-C(99A)
C(98)-C(99)-0(994)
0(102)-C(101)-C(102)
0(102)-C(101)-C(103)
C(102)-C(101)-C(103)
C(97)-C(97A)-O(99A)
C(97)-C(97A)-C(98)
O(99A)-C(974)-C(98)
C(97)-C(97A)-0(99)
O(99A)-C(97A)-0(99)
C(98)-C(97A)-0(99)
C(97)-0(99A)-C(98)
C(97)-0(99A)-C(97A)
C(98)-O(99A)-C(97A)
C(97)-0(99A)-C(99)
C(98)-0(99A)-C(99)
C(97A)-O(99A)-C(99)

122.9(2)
110.99(18)
110(2)
50.4(19)
63.5(6)
142(3)
78.4(5)
64(2)
126.9(4)
91(3)
153.5(5)
119.3(5)
23(3)
42.3(5)
113.8(4)
112.7(5)
105(3)
165.9(6)
14.1(4)
128.0(5)
36.4(7)
147(2)
60.9(12)
133(3)
24.7(19)
74.2(5)
51.4(17)
118.5(6)
97.3(17)
45.9(3)
06(3)
46(2)
64.8(11)
157(3)
52(2)
116.7(16)
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Table 11A. Anisotropic displacement parameters (A’ x 10%) for 5.

The anisotropic

displacement factor exponent takes the form: -2 > [ h* a** U1l + .. + 2 hk a* b* U12 )

Ull U22 U33 U23 U13 Ul12
O(1) 45(1) 46(1) 32(1) 7(1) (1) -5(1)
O(2) 59(1) 62(1) 40(1) 4(1) 20(1) 22(1)
O(3) 4L(1) 33(1) 39(1) 2(1) (1) 3(1)
O4) 46(1) 45(1) 46(1) 2(1) 6(1) (1)
o(5) 47(1) 113(2) 37(1) -24(1) 8(1) -18(1)
o)  42(1) 77(1) 52(1) -9(1) 1(1) -6(1)
O(7) 106(2) 180(4) 58(2) -15(2) 34(2) -2(2)
O(8) 82(2) 156(3) 73(2) S1(2) 1) 48(2)
O(9) 187(6) 559(16) 152(5) 111(7) 120(5) 183(8)
O(10) 104(3) 337(8) 97(3) 79(4) 56(2) 74(4)
0O(99)  62(2) 48(2) 90(3) -23(2) 31(2) -34(2)
0(102) 97(5) 590(3) 570(3) 220(2) 99(9) 24(9)
N(1)  58(2) 88(2) 46(1) -18(1) 9(1) A1)
N(2) 49(2) 131(3) 73(2) 12) 27(1) 6(2)
C(1)  36(1) 41(1) 29(1) 1(1) 5(1) o(1)
C@2) 36(1) 45(1) 30(1) 4(1) 7(1) o(1)
C(3) 421 43(1) 43(1) 4(1) 8(1) -5(1)
C(4)  53(1) 39(1) 42(1) 2(1) 9(1) 5(1)
C5)  46(1) 45(1) 42(1) 2(1) 12(1) 9(1)
C6)  35(1) 45(1) 29(1) 3(1) 6(1) 2(1)
7y  30(1) 55(1) 35(1) 4(1) 6(1) 3(1)
C(8) 30(1) 46(1) 35(1) -3(1) 9(1) (1)
C©) 35(1) 46(1) 42(1) -1(1) 10(1) 4(1)
C(10) 38(1) 53(1) 42(1) (1) 13(1) 3(1)
C(11) 37(1) 53(1) 37(1) 2(1) 13(1) -1(1)
C(12) 33(1) 42(1) 37(1) o(1) (1) -3(1)
C(13) 33(1) 42(1) 37(1) (D) 12(1) o(l)
C(14) 37(1) 46(1) 43(1) 9(1) 15(1) o(1)
C(15) 37(1) 37(1) 35(1) 6(1) 13(1) 3(1)
C(16) 46(1) 44(1) 37(1) (1) 18(1) 4(1)
CA7) 47(1) 42(1) 35(1) -3(1) 12(1) -1(1)
C(18) 39(1) 39(1) 37(1) -1 12(1) (1
C(19) 37(1) 32(1) 36(1) 3(1) 13(1) 4(1)
C(20) 35(1) 31(1) 35(1) (1 9(1) 3(1)
C(21) 43(1) 33(1) 54(1) -4(1) 10(1) 3(1)
C(22) 44(1) 54(2) 61(2) -22(1) 14(1) 2(1)
C(23) 47(1) 47(1) 50(1) -12(1) 12(1) -8(1)
CQ4) 57(2) 67(2) 55(2) -14(1) 18(1) 3(1)
C(25) 78(2) 76(2) 55(2) 9(2) 16(2) 4(2)
C(26) 72(2) 74(2) 60(2) -4(2) -1(2) -1(2)
C@27) 48(2) 74(2) 76(2) 4(2) 8(2) -4(1)
C(28) 46(1) 63(2) 58(2) -8(1) 14(1) -8(1)



C(29)
C(30)
C@31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)

45(1)
46(1)
46(1)
50(1)
60(2)
47(2)
48(2)
57(2)
76(2)
44(1)
57(2)
55(2)
38(1)
35(1)
34(1)
35(1)
38(1)
34(1)
32(1)
39(1)
89(3)
88(3)
110(3)
7202)
78(3)
76(3)
94(3)
227(7)
196(6)
44(3)
70(4)
84(7)

C(59A) 260(3)

C(60A) 108(11)

C(97)
C(98)
C(99)

51(3)
72(2)
34(3)

C(102) 160(6)
C(103) 590(3)

C(101) 249(17)

C(97A) 93(5)

O(99A) 217(19)

71(2)
67(2)
66(2)
65(2)
89(2)
120(3)
104(3)
89(2)
40(1)
51(2)
57(2)
70(2)
37(1)
39(1)
42(1)
46(1)
47(1)
48(1)
49(1)
56(1)
100(3)
116(3)
140(4)
89(3)
97(3)
88(3)
84(3)
45(2)
64(2)
83(5)
63(3)
47(3)
180(2)
390(4)
65(4)
60(2)
36(3)
77(3)
140(8)
570(4)
81(5)
370(3)

34(1)
34(1)
37(1)
36(1)
42(1)
67(2)
78(2)
54(2)
62(2)
62(2)
42(1)
53(2)
38(1)
33(1)
33(1)
32(1)
42(1)
42(1)
37(1)
32(1)
80(2)
98(3)
79(3)
101(3)
96(3)
174(5)
172(6)
99(4)
129(4)
37(3)
26(2)
81(6)
93(14)
220(2)
67(4)
79(2)
45(3)
167(6)
315(18)
520(3)
48(3)
900(7)

-15(1)
-14(1)
-3(1)
-2(1)
-5(2)
-3(2)
-3(2)
-11(2)
-3(D)
-1(1)
-12(1)
-12(1)
-1(1)
o(l)
-4(1)
2(1)
6(1)
o(1)
O(1)
5(1)
-42(2)
-19(3)
4(3)
5(2)
2(2)
“71(3)
-68(3)
7(2)
-32(3)
22(3)
-12)
-30(3)
-102(16)
-260(3)
-19(3)
6(2)
3(2)
16(3)
-78(10)
410(3)
-31(3)
430(4)

11(1)
8(1)
7(1)
5(1)
-4(1)
-5(2)
10(2)
16(1)
15(2)
8(1)
14(1)
20(1)
15(1)
14(1)
12(1)
13(1)
14(1)
10(1)
10(1)
12(1)
30(2)
64(2)
39(2)
26(2)
21(2)
23(3)
27(3)
-6(4)
92(4)
5(2)
11(2)
-11(5)
-134(19)
7(12)
35(3)
25(2)
15(2)
78(5)
330(2)
-180(2)
5(3)
-200(3)

-9(1)
-8(1)
-8(1)
-6(1)
-8(2)
-1(2)
6(2)
-3(2)
1(1)
-10(1)
-3(1)
13(1)
7(1)
3D
0(1)
-1
-3(1)
~“4(1)
0(1)
-2(1)
2(2)
-3(2)
74(3)
-28(2)
-31(2)
-12(2)
-24(3)
23(3)
-2(3)
-19(3)
3)
23(4)
170(3)
42(17)
2(3)
2(2)
-3(2)
-32(3)
-120(14)
-190(2)
13(4)
-190(2)
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