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Abstract.

15
Calix[4]arene derivatives fixed in the 1,3-altemmabnformation and substituted at aniee by four
carbamoylmethylphosphine oxide residues (=CMPO)evwssmthesized. Two CMPO groups are directly attddbe
the wide rim while the second pair is bound to tlaerow rim via a tri- or tetramethylene spacer. i&m
compounds, in which two CMPO groups at the wide aira combined with two picolinamide groups or two

2 ionisable carboxylic groups at the narrow rim walgo prepared. Some of these calixarene derivativze studied
as extractants for lanthanides {l,aEu**, Yb®*") and thorium (TA") from acidic solution to methylenechloride. For
selected samples stability constants in methanoéwetermined by spectrophotometric titrations.eehcompounds
(1b’, 13,17) in the 1,3-alternate conformati@md one intermediate in the cone conformatib8) (vere confirmed
by a crystal structure.

» Keywords:

Lanthanides, calix[4]arenes, complexation, extoagtcrystal structures.

Introduction

3 Carbamoylmethylphosphine oxides (CMPOs) are efficiextractants for actinides (and lanthanides) esplecially
the N,N-diisobutyl derivative is used on a techhiseale (TRUEX-process).CMPO is a bidentate ligand, and a
trivalent cation surely binds more than one molecof the ligand in its complex. Thus it appearedsmnable to
attach several CMPO functions to a common platfdmfact tri-CMPO derivatives of triphenylmethafesd tetra-
CMPO derivatives of calix[4]arengsare much more efficient extractants than CMPOIfits€his is true for

s compounds, where the CMPO functions are attachebetavide rint or to the narrow rihBetter extraction results
are even obtained with lin€anligo-CMPOs and with calix[4]arenes bearing oniptor three CMPO function’.

Calix[4]arenes bearing ether residues equal fam@er than propyl are fixed in one of the four ibanformations
(cone, partial cone, 1,2- and 1,3-alternate). Nealll calix[4]arene derived ligands of the podaygdd are based on
the cone conformatidnwhere all oxygens (and atpositions) point in the same direction, althougherexamples

w0 with other conformations are known® **It should be possible, however, to use also tBealternate conformation
as scaffold?, if the ligating groups are attached alternatingiythe wide and to the narrow rim, where an appate
spacer could bring them to the same level. Thealt@nate skeleton is more rigid compared to theecisomers,
which still can change between two ,pinched” comaformations. Considering the fact that a tetra-@Mdéerived
from a rigid biscrown-3 calix[4]arene is by a factf 10 more efficient as extractafitthis rigidity could be even

«s advantageous.

It should be also worthwhile to attach differeigiating functions to the wide and narrow rim of ttedix[4]arene in
its 1,3-alternate conformation. Picolinamide groufiy instance, should lead to a better selectititgn CMPO
functions aloné? ' *®Carboxylic acids could potentially act as aniorcleanger and reduce the numioémitrate
anions to be extracted into the organic phase. phic carboxylic acids are often used as synergider neutral

s ligands in nuclear waste treatméhtwhile polycarboxylic acids were proven to efficigncomplex actinid&® and
lanthanidé® cations?°
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Results and discussion

Syntheses Aminogroups attached to the wide rim of a caliggne are usually obtained by reduction of nitrogso
which are often introduced via ipso-nitratinFor the attachment at the narrow rim the alkylatioy N-(-
bromoalkyl)phthalimides (or bw-bromoalkylnitriles) followed by hydrazinolysis d¢fe phthalimide groups (or by
s reduction of the nitrile groups) are convenient moets.
Since selective substitutions are possible onlyhatwide rim distinguishing phenol and phenolethaits’? the
following two pathways (Scheme tere checked, starting with the known 1,3-alterrdegvativel.?®
a): Catalytic hydrogenation leads in excellent yieldsthhe propoxy aniline derivative (amino propyl eth2a,b
(n=3,4) which was acylated by the active esAé1® ** to give 3b in 84 %. (For n=2 the product could not be
1 sufficiently purified, for n=4 this pathway was niotrther followed.) Cleavage of the phthalimide ioydrazine (93%
of 4b) and acylation of the aliphatic amino groupsAfyl (83% of5b (n=3)) occurred without problems.

CAYS

2a, 64% 3a, not pure
2b, 80% 3b, 84%

/
o
© AE1l

¢ N
\
o

F F

. ¢ AE2 9b, 64 % 10b, 31 % 11b, 65 %
F 9c, 83 % 10c, 93 % 1llc, 47 %

Scheme 1Syntheses of tetra-CMPO derivatives of calix[étags in the 1,3-alternate conformation and of camgs bearing two CMPO and two
picolinamide residues$) H,, Raney-Ni, THF, rtji) AE1, CH,Cl,, rt; iii) hydrazine, EtOH, refluxy) AE2, CH,Cl,, rt.

15
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Scheme 2Synthesis of 1,3-alternate derivatives combiniwmg EMPO with two carboxylic groups. allylbromide, CsCO;, DMF, 50 °C;ii) H,, Raney-
Ni, THF, rt;iii) AE1, CH,Cl,, rt; iv) LIOH, THF/MeOH, rt.

b): Alternatively (as studied for n=4), cleavage of gitehalimide groups (ofc) with hydrazine occurred with the
s simultaneous hydrogenation of the allyl groups teeg81% of 6¢c. Subsequent acylation b&E1 (75% of 7¢)
followed by quantitative hydrogenation of the nitgooups to8c and a second acylation step B¥1 (87% of 5¢
(n=4)) was also possible without any problems. hibidd be mentioned that the allyl groups must net b
gquantitatively hydrogenated during the cleavagéhef phthalimide groups, since this will be compdete the next
step. It is important, however, that the cleavaf¢he phthalimide groups is quantitative while nitgroups remain
10 unchanged.
A direct conversion ofl to the respective tetra amine (simultaneous or emibesnt cleavage of the phthalimide
groups and reduction of the nitro groups) was ritgnapted, although it should be more economic Farse cases,
where only one acyl-residue has to be attached.

15
Table 1 Extraction of selected lanthanides and thoriynietra-CMPOS, ¢ = 10°M (c_ = 10* M); values for a narrow
and a wide rim tetra-CMPO fixed in the cone confation are included for comparison.

La®t Eu* Yb** Th*

5b %E 11 11 9 (17)

D 0.12 0.12 0.09 (0.2)
5¢c %E 12 10 11 48 (12)

D 0.13 0.11 0.12 0.92 (0.13)

narrow rim ° %E 70 68 37 (96)
(n=3) D 2.33 2.12 0.58 (24)
wide rim®’ %E 98 64 6.6 (61.8)
D 49 1.78 0.07 (1.62)

3 Values for ¢= 10* M

20 Table 2 Stability constants (lof +c,.1) for complexes of tetra-CMPswith some lanthanides in methanol at 25 °C (I =
102 M, E4NNO,). Data for a wide rim tetra-CMPO in the cone confation are included for comparison.

La®* Ev®* Yb**

5b 1:1 5.5+0.2 4.7+0.2 5.1+0.2

5¢ 1:1 4.2+0.2 3.9+0.2 3.2+0.2
wide rim?® 1:1 6.0 5.6 3.5
2:1 10.6 11.0 8.6

Two similar calixarene derivatives combining twisglinamide function® at the narrow rim (attached via three or
four methylene groups) with two CMPO functionstaze tvide rim, were prepared in analogy to pathlwpyAcylation
of 6b,c with AE2, the hexafluorophenyl ester afpicolinic acid’(64%/83% of9b,c), reduction of the nitro groups
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1
é (31%/93% 0of10b,¢ and acylation withPAE1 (65%/47% ofl1b,d. The partly striking difference in the yield fdre
4 last steps indicates that the reaction conditioesnat optimized. These syntheses of extractémtand 11 are
5 summarized in Scheme 1.
6 In order to (partly) compensate the positive ckaofl the extracted cation we prepared compol@dwhere two
7 s CMPO functions are combined with two carboxyl greuphe synthesis starts with the kndvdiester12 which is
fixed in the 1,3-alternate conformation as di-allyler13 (isolated yield 21%, together with 39% of the isonm the
8 partial cone conformation). Reduction/hydrogenataomd direct acylation of the crude diamitd furnished the
9 diester15 (92%) which was hydrolysed by aqueous LiOH to gilie di-CMPO-di-acidl6 with 96% vyield. (see
10 Scheme 2).
11 10 Extraction and Complexation. The extraction of selected cations (lanthanided torium) from 1.0 M nitric acid
12 into dichloromethane was studied for two tetra-CM&fnpoundsgb, 5¢). The respective extraction percentages %E
13 and distribution coefficients D are given in Talllend compared with values previously obtafiefbr calixarenes
14 fixed in the cone conformation and substitutedh&t wide or narrow rim by four CMPO-functions. Thekda show
15 that the extraction ability of lanthanides is siamifor 5b and5c (and practically identical for 134, EW**, Yb*"), but
16 15 five to twenty times lower than for the analogue$he cone conformation. The stability constarftshe complexes,
17 however, are distinctly higher (by factors of 68@) for 5b than for5c (Table 2).
18 By all criteria, however, wide as well as narrownrtetra-CMPOs in the cone conformation are better
19 extractants/ligands than the derivatives in the-dlt8rnate conformation, which in addition are malifficult to
20 synthesize. Both data sets show no real selectiwithin the lanthanide series in contrast with tleever and
21, especially the upper rim derivatives.
22 Crystal structures. Single crystals suitable for X-ray diffraction veeobtained for three compounds fixed in the 1,3-
23 alternate conformatiorb’ (obtained fromlb by selective hydrogenation of the allyl groupsbgrdirect alkylation,
24 using propyl- instead of allyloromide},3, and17 (a derivative with two different precursor functefior amino
25 groups at the wide rif). A crystal structurevasalso determined for the 1,3-diethE8 in the cone conformatioff,
26 the very first step in the synthesig1c.
27 18 assumes thesual pinched cone conformatiovhere thearyl residues of the phenolic units are bent oudlsa
28 including angles of 148.7° and 132.2° with the refee plane defined by the four methylene bridgeaas.
29 Consequently the two ether aryl units are bent tdwathe cavity, with angles of 114.7° and 108.9hisT
30 conformation (with interplanar angles between ojgosalix[4]arene aryl planes of 100.9° and 43.68rmits a
31 w slightly larger distance between the (bulky) ethesidues (distances 012-032 = 4.534 A and 022-03222 A).
32 The orientation of the phthalimide planes is obgigunainly determined by packing requirements, sittee (CH),-
33 linker (tetramethylene linker) allows for conforritatal freedom.
34 Table 3 Comparison of some typical data taken from thstatystructures of three different calix[4]areneidives in the 1,3-alternate conformation
gg (1b’, 13, 17) andonein the cone conformatiorid).
37 Compounds: 1b’ 13- CHClg 17 182 H,0
38 Distances R
within the Cl-C2 5.139 5.108 5.145 5.120
39 reference plane C2-C3 5.110 5.137 5.134 5.105
40 C3-C4 5.185 5.130 5.109 5.129
a1 C4-C1 5.144 5.125 5.123 5.105
Cl-C3 7.266 7.061 6.944 7.291
42 c2-c4 7.278 7.365 7.412 7.173
43 opposite 012-032 3.588 4.471 4.180 4.534
44 phenolic oxygens 022-042 4.149 4.585 4.546 3.222
45 oppositep-C atoms C15-C35 7.989 7.481 7.487 7.466
C25-C45 7.377 6.326 6.580 9.548
46 Angles (°)
47 with main plane p-tBu 112.3 1131 120% 148.7
48 131.9 109.5 104% 132.2
49 p-NO;, 112.0 107.4 111.2 114.7
115.4 99.9 100.7 108.9
50 between opposite p-tBu 64.2 427 45.2 43.6
51 planes p-NO, 47.4 27.4 31.9 100.9
52 within main plane
folding C1-C3 4.8 15.0 21.7 25
53 folding C2-C4 4.8 15.6 231 25
gg 35 @ Phthalimide instead dfbutyl.
56
57
58
59
60
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Fig. 1 Molecular conformation of the three 1,3-alterndgeivativeslb’, 13, and17 (from the left to the right)
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Fig. 2 Packing of molecules seen along the b-axis ifattiee of1b’, 13and17 (from the top to the botomjor 1b’'theincluded acetone molecules are
shown as “ball and stickhodels .

The best plane through the C-atoms of the bridgmaghylene groups is a suitable reference plane fas the
s derivatives in the 1,3-alternate conformation, aithh the deviation from this common plane reach85DA for17,
with the four carbon atoms laying alternatingly ooth sides (forl3 and 1b’ this deviation is 0.243 and 0.076 A).
The shape of the molecule may be characterised ligethe angle between the aromatic planes andréierence
plane (see Table 3). The deviation of the referglaee from an geometrically exact plane can beattarised also
by the angle between two triangles obtained byifgdilong the diagonal (C1-C3 or C2-C4). These anglre small
10 (4.75°) forlb’, but larger forl3 (15.00/15.64°) and7 (21.70/23,12°).
However, this folding does not entirely explair tstrong differences found for the distances ofosjte phenolic
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oxygens (largest fotb’, A = 0.561 A)and opposite p-aryl carbons (largest i&; A = 1.155 A). Most probably also
packing effects are responsible for such deviationghe exact shape of the 1,3-alternate skelesmte especially
the p-substitientsttbutyl, nitro, phthalimido) are rather different size, shape and polarity.

Further distances and angles of the three molsauith 1,3-alternate conformation are comparedablé& 3, which

s contains also data for two compounds (precursoms}he cone conformation. The molecular conformatadn
compoundslb’, 13and17is compared in Fig. 1, while their packing is comgzhin Fig. 2.

In the crystal latticel3:CHCI; forms columns with alternating directionality piehto the b-axis. Within the a-b-
plane these columns form double layers separatedhaynels which contain the chloroform moleculeg.(R2,
middle). 17-CHCI; forms similar columns along the b-axis, but hdre molecules within each column are separated

10 by solvent molecules, which are “included” in thavity surrounded by the phthalimide and the nitrougps. The
larger size of this cavity, compared witB, may be the reason for this inclusion. Otherwisthbstructures are rather
similar. A description of the packing @b’ is more complicated. Fig. 2 (left) shows a viewrd) the b-axis in which
the included acetone molecules are shown in “badl stick” representation.

Experimental Part

15 Syntheses Compounddb, 1¢, 2b and6b were prepared as described earkeror! Bookmark not defined.
5,17-Dit-butyl-11,23-dinitro-26,28-diphthalimidoethyloxy-2527-di-allyloxy-calix[4]arene 1la Compoundla
was obtained (together with its partial cone isonas described for the analogous compoubllsnd 1c from the
dinitro compound A suspension of 5,17-Dibutyl-11,23-dinitro-26,28-diphthalimidoethyloxydog4]arene (2.9 g,
2.98 mmol) in dry DMF (40 ml) and @80; (7.8 g, 23 mmol) was stirred under nitrogen at’60for 6 days. Water
20 (50 ml) was added to stop the reaction and afteersé¢ washing (3x50 ml water) the organic phase drad over
MgSQO,. The solvent was evaporated under reduced pres@mieurless crystals (0.05 g, 2%) of the desite8-
alternateisomerla were isolated by column chromatography (chlorofttreane, 1:2) together with thpartial cone
isomer (0.27 g, 9 %). Clearly these yields areapitmized.
la: m.p. 251-253 °C!H NMR (300 MHz, CDC}) & 1.78 (s, 18Ht-Bu), 3.72, 3.86 (2d, 4/4HJ = 15.6 Hz, Ar-
2s CH,-Ar), 3.79 (m, 8H, O-@l,-, -CH,-N), 4.10 (d, 4H?2J = 5.16 Hz, CH=CH-CH,-O-), 5.08 (m, 4H, &,=CH-), 5.75
(m, 2H, CH=CH-), 6.95, 8.28 (2s, 4/4H, At), 7.66-7.85 (m, 8H, Phthb.
partial cone isomer ofLa: m.p. 215-217 °C*H NMR (300 MHz, CDC}) & 1.00 (s, 18Ht-Bu), 3.24(d, 2H,%J =
13.2 Hz, Ar-QH,-Ar), 3.70-4.25 (m, 18H, O-B,-, -CH,-N, Ar-CH,-Ar, -O-CH,-CH=CH,), 4.85, 5.22 (2m, 2/2H,
CH,=CH-), 5.56, 5.88 (2m, 1/1H, GHCH-), 6.57, 6.88 (2d, 2/2HJ=2.2 Hz, AH ), 7.82 (m, 8H, Phtl ), 8.00,
308.42 (28, 2/2H, Nﬂ)
5,17-Dit-butyl-11,23-diamino-26,28-diphthalimidoethoxy-25,Z-dipropoxy-calix[4]arene 2a The diamine2a
was prepared as described earlierZb F'™" Bockmark not defined. A’ claar solution ofla (50 mg, 0.04 mmol) in THF (15
ml) was hydrogenated under normal pressure witheRRai. The catalyst was filtered off, the solveraswevaporated
and the dry residue was dissolved in CH@ ml) and reprecipitated with hexane to gReas yellow powder (30
s mg, 64 %); mp 315°C'*H NMR (300MHz, CDC}) & 0.57 (t, 6H,°J = 7.16 Hz, Gi3-CH,-), 1.23 (s, 18H¢-Bu), 3.17
(bt, 4H,-NH,), 3.45-3.60 (2bt, 4/4H, 48,-N, O-CH,-), 3.74, 3.84 (2d, 4/4HJ = 12.2 Hz, Ar-Gi,-Ar), 6.88, 6.95
(2s, 4/4H, AH), 7.68-7.79 (2m, 8H, PhtH).
5,17-Dit-butyl-11,23-diCMPOamido-26,28-diphthalimidopropoxy-25,27-dipropoxy-calix[4]arene  3b
Nitrophenyl carbamoylmethyl diphenyl phosphine @&i@E1, 0.25 g, 0.65 mmol) was added to a clear soluubn
« diamine 2b (0.28 g, 0.27 mmol) and few drops of NHEb dichloromethane (30 ml)The mixture was stirred at
ambient temperature over night. Tipenitrophenol formed during the acylation was extesic with an aqueous
solution of NaOH (5 %, 3 x 100 ml). After drying @vMgSQ the solvent was evaporated under reduced pressure,
the residue was dissolved in dichloromethane (5 @mpound3b was obtained as white powder by reprecipitation
from hexane; 0.4 g, 84 %; m.p. 194-196 *8;NMR (200 MHz, CDCJ) & 0.65 (t, 6H,%J = 7.3 Hz, -CH-CH,), 1.20
s (m, 22H, t-Bu, -®,-), 1.51 (m, 4H, -@,-), 3.26-3.69 (m, 24H, Ar-B,-Ar, O-CH,-, -CH,-P, -CH,-N), 6.90, 6.95
(2s, 8H, AH), 7.40-7.75 (m, 28Hm, p-PhH, 0-PhH, PhtH), 8.84 (bs, 2H, N); FD-MS, (M"+H) m/z = 1508.9.
5,17-Dit-butyl-11,23-di-CMPOamido-26,28-diaminopropoxy-25,Z-dipropoxy-calix[4]arene 4h Hydrazine
(1.6 ml) was added to a solution 8b (0.33 g, 0.2 mmol) in ethanol (15 ml). After 2 hder reflux the reaction
mixture was evaporated under reduced pressureresidue was dissolved in chloroform (10 ml) and ek three
so times with water. The organic phase was dried dwg60, and evaporated. The desired diamine was obtained as
white powder by reprecipitation from chloroform8) and hexane (25 ml). 0.25 g, 93 %; m.p. 212-204'H NMR
(200 MHz, DMSO-¢) 5 0.60 (t, 6H,%J = 6.8 Hz, -CH-CH3), 1.00 (m, 4H, -@,-), 1.19 (s, 18H, t-Bu) 1.46 (m, 4H, -
CH,-), 3.22-4.03 (m, 28H, N, Ar-CH,-Ar, O-CH,-, -CH,-P, -CH,-N), 6.98, 7.23 (2s, 8H, At), 7.55-7.92 (m, 20H,
m, p-PhH, 0-PhH), 10.24 (bs, 2H, N); FD-MS, (M"+H) m/z = 1250.7.
55 5,17-Dit-butyl-11,23-diCMPOamido-26,28-diCMPOamidopropoxy-5,27-dipropoxy-calix[4] arene 5b The
tetra-CMPO5b was prepared by the same acylation procedure itbescabove for3b. Starting from a solution of
diamine4b (0.22 g, 0.14 mmol) in dichloromethane (30 ml) &1l (0.16 g, 0.42 mmol)5b was obtained as white
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powder, 0.2 g, 83 %; m.p. 152 °&4 NMR (400 MHz, CDC}) 6 0.61 (t, 6H.2 = 7.7 Hz, -CH-CH3), 1.20 (m, 22H,
t-Bu, -CH,-), 2.75 (m, 4H, -€l,-), 2.72 (t, 4H.2J = 7.0 Hz, -G,-N), 3.20 (t, 4H,J = 7.3 Hz, O-Gi,-), 3.50, 3.56
(2d, 8H,%) = 15.8 Hz, Ar-G,-Ar), 3.61 (m, 8H, O-El,-, -CH,-P), 3.76 (d, 4H%J = 10.3 Hz, -&,-P), 6.87, 7.09 (2s,
8H, ArH), 7.38-7.81 (m, 40Hm, p-PhH, 0-PhH), 8.96, 10.05 (2bs, 2/2H,HY; FD-MS, (M"+H) m/z = 1732.5.

5 5,17-Dit-butyl-11,23-diCMPOamido-26,28-diCMPOamidobutyloxy25,27-dipropoxy-calix[4]arene 5c Tetra-
CMPO 5c was prepared as described falp. 100 mg (0.078 mmol) diamin8c in 10 ml dichloromethane were
acylated with andAE1 (72 mg, 0.18 mmol). After purification by colummromatography (CHGIMeOH 98:2)
0.138 g (87 %) obb were obtained as pink powder; m.p. 152 *8;NMR (400 MHz, CDC}) § 0.65 (t, 6H3J = 7.7
Hz, -CH-CH3), 1.01-1.23 (m, 26H, t-Bu, 3x4d-), 2.93 (t, 4H2J = 7.0 Hz, -G&,-N), 3.08, 3.27 (2t, 8HJ = 7.3 Hz,

10 2x0O-CH,-), 3.37, 3.67 (2d, 4H3J = 14.3 Hz, ®,-P), 3.65, 3.69 (2d, 8H,J = 15.5 Hz, Ar-G,-Ar), 6.92, 7.27 (2s,
8H, ArH), 7.38-7.74 (m, 40Hm, p-PhH, 0-PhH), 8.31, 10.20 (2bs, 2/2H,HY.

5,17-Dit-butyl-11,23-dinitro-26,28-diaminopropoxy-25,27-dilutyloxy-calix[4]arene 6¢ 0.45 g (0.43 mmol) of
the bis-phthalimidelc were dissolved in EtOH (30 ml), hydrazine (3 ml)snedded and the reaction mixture was
refluxed for 2 h. After the usual work up the diami6c was obtained as yellow oil (0.3 g, 81 %) NMR (400

1s MHz, CDCL) 6 0.80 (t, 6H2J = 7.4 Hz,-CH,-CH3), 1.23 (m, 22H{-Bu, -CH,-), 1.47 (m, 4H, -@-), 2.28 (bs, 4H, -
NH,), 2.69 (bt, 4H;CH,-), 3.51 (t, 4H) = 7.4 Hz, N-Gi,-) 3.59 (bt, 4H, O-El,-), 3.63, 3.71 (2d, 4/4HJ = 15.2
Hz, Ar-CH,-Ar), 6. 98, 7.94 (2s, 4/4H, A).

5,17-Dit-butyl-11,23-dinitro-26,28-diCMPOamidobutyloxy-25,2 -dipropoxy-calix[4]arene 7c¢c The acylation
of diamine6c by AE1 was carried out at rt over night as follows: 0.8@0.35 mmol) dissolved in dichloromethane

20 (15 ml) were reacted with 0.32 g (0.84 mmdalE1; 0.35 g (75 %) of diCMPOamidé&c were obtained as white
powder; m.p. 142 °C*H NMR (400 MHz, CDCJ) & 0.80 (t, 6H,2J = 7.4 Hz, -CH-CH3), 1.22 (m, 26H, t-Bu, 2x-
CH,-), 3.13 (m, 4H, -@l,-), 3.07 (bt, 4H, -El,-N), 3.48 (2t, 4/4H, 2x 0-B,-), 3.66 (d, 4H2J = 13.7 Hz, -E&,-P),
3.66, 3.75 (2d, 8HA) = 15.2 Hz, Ar-B,-Ar), 6.96, 7.88 (2s, 4/4H, Af), 7.38-7.81 (m, 22Hm, p-PhH, 0-PhH,
NH).

»s  5,17-Dit-butyl-11,23-diamino-26,28-diCMPOamidobutyloxy-25,Z-dipropoxy-calix[4]Jarene 8c A solution of
7¢ (110 mg, 0.082 mmol) and hydrazine (1 ml) in etilgd5 ml) was refluxed for 2 h with Raney/Ni adalgst. The
solvent was evaporated under reduced pressurdothned residue was dissolved in chloroform (10 emd washed
three times with water. The organic phase was doiest MgSQ, the solvent was evaporated under reduced pressure
The diamineBc was obtained as yellow oil which was used in thgtrstep without further purification.

s 5,17-Dit-butyl-11,23-dinitro-26,28-dipicolinamidopropoxy-2527-dipropoxy-calix[4]arene 9b The active ester
AE2 (0.21 g, 0.73 mmolwas added to a suspension of diamiie(0.25 g, 0.3 mmol) in chloroform (30 ml). The
mixture was stirred at room temperature until tlkeshows that no starting material was left. Thatp8uorophenol
formed during the reaction was extracted with ausoh of NgCO; (5 %, 4 x 100 ml) and the organic phase was
dried over MgSQ@ The solvent was evaporated under reduced presthereesidue was dissolved in dichloromethane

s (5 ml) from which the desired compound was obtaibgdeprecipitation with hexane as yellow powder2 g (64
%); m.p. 127-129 °C*H NMR (300 MHz, CDC}) § 0.78 (t, 6H,%J = 7.35 Hz, -CH-CHs), 1.21 (s, 18H, t-Bu), 1.41
(m, 4H, -CH-CH,-CH,-), 1.71 (m, 4H, €H,-CHs), 3.45-3.50 (m, 8H, -B,-N, O-CH,-), 3.65-3.81 (m, 12H, Ar-B,-
Ar, O-CH,-), 6.95 (s, 4H, AH), 7.40 (m, 2HHy), 7.80 (m, 2HH.), 7.99 (s, 4H, AH), 8.17 (m, 2HHy), 8.29 (bt,
2H, -NH), 8.58 (m, 2HH.,).

o 5,17-Dit-butyl-11,23-dinitro-26,28-dipicolylamidobutyloxy-25,27-dipropoxy-calix[4]arene 9c¢ Starting from
diamine6c (0.25 g), containing traces of compounds which drasydrogenated allyl groups the desired compdamd
was obtained as the analogous mixture with theaet$ype allyl compounds as described &ir; 0.25 g (83 %) were
isolated as a white powder. The signals belonginthé protons o®c are listed below'H NMR (300 MHz, CDC)) &
0.84 (t, 6H, 3J = 7.35 Hz, -CH-CHy), 1.21 (s, 18H, t-Bu), 1.20-1.66 (m, 12H, -8BH,- CH,- CH,-, -CH,-CHy),

45 3.46-3.86 (m, 20H, -B>-N, 2x O-CH,-, Ar-CH,-Ar), 6.96 (s, 4H, AH), 7.39 (m, 2HH,), 7.81 (m, 2HH,), 7.92 (s,
4H, ArH), 8.20 (m, 2HHy), 8.25 (bt, 2H, -M), 8.56 (m, 2HH,).

5,17-Dit-butyl-11,23-diamino-26,28-di-picolinamidopropyloxy25,27-dipropoxy-calix[4]arene 10b Raney/Ni
was added to a clear solution @ (740 mg, 0.70 mmol) in THF (20 ml), and the reawtmixture was stirred under
hydrogen during 4 days. When the hydrogen uptake w@mplete the catalyst was filtered off and thévesut

s evaporated under reduced pressure. The residuedigaslved in chloroform (10 ml) and the desired @menivas
precipitated with hexane (15 ml) as a white pow@®0 mg, 31 %; m.p. 120 °GH NMR (300 MHz, CDC}) § 0.59
(t, 6H,3) = 7.7 Hz, -CH-CH3), 1.01-1.08 (m, 4H, -8,-), 1.22 (s, 18H, t-Bu), 1.55-1.59 (m, 4H,Hg), 2.89 (bs,
4H, -NH,), 3.17-3.22 (m, 8H, -B,-N, -CH,-0), 3.51 (t, 4H3J = 7.3 Hz, O-®l,-), 3.65, 3.74 (2d, 4/4H,) = 15.8 Hz,
Ar-CH,-Ar), 6.48, 6.92 (2s, 4/4H, M), 7.38 (m, 2HHy), 7.80 (m, 2HH,), 8.13 (m, 2HHy), 8.26 (bt, 2H, -M),

558.51 (m, 2H,Ha).

5,17-Di4-butyl-11,23-diamino-26,28-dipicolinamidobutyloxy-%,27-dipropoxy-calix[4]arene 10c Diamine10c
was prepared analogously. For a solution of mix8ax€0.25 g) in THF (20 ml) the hydrogenation was cetg after
30 h. The diamine was reprecipitated from chlorpflirexane (~20 ml, 1:3) as white powder, 220 mg%83n.p.132
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°C; *H NMR (300 MHz, CDC}) § 0.64 (t, 6H,2J = 7.7 Hz, -CH-CH3), 1.09-1.22 (m, 26H, 2x4a,-, t-Bu), 1.82-1.86

(m, 4H, -tH,-), 3.21-3.73 (m, 20H, -B5-N, -CH,-O, Ar-CH,-Ar), 6.42 (s, 4H, -M,), 6.92, 6.97 (2s, 4/4H, AY),

7.38 (m, 2HHy), 7.81 (m, 2HH,), 8.18 (m, 2HH), 8.30 (bt, 2H, -M), 8.54 (m, 2HH,).
5,17-Dit-butyl-11,23-diCMP0O-26,28-dipicolinamidopropyloxy-2%,27-dipropoxy-calix[4]arene 11b The final

s acylation was done as described above e.g6llo200 mg of diamind.0b (0.20 mmol) dissolved in dichloromethane
(30 ml) were reacted with 490 mg (2.4 mmol) of aetesterAELl. 170 mg ofllb (65 %) were isolated as white
powder; m.p. 108-109 °CH NMR (300 MHz, DMSO-¢) 6 0.93 (t, 6H.2J = 7.2 Hz, -CH-CH3), 1.18 (s, 18H, t-Bu),
1.44 (m, 4H, -@®,-), 3.05-3.78 (m, 24H, -B>-N, -CH,-O, Ar-CH,-Ar, -CH»-P), 6.32 (s, 2H, -N), 6.95, 7.12 (2s,
4/4H, AH), 7.49-7.99 (m, 22Hm, p-PhH, o-PhH, Hy), 8.34 (m, 2HH,), 8.50 (m, 2HHy), 8.73 (bt, 2H, -M,),

109.77 (m, 2HH,).

5,17-Dit-butyl-11,23-diCMP0O-26,28-dipicolinamidobutyloxy-2527-dipropoxy-calix[4]arene 11c 220 mg
diamine 10c (0.23 mmol) in dichloromethane (30 ml) were redctmalogously with 325 mg (0.55 mmaiE1 to
yield 160 mg (47 %) ofl1cas white powder; m.p. 117-119 °& NMR (200 MHz, DMSO-g) & 0.60 (t, 6H2J = 7.2
Hz, -CH,-CH3), 1.21 (m, 30H, t-Bu, -8,-), 3.06-3.72 (m, 24H, -B,-N, -CH,-O, Ar-CH,-Ar, -CH,-P), 6.90, 7.06

15 (2s, 4/4H, AH), 7.40-7.80 (m, 22Hm, p-PhH, 0-PhH, Hp), 8.11 (m, 2HH,), 8.34-8.50 (m, 6HH4,-NH, H,), 9.45

(s, 2H, NH).

5,17-Dit-butyl-11,23-dinitro-25,27-diallyloxy-26,28-diethoycarbonylmethoxy-calix[4]arene 13 L,3-
alternate and 13a partial coné. A stirred suspension of dinitro-calixareh2 (1.3 g, 1.6 mmol) and GEO; (4 g,
12.8 mmol) in dry DMF (40 ml) was heated to 40 °@lar nitrogen. After 1 h allyloromide (1.1 ml, 12r8nol) was

2 added and the reaction was continued for 7 days.OMF was removed under reduced pressure and #iguewas
treated with chloroform (25 ml) and water (75 mihe organic phase was washed with water (2x75 drigd
(MgSQ,) and the solvent was evaporated to give a yellow Analysis by t.l.c showed the presence of two
compounds, which were separated and purified byrool chromatography (CHg)land identified by NMR as the
1,3-alternateand thepartial coneisomers.

» 13 (1,3-alternatd: White-yellow crystals, yield 0.3 g, 21 %; mp 1901 °C;"H NMR (300 MHz, CDC}) § 1.24 (t,
6H, %) = 6.1 Hz, -CH-CH,), 1.24 (s, 18Ht-Bu), 3.66, 4.07 (2d, 4/4H) = 14.7, 15.1 Hz, Ar-E8,-Ar), 3.99 (s, 4H, -
CH,-O-), 4.19 (m, 8H, O-6,), 5.14 (m, 4H, G,=CH-), 5.78 (m, 2H, CkECH-), 6.98, 8.02 (2s, 4/4H, At).

13a (artial cone: Yellow powder, yield 0.54 g, 39 %; mp 222-223 °& NMR (300 MHz, CDC}) & 1.00 (s,
18H, t-Bu), 1.31 (t, 6HJ = 7.3 Hz -CH-CH3 ), 3.22, 3.65, 4.07 (3d, 2/2/2f] = 13.6, 13.9, 13.6 Hz, Ar4d,-Ar),
04.15-4.37 (m, 14H, 3xO-a,-, Ar-CH,-Ar), 4.94, 5.40 (2m, 2/2H, - -CH=;), 6.06, 6.12 (2m, 2/2H, {€=CH),),
6.50, 6.88 (2d2/2H,J = 2.5, 2.5 Hz, AH), 8.03, 8.37 (2s, 2/2H, Af).
5,17-Dit-butyl-11,23-diCMPO-25,27-dipropoxy-26,28-diethoxyarbonylmethoxy-calix[4]arene 15 Pd/C (0.1
g) was added to a solution of the dinitro compod8d0.3 g, 0.34 mmol) in THF (15 ml) and the suspensias
stirred under hydrogen atmosphere at rt. Afterith@grogen uptake was complete, the catalyst wasréitt off and the

s solvent was evaporated. The residue was dissolvelichloromethane (15 ml) to form a clear solutigiE1 (80 mg,
0.09 mmol) and few drops of triethylamine were atidand the mixture was stirred at rt for 12 h. Agueous
solution of NaOH (30 ml, 5 %) was added and therisfi was continued for additional 30 min. Then Wrganic
phase was separated, washed three times with dihgq@eous NaOH (3 x 30 ml), dried over MgSddd evaporated
under reduced pressure. The product was repretditiom CHCl/hexane (15 ml, 1:2) to give 0.11g (92 %) of a

w0 white powder; m.p. 210-212 °GH NMR (300 MHz, CDCJ)  0.73, 1.13 (2t, 6/6H3J = 7.7, 7.3 Hz, 2x-CHCH,),
1.20 (m, 22H, t-Bu, -6,-), 3.35, 4.01 (2t, 4/4HJ = 7.7, 6.99 Hz, 2x0-B,-), 3.44 (d, 4H2J = 12.9 Hz, -Gi,-P),
3.57 (s, 4H, O-@y-), 3.64, 3.93 (2d, 4/4H,) = 15.8 Hz, Ar-Gi,-Ar), 6.92, 7.15 (2s, 4/4H, At), 7.43-7.78 (m, 20H,
m, p-PhH, o-Ph,H), 9.06 (bs, 2H, ).

5,17-Dit-butyl-11,23-diCMPO-25,27-dipropoxy-26,28-dicarboxynethoxy-calix[4]Jarene 16 An aqueous

s solution of LIOH (98 mg/2 ml water) was added te wolution ofl5 (0.11 g, 0.09 mmol) in THF (7 ml) and MeOH
(4 ml) and the mixture was stirred at rt over nightd neutralized with diluted HCI. The desired awis isolated by
precipitation with water. The white precipitate wiltered and washed with water and dried. 0.1 § ¥9) of diacid
16 were obtained as white powder; m.p. 264 *@;NMR (400 MHz, DMSO-¢) § 0.65 (t, 6H,%) = 7.4 Hz, -CH-
CH3), 1.15 (m, 4H, -@,-CHs), 1.23 (s, 18H, t-Bu), 1.96 (s, 2H, -COR 3.31 (t, 4H,3J = 7.4 Hz, O-Gi,-), 3.67,

50 3.92 (2d, 4/4H2J = 16.2 Hz, Ar-®,-Ar), 3.76 (d, 4H,% = 16.0 Hz, -®,-P), 3.69 (s, 4H, 0-8,-), 7.00, 7.16 (2s,
4/4H, ArH), 7.51-7.84 (m, 20Hm, p-PhH, 0-PhH), 9.46 (bs, 2H, N).

Binding studies Extraction experiments of lanthanide and thornitmates (G, = 10* M) from 1 M nitric acid into
dichloromethane were performed at 20 °C. A colotiicemethod using Arsenazo-lll was applied to detee the
ss concentration of the metal ions before and aftdraetion in the aqueous phase. The full procedthe, starting
materials and the calculations of the distributmefficients (D) and the percentage extraction (%Eye already
been described in detdilComplexation data, i.e. the stoichiometry and stebility constants (log) of the species
formed in methanol, were derived from spectrophatiu titrations at 25 °C. The experimental procedfliand the
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data processing by program Spetfihave been previously published. The ligand comegions were ranging
between 5x108 and 10' M and the ionic strength was settled as constgmiging 10> M Et,NNO; as background-
electrolyte.

Stock solutions of lanthanide and thorium nitratesed in extraction and complexation experimentgewe
s standardized by complexometric titrations with EDIAthe presence of xylenol orange as colouredcatir.

Crystallographic data. Single crystals were obtained from a solution #&tetone/methanol 16’) or
chloroform/methanol {3, 17, 18) which was overlaid in a test tube by an excesmethanol.The two molecules of
water found per molecul&8in its crystal structure were obviously uptakeonirthe atmosphere.

10 Intensity data were collected on a STOE IPDS lb-wircle diffractometer with graphite-monochromateidK,
radiation at 173K. Fol.3 and17 an empirical absorption correction was performsihg the MULABS? option in
PLATON.* The structures were solved by direct methods utliegprogram SHELX® and refined againg®® with
full-matrix least-squares techniques using the paog SHELXLETr Beokmark not defined. iy qrogen atoms were
included at calculated positions with fixed disga®nt parameters. Ihb’, onetert-butyl group is disordered over

15 two positions (site occupation factors 0.491(6)0@()). In 13, the twotert-butyl groups (site occupation factors
0.449(6)/0.551(5) and 0.320(2)/0.680(2)) and thenteal two C atoms of a propenoxy group (site oatign factors
0.40(2)/0.60(2)) are disordered over two positiohse C-C bond lengths in the disorderedt-butyl groups were
restrained to 1.54(1)A and the C=C double bondsh& propenoxy groups to 1.30(1)A. 118, the water H atoms
could not be located and were omitted from refinetnd@he geometric parameters of the side chain @3R324

20 Were restrained to be equal to those of 012 to N124

Crystallographic data in CIF format have been d#pd with the Cambridge Crystallographic Data Cent
reference numberdb’ CCDC 73417113 CCDC 734172;17 CCDC 734173;18 CCDC 734174.
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Table 4 Crystal Data and Structure Refinement Detailslfor 13, 17 and18; data collection with a Stoe-IPDS-II two-circle-
diffractometer, solution and refinement with SHELA&d SHELXL.

Compound 1p’ 13 17 18
empil’ical formula @4H68N4012 ° CSOHSSNZOIZ' CHC|3 056H52C:|3N4012 ° CHCI3 C68H78N208' 2 H20
CH,COCH;
color colourless Colourless light yellow colourless
shape block Block block block
fw [g/mol] 1143.30 998.35 1092.38 1087.36
temperature [K] 173 173 100 173
wave length [A] 0.71073 0.71073 0.71073 0.71073
crystal system triclinic triclinic triclinic monoiclic
space group P-1 P-1 P-1 R2
2 2 2 4
cell parameters
a[A] 12.924(3) 10.4879(6) 9.8020(7) 13.0264(9)
b [A] 14.094(3) 14.0724(8) 15.6199(11) 24.5795(15)
c[A] 17.881(4) 19.2015(11) 17.9197(13) 19.9439(16)
a [ 78.44(3) 96.336(4) 72.276(6) 90
B 87.30(3) 104.191(4) 88.546(6) 105.126(6)
v [ 70.72(3) 111.084(4) 88.444(6) 90
Volume [A%] 3011.5(10) 2501.0(2) 2612.0(3) 6164.4(8)
calcd density [Mg/r 1.261 1.326 1.389 1.172
abs coeff [mr] 0.088 0.247 0.244 0.078
crystal size [mm3] 0.42 x 0.40x 0.22 0.32x0.183%4 0.43x0.41x0.36 0.25x0.19x0.17
20max[] 55.24 55.52 59.62 51.64
Index ranges -16<h< 16, -13<h< 13, -13<h<13, -15<h< 15,
-18< k<18, -18< k<17, -21<k<109, -29< k<29,
-23<1<22 -25<1<25 -24<1<24 -23<1<24
no. of rfins collected 114465 66572 55297 64136
no. of indep rflns 13916 11731 14801 11636
Rt 0.0786 0.0701 0.0777 0.1496
absorption correction none multi-scan multi-scan neno
Tnine Trmax - 0.917, 0.970 0.902, 0.917 -
data / restraints 13916/1/787 11731/5/688 14801/0/685 3610 / 721
/parameter
goodness of fit 1.017 1.010 0.896 0.961
R1,wR2 [l > 25(1)] 0.0659, 0.1758 0.0479, 0.1229 0.0464, 0.1104 0,102B71
R1,wR2 [all data] 0.0822, 0.1873 0.0729, 0.1317 793)0.1189 0.1723, 0.3205
largst diff p’ggk and hole, 0.883, -0.650 0.691, -0.542 0.474,-0.514 0.6745D
e
Conclusions

Calix[4]arenes fixed in the 1,3-alternate conforimathave been used for the first time as basicestel for the
s attachement of four carbamoylmethyl phosphine oxieldues or of two CMPO functions in combinatioithwtwo

picolinamide or (potentially ionizable) carboxylgoups. Preliminary extraction and complexatiordis with selected

lanthanides showed, however, that this new arrargénoes not lead to improved properties in conspario narrow or

wide rim tetra-CMPO derivatives of calix[4]arenesthe cone conformation. Most probably this is canised by the more

rigid scaffold, which might be even beneficial, liatan inappropriate mutual situation of the liggtifunctions. MD-
10 Simulations should be helpful to find their besaagement.
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