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Structural aspects of the hinding of halides in the octaaza cryptand (1,4,11,14,17,24,29,36-octa-azapentacyclo-
[12.12.12.259.219.22 23134 tetratetraconta-6(43),7,9(44),19(41),20,22(42),31(39),32,34(40)-nonaene, N(CH,CH;NHCH,-
p-xylyl-CH,;NHCH,CH,)3N), LY, were examined for fluoride, chloride, and bromide. Crystallographic results for two
different fluoride complexes indicated cascade-like coordination, with two fluoride ions inside the tren-based cavity,
bridged by a water molecule. In the two different chloride structures, a single chloride and a water molecule occupied
the cavity. The bromide structure contained two crystallographically independent cationic cryptands. Unit A consisted
of a bromide on one side of the cavity and three disordered water molecules situated between the cryptand arms
on the other side. Unit B also had a bromide inside the cavity at one side, but a single molecule of water was
centered at the other side of the cavity. Association constants for the three ions, determined by NMR titrations in
aqueous solution at pH 5, revealed log K, = 3.15(5), 3.37(3), and 3.34(4) for fluoride, chloride, and bromide,
respectively.

Introduction substantiation of the topological relationship between transi-
Tremendous strides have been made in elucidating thetion mepal and anion coordingtion che_mistry i; the isolation
structural aspects of anion coordination in recent y&ars., ©Of consistent structural motifs for given anions under a
Many of the findings indicate that there can be striking Variety of conditions.
structural parallels with transition metal coordination chem- ~ The term “cascade complex” was coined by Lehn and co-
istry. For example, we have observed ditopic binding of workers$?who noted that azacryptand ligands often incor-
nitrate3“ cascade complexes with fluorifeisandwich” porate two metal ions that are linked via a bridging anion
formation with sulfaté, as well as the chelate and macro- (cascade) (Scheme 1A). A number of different monocyclic
cyclic effect§ 7 in the stabilization of anion complexes. and bicyclic ligands have been shown to be capable of
These similarities can be traced to analogies between theforming cascade complexes with a variety of metal ions,
coordinate covalent bonds in transition metal complexes andincluding C&#*, Cc**, Ni?*, and Zr#*, along with cascading

the hydrogen bonds formed in anion complexes. Further anions, such as halides and pseudo-halides, hydroxide,
carbonate, malonate, perchlorate, and suffafeThese same
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ligands, when protonated, are capable not only of ditopic  Synthesis.The macrocyclic cryptand.* was synthesized ac-
encapsulation of anionic and neutral speéie¥;'’but also cording to previously published methods and isolated as the free
of the formation of cascade compleXesyith halides ~ basei®H NMR (500 MHz, CDC}, TMS): 6 2.67 (t, 12H, NG1),
assuming the role of the transition metal ions (Scheme 1B). 33-27 (t, 12H, NCHCH,), 3.69 (s, 12H, Ar@ly), 6.98 (b, 12H, AH).
Herein are reported tritopic cascade and other ditopic modes (Ncﬁgﬁ ) (152451 '\("AHrCZ;_' ():Dl(;? 4T'\C/'S))' 138 AAICSH (’\)CEZ)IIB-SM?‘

of halide coordination in an azacryptand withpaxylyl 2 (|=2AB)2 égg .[HL1]+ ;r’1al Cfalchrl‘c;r GGHSANS'AFC. 72.20: H
spacer,L!, 1-3. Coordination geometries for the chloride 9.09: N, 18.71. Found: C. '71_53; H, 8.97: N, 1'8_6’1_ e
complex and one unit of the bromide complex are quite

- . [HeL }(F)2(H0)][SiF¢]2:12H,0, 1. The fluoride complex was
similar to the structure of the fluoride complex of a somewhat )-i-aq by titrating & neutral solution &f (30 mg, 50.mol)

smaller cryptand|.?, 4.1047 with a 48% solution of HF to pH 2. A white crystalline powder
_ formed immediately and was recrystallized frefRrOH and HO
N | to yield X-ray quality colorless plates. Yield: 45 mg, 78%d.NMR
: . " . . (500 MHz, D;O, TSP): 6 2.87 (t, 12H, N&,), 3.31 (t, 12H,
/‘v—@z\"‘-\ VA A\ /’M’\ NCH,CH,), 4.25 (s, 12H, ArG,), 7.43 (d, 12H, AH). 13C NMR
M T BN ey, e R, N (125 MHz, DO, TSP): 6 45.0 (NCH,), 48.8 (NCHCH,), 51.0
" HoH T 3 ' _) (ArCH,), 129.8 Ca,), 131.9 CHa). FAB-MS: m/z 599 [HL1]*,
619 [HL12" + F), 639 [HL13" + 2F]. Anal. Calcd for

\QJ CseHgoNgF1400Si,: C, 39.70; H, 7.21; N, 10.28. Found: C, 39.77;
. R H, 7.04; N, 10.23.
3 X =Br (Unit B) 4 [HeL X(F)2(H0)][CI] 2[SiF¢]-10H,0, (1'). The mixed fluoride/
chloride complex was obtained by dissolvih@11 mg, 10umol)
Experimental Section and2 (9 mg, 10umol) in i-PrOH (2 mL) with 5 drops of KD.

HF was purchased from Aldrich. Other chemicals were reagent Cry;tals suitable for X-ray. analys;s were grown in 7 days in a
grade and were used without further purification. Elemental analyses desiccator under the vapor eProH.*H NMR (500 MHz, CDC4,
were obtained from Desert Analytics, Tucson, AZ. Mass spectral TMS): 4 2.84 (t, 12H, NC1,), 3'3? (t, 12H, NCHCHy), 4.27 (s,
data were obtained from the Mass Spectrometry Laboratory and 12H, ArCH,), 7.46 (d, 12H, AH). *C NMR (125 MHz, CDG},

NMR spectra were recorded using a Bruker AM 500 spectrometer TMS): ¢ 44.6 (NCHy), 49.2 .(Nn(]:/H—’CHZ)' 5}3 (AICH), 11230'0
at the NMR Laboratory, both at the University of Kansas. (CAn), 131.7 CHA). FAB-MS: m/z599 [HLT*, 619 [FpL 12" +
F], 635 [HoL12" + CI7], 639 [HsL 13+ + 2F7], 671 [HsL13" +

(12) Harding, C. J.: McKee, V.; Nelson, J.: Lu, @.Chem. Soc., Chem.  2CI"]. Anal. Calcd for GeHgoNgFeCl2010Si: C, 41.73; H, 7.78; N,

Commun 1993 1768-1770 10.82. Found: C, 41.69; H, 7.82; N, 10.78.
(13) :lg\f&rgi,MRg‘lBemensmes, J.; Martell, A. Eorg. Chem.1991, 30, [HeLl(CI)(HZO)][CI] 5-4HZO'CH3OH, 2 The _Chloride complex
(14) Dussart, Y.; Harding, C.; Dalgaard, P.; McKenzie, C.; Kadirvelraj, Was obtained by dissolving! (30 mg, 5Qumol) in MeOH (2 mL)
R.; McKee, V.; Nelson, JJ. Chem. Soc., Dalton Tran2002 1704~ and addig 6 N HCI (about 20QuL). The white precipitate that
1713. i H i
(15) Drew, M. G. B.; Hunter, J.; Marrs, D. J.; Nelson, J.; Harding,JC. for.mei)(lj Wfas r)((adlssolve(lj IFPI’OH Wlﬂl)a fewdd;Ops Oflbo.gfrfyst.als f
Chem. Soc.. Dalton Trand992 3235-3242. suitable or X-ray analysis were o tained from slow diffusion o
(16) Mason, S.; Llinares, J. M.; Morton, M.; Clifford, T.; Bowman-James, MeOH. Yield: 35 mg, 75%*H NMR (500 MHz, D;O, TSP): 6
K. J. Am. Chem. So@00Q 122, 1814-1815. 2.84 (t, 12H, NGi,), 3.35 (t, 12H, NCHCH,), 4.29 (s, 12H,

(17) Aguilar, J. A;; Clifford, T.; Danby, A.; Llinares, J. M.; Mason, S.;
Garcia-Espaa, E.; Bowman-James, KSupramol. Chem2001, 13,
405-417. (18) Chen, D.; Martell, A. ETetrahedron1991, 47, 6900-6901.
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Table 1. Crystallographic Data for [bL(F)2][SiFe]213H0 (1), [HeL(Cl)(H2O][Cl]s*4H,0-CH;OH (2), and [HL(Br)(H-0][Br]56.23H0 (3)

1 2 3
empirical formula GeHseF14NgO013Siz C37H74CleNgOg Cs6H74.48BrsNsO
formula weight 1161.31 939.74 1214.63
crystal system triclinic monoclinic triclinic
space group P1 P2:/n P1
a(h) 9.8304(11) 11.4706(6) 10.7509(5)

b (A) 15.9973(19) 15.7895(9) 19.0486(8)
c(A) 17.417(2) 27.0054(15) 26.3302(12)

o (deg) 89.959(3) 90.00 107.737(2)

£ (deg) 94.633(2) 101.164(2) 101.134(2)

y (deg) 77.098(2) 90.00 90.680(2)

V (A3) 2656.5(5) 4798.5(5) 5024.7(4)

z 2 4 4

diffractometer Smart CCD Smart CCD Smart CCD
dearc (9/c®) 1.452 1.301 1.606

A A) 0.71073 0.71073 0.71073

T (K) 100(2) 100(2) 100(2)

F(000) 1232 2008 2457

abs coeff (mm?) 0.180 0.408 4.844

abs corr semiempirical semiempirical semiempirical
max, min trans 0.9632, 0.8936 0.9799, 0.9229 0.7937,0.2191
6 range 1.6730.64 1.56-26.00 1.59-30.54

reflns collected 22911 30048 42 510

indep reflns 15608 9438 29 320

R(int) 0.0248 0.0901 0.0333
data/restr/param 15 608/0/655 9438/0/514 28 320/7/1070
aRy; WRy 0.0433;0.1189 0.0449; 0.0873 0.0619, 0.1717
GOF (F?) 0.974 0.762 1.060

aRy(obsd data)= ¥ ||Fo| — |Fell/Y|Fol. WRy (all data)= {3 [W(Fe? — FcA)? /3 [W(Fod)? [} 2

ArCHy), 7.47 (d, 12H, AH). 13C NMR (125 MHz, CDC}, TMS):
8 44.6 (NCH,), 49.5 (NCHCH,), 51.2 (AICH,), 129.9 Ca,), 131.6
(CHa). FAB-MS: mvz 599 [HL1]*, 635 [HL12+ + CI], 671
[HaL 13+ + 2CIF], 704 [HaL 13+ + 3CI]. Anal. Calcd for GeH7Ng-

ClgOs: C, 46.70; H, 7.83; N, 12.10. Found: C, 46.41; H, 7.66; N,

12.16.
[H oL {(CI)(H 20)][CI] s[H 2PO4] 2+6.5H,0+0.25CHCH,OH (2').

The mixed CI/HPO,~ complex was obtained from an unsuccessful

attempt to prepare a complex bt with the nucleotide, cytidine
5'-triphosphate (ECTP). [HsLY[Cl] ¢ (20 mg, 25umol) and NaH,-
CTP (28 mg, 5Qumol) were dissolved in MeOH/AD/(5:1 viv, 2

mL), and the solution was kept in a desiccator under MeOH vapor.
Crystals suitable for X-ray analysis were isolated after 2 weeks.
Due to the small quantity of product, no analytical data were

obtained other than the X-ray crystal structure.

[HeLX(Br)(H 20)][Br] 56.25H,0, 3. The bromide complex was
obtained by adding 48% HBr (3Q@L) dropwise to the free base
L' (30 mg, 50umol) dissolved in MeOH (2 mL). The white
precipitate that formed was collected and washed witfOEt
Recrystallization from MeOH and 4@ gave X-ray quality crystals.
Yield: 40 mg, 65%.!H NMR (500 MHz, D,O, TSP): 6 2.83 (t,
12H, NCHy), 3.33 (t, 12H, NCHCHy), 4.28 (s, 12H, Ar€l,), 7.48
(s, 12H, AH). 23C NMR (125 MHz, CDC}, TMS): 6 44.5 (NCHy),
49.4 (NCHCHy), 51.3 (AICHy), 129.8 Car), 131.6 CHar). FAB-
MS: m/z599 [HL1] ", 685 [HL12" + Br-], 765 [HsL 13" + 2Br].
Anal. Calcd for GgH7gNgBreOs: C, 36.24; H, 6.54; N, 9.400.
Found: C, 36.15; H, 6.48; N, 9.48.

NMR Titrations. *H NMR titrations ofL* with Na"X~ (X~ =
F~, ClI~, and Br) were performed on a Bruker AM500 spectrom-
eter. Samples were prepared ig and initial concentrations were
[LYo = 2 mM. The pD of the NMR solution was adjusted to 5.0
+ 0.1 with concentrated solutions of TSOH and NaOD yODA
solution of the sodium salt of [2,2,38]}-3-(trimethylsilyl)propionic

acid (TSP) in DO in a capillary tube was used as an external
reference. All spectra were recorded at room temperature. Each

titration was performed by 2625 measurements using aliquots of

the anion obtained from a 20 mM stock solution. The association
constantK, was calculated by fitting the aliphatic proton signals
with a 1:1 association model using Sigma Plot software. The
equations used wereAd = ([X]o + [L Yo + 1/K — (([X] o + [L Yo
+ 1/K)2 — 4[LYo[X] )Y ASmad2[LYo. The error limit inK was
less than 10%?

X-ray Crystallography. The crystallographic data and details
of data collection forl—3 are given in Table 1. Intensity data for
all three crystals were collected using a Bruker SMART APEX
CCD area detectdt mounted on a Bruker D8 goniometer using
graphite-monochromated ModKradiation ¢ = 0.71073 A). The
data were collected at 100(2) K. Intensity data were measured as
a series ofv and 6 oscillation frames each of 3or times of 5,
45, and 60 s/frame fat, 3, and2, respectively. The detector was
operated in a 51% 512 mode and was positioned 5.04 cm from
the sample. The coverage of unique data was close to complete
(99.4-100%), depending on the sample, out to 28.006. Cell
parameters were determined from a least-squares fit of 2741
reflections in the range 2.22< 6§ < 23.92 for 2, 6474 in the
range 2.29 < 6 < 30.49 for 3, and 9504 in the range 2.46< 6
< 30.58 for 1. Virtually no decay was observed, based on data
obtained for a number of peaks monitored at both the beginning
and the end of data collection. The data were corrected for
absorption by a semiempirical meth&d.orentz and polarization
corrections were applied, and the data were merged to form a set
of independent data for each sample.

Space groups were determined by statistical tests in the triclinic
samples,l and 3, and by systematic absences in the monoclinic
sample2. The structures were solved by direct methods and refined

(19) Schneider, H.-J.; Kramer, R.; Simova, S.; Schneided, Wm. Chem.
Soc.1988 110, 6442-6448.

(20) Data collection:SMART Software Reference Manuafuker-AXS;
Madison, WI, 1994. Data reductionSAINT Software Reference
Manual Bruker-AXS; Madison, WI, 1995.

(21) Sheldrick, G. M.SADABS Program for Empirical Absorption Cor-
rection of Area Detector Data; University of '@agen, Germany,
1996.
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Table 2. Hydrogen-Bonding Interactions of Inclusion Species fogL{fF)2(H20)][SiFe]2:13H.0 (1), [HeL(Cl)(H20][Cl]5*4H,O-CHz0OH (2), and
[Hel(F)2(H20)][CI][SiFe]- 10H,0 (3)

1 2
atoms distance atoms distance

F(1)--H(4B)—N(4) 2.6703(14) Cl(Ly-H(4B)—N(4B) 3.129(3)
F(1)--H(28B)—N(28) 2.6042(14) Cl(%)-H(28B)—N(28B) 3.167(3)
F(1)--H(33B)—N(33) 2.7237(12) Cl(Z)-H(33B)—N(33B) 3.089(3)
F(1)--H(1SA)-0(1S) 2.7090(13) Cl(3)-H(1SA)-0O(1S) 3.245(2)
F(2)--H(13A)—N(13) 2.6538(14) O(1SyH(13A)—N(13) 2.831(3)
F(2)-H(19B)—F(19) 2.6820(14) O(1S¥H(19A)—N(19) 2.935(3)
F(2)--H(42A)—N(42) 2.6100(14) O(1S)H(1SB}--O(2S) 2.727(3)
F(2)--H(1SB)-0O(1S) 2.7168(13)

O(1S)--H(2SA)-0(2S) 2.8886(15)

O(1S)--H(3SA)-0(3S) 2.8614(15)

3
atoms distance atoms distance

Br(1)--*H(4A)—N(4A) 3.581(4) Br(5):-H(13D)—N(13B) 3.350(4)
Br(1)---H(28A)—N(28A) 3.507(4) Br(5)--H(19D)—N(19B) 3.318(4)
Br(1)---H(33A)—N(33A) 3.433(4) Br(5)--H(42D)—N(42B) 3.285(4)
Br(1)--*H(1SA)—0O(1S) 3.203(4) Br(5)-H(6SA)—-0O(6S) 3.067(5)
Br(1)---H(2SA)—0(2S) 3.217(4) Br(5)-H(7SA)—-0O(7S) 3.237(4)
Br(1)---H(4SB)-0(4S) 3.825(4)

Br(1)---H(5SA)—0(5S) 3.636(4)

by full-matrix least-squares methods d#.22 Hydrogen atom  sis in the presence of polyammonium macrocyéf®,
positions were initially determined by geometry and refined by a including dien-derived monocycles with aromatic and het-
riding model. Non-hydrogen atoms were refined with anisotropic erocyclic spacerd However, very early studies of poly-
displacement parameters. Hydrogen-bonding interactions of interesty ymonium receptors indicated only slow hydrolysis of ATP
1 i . . . . .
for L* are shown in Table 2. _ , with the bicyclic cryptand&® Evidently, the time for crystal-
In the bromide complex3, there was considerable disorder, and lization was sufficiently long for hydrolysis to occur. The

two crystallographically distinct hexaprotonated cations were S . , L . .
located in an asymmetric unit. For one cation (A), the bromide ion crystallographic information fot” and2' is provided in the

was primarily located at a single side of the macrocycle, with partial SUPPOTting Information. The consistency with which the
occupancy at the other end, refined as 0.971(2) and 0.029(2)Same halide coordination modes for both fluoride and
(Br(1A) and Br(1B), respectively). One of the external bromides Chloride were obtained in the fluoride cascade and the ditopic
was also disordered, and numbered as Br(13), Br(14), and Br(15).chloride/water complex lends support to the supposition that
These partial bromides were refined with occupancies of 0.850, these are indeed the preferred coordination geometries for
0.107(2), and 0.044(2), respectively. Several water molecules werethe two anions with. 1, and not just accidental coincidences
refine_d With_partial occupancies because of their proximity to of crystallization.
bromine positions. SiFs?~ was identified as one of the counterions in the unit
cell for both fluoride-containing complexe$,and1’. Such
an occurrence is common in the presence of fluoride. We
Synthesis. The fluoride 1, chloride 2, and bromide3 have observed this in earlier structute¥.even when efforts
complexes were all made by titration of the free base in either gre made to keep the reaction mixture from contact with glass
methanol (fluoride complex) or water (chloride and bromide containers.
complexes) with the hydrohalic acid. These reactions were  Crystal Structures. [HgL X(F)2(H20)][SiF6]2*12H,0 (1).
all straightforward, resulting in readily isolable products.  The complex crystallizes in the hexaprotonated form, with
Attempts were also made to synthesize the mixed fluoride/ the cryptand containing two internal fluoride ions (Figure
chloride complex from mixing equimolar amounts of the 1). The remaining charge is satisfied by two externakBiF
fluoride and chloride complexed, and 2, respectively.  counterions. Additionally 13 molecules of water complete
However, this attempt resulted i, the fluoride cascade the asymmetric unit, including one molecule of water
with additional chlorides and SiF counterions. Another bridging the two fluorides. Extensive hydrogen-bonding
attempt to isolate a complex with a nucleotide was also networks are observed outside of the cryptand cavity between
unsuccessful. A mixture a2 and NaH.CTP in a MeOH/  the macrocycle and the external SiFcounterions irl. and
H,O gave a complex with encapsulated chloride and water
as in2 but with three chlorides in addition to two,FIQ, (23) (a) Mertes, M. P.; Mertes, K. Bicc. Chem. Re499Q 23, 413-418.
. . . . (b) Llinares, J. M.; Powell, D.; Bowman-James,®oord. Chem. Re
counterions (instead of CTP) outside of the cavity, structure 2003 240, 57—75.
2'. In retrospect, it might have been an anticipated result (24) (a) Lu, Q.; Martell, A. E.; Motekaitis, R. Jnorg. Chim. Actal996

because nucleotides are known to undergo catalytic hydroly- ~ 25% 365 370. () Anda, C. "AIOtl’E‘frt]’og; gﬁg%d;éo\g;ggeg;gggfues,

2999 (c) Anda, C.; Llobet, A.; Salvado, V.; Martell, A. E.; Motekaitis,

Results and Discussion

(22) Sheldrick, G. MSHELXTL Version 5 Reference ManuBiuker AXS; R. J.Inorg. Chem.200Q 39, 3000-3008.
Madison, WI, 1994. Usindnternational Tables for Crystallography, (25) Mertes, M. P.; Hosseini, M. W.; Lehn, J.-Melv. Chim. Actal983
Vol. C, Kluwer: Boston, 1995; Tables 6.1.1.4, 4.2.6.8, and 4.2.4.2. 66, 2454-2466.
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Figure 1. ORTEP drawing of [HL X(F)2(H20)][SiFs]2*12H0, 1. (A) side view showing fluoride cascade with water molecule inside the cavity; (B) view
down the three-fold axis.

12 water molecules of solvation. We have observed thesereported for cryptands witp-xylyl spacers, that is, foL.
complex arrays of hydrogen-bonding networks with a number An estimate of a Co---Co distance of about 6.5 A was made
of anion complexes with azacryptant8.161’The structure  from a Patterson function and MM2 calculations in crystals
of 1' (Supporting Information) is amazingly similar to that obtained from a cobalt(Il) complex with a bridging azide.
of 1 including the short distances between the bridgehead Suffice it to say, however, that our observed F---F distance
amines and the fluorides. of 4.7-4.8 A is clearly in the range observed for transition
The span between the bridgehead nitrogenstiis 10.717 ~ metal cascade complexes.
A. Within the receptor cavity, the two fluorides are slightly ~ [HeL*(CI)(H20)][Cl] 5:4H,0-CH3OH (2). The chloride
displaced from the central axis joining the two bridgehead complex crystallizes with a geometry reminiscent of the
amines (Figure 1B): 0.124 and 0.229 A for F(1) and F(2), fluoride complex withL 2, 42617 The hexaprotonated ligand
respectively. The F---F separation is 4.736 A, and each is 2 contains six chlorides and five water molecules, including
almost equidistant from the bridgehead amines at 2.994 andthe internal chloride and water, as well as a molecule of
3.002 A, slightly less than the van der Waals N---F radius methanol. As noted fof, there tends to be a significant
of 3.02 A% Each fluoride exhibits pseudo-tetrahedral number of hydrogen-bonding interactions between these
coordination via hydrogen-bonding interactions with three anion receptor complexes and surrounding water molecules.
of the secondary ammonium hydrogens and the bridging The molecule of methanol is just outside of the cavity
water molecule (Table 2). between two of the cryptand arms. The second chloride
The partially encapsulated oxygen of the bridging water Structure with four chlorides and two dihydrogen phosphate
molecule, O(1S), is displaced 1.275 A from the apical axis. counterions,2, shows the analogous ditopic binding of
Its pseudo-tetrahedral coordination sphere is completed bychloride and water and distances similar to thos@.of
hydrogen-bonding interactions with two external water ~ The internal chloride ir2 is approximately tetrahedrally
molecules, O(2S) and O(3S), at 2.8886(15) and 2.8614(15)hydrogen bonded with three of the ammonium nitrogens of
A, respectively. a given tren unit and the internal water molecule (Figure 2,
The structural features between this and transition metal T@ble 2). The chloride and water are farther from the
cascade complexes are quite similar. Many reports of cascaddridgehead nitrogens (3.580 and 3.320 A, respectively) than

complexes with azacryptands have involved tren-derived i 1, and considerably farther than the va;n der Waals radii
complexes with eithem-xylyl (L2) or furan spacers. In  (3:30 A for Cl---N and 3.07 A for O---Nj® The distance

transition metal cascade complexes, the metal is usually2Cross the cavity (N(1)-—-N(16)) is 10.093 A faysomewhat
considered to be five-coordinate, binding with the trigonally Shorter than the 10.717 A ity as might be anticipated for
situated neutral amines, and additionally to the bridgehead©nly o cavity “occupants”, as opposed to the tritofic
nitrogen. Dicopper(ll) cascades are especially prevalent, andVith F—H20—F guests. _

Cu---Cu distances vary considerably. Shorter distances are [HsL*(BNI[Br] 57.23H0 (3). The bromide complex
observed for single anion spacers, such as 3.87 A for aalso crystallizes as the hexahydrobromide but contains two
hydroxo-bridged complékand 4.86 A for a bromide-bridged erystallographically independent cationic units. As observed
cascad¥ in an azacryptand with furan spacers. Longer N1 and2, there are again a number of water molecules in
distances are seen for multiple atom cascades, such as 5.8f€ crystal lattice, with extensive hydrogen-bonding interac-
A for a dicopper(ll) complex with th& 2, first reported by tions interconnecting the various cryptand receptors through
Martell 13 The structure of this complex was redetermined Water bridges. With regard to the two cationic receptors, one
by Nelson and McKee with different counterions; however, unit (A) contains one bromide ion and three disordered water
the resulting structure also showed a similar spacing (5.79 Molecules. The second unit (B) contains one bromide on one
A).27 To our knowledge, no complete structures have been

(27) Dussart, Y.; Harding, C.; Dalgaard, P.; McKenzie, C.; Kadirvelraj,
R.; McKee, V.; Nelson, JJ. Chem. Soc., Dalton Tran2002 1704-
(26) Bondi, A.J. Phys. Chem1964 68, 441—-451. 1713.
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Figure 2. ORTEP drawing of [HL(CI)(H20)][Cl]5:4H,0-CH3OH, 2: (A) side view showing the chloride and water molecule inside the cavity; (B) view
down the three-fold axis.

Figure 3. ORTEP drawing of [HL(Br)(H20)][Br]s-6.25H0, 3: (A) side view showing the bromide and water molecule inside the cavity in unit A; (B)
view down the three-fold axis in unit A; (C) side view showing the bromide and water molecule inside the cavity in unit B; (D) view down the three-fold
axis in unit B.

side of the cavity and a single water molecule centered at distances between Br(5) and the ammonium nitrogens range
the other side, as observed for the chloride compleRes, from 3.285(4) to 3.350(4) A, and the distance to the internal
and2'. Because unit B is so similar to the structureyf  water is 3.067(5) A.
and because there was considerable disorder around unit A, In unit A, as noted earlier, there was disorder in the
discussion will first focus on unit B. bromide position, with one bromide ion predominant (Br-
The structures of unit B and the chloride compare (1A)) (Figure 3A and B). Again, there is a water molecule
very similar (Figure 3C and D). The distances of the bromide in the cavity within hydrogen-bonding distance with the
and internal water molecule from the bridgehead amines arebromide, O(1S) at 3.203(4) A. A second water molecule is
3.798 and 3.529 A, respectively, even longer than that also relatively close to the bromide at 3.217 A, O(2S), which
observed fo2, and in part probably related to the increased is situated between N(4A) and N(33A). Two other water
size of the bromide. The distance between the bridgeheadmolecules lie between the arms of the cryptand, O(4S) and
nitrogens, N(1B)---N(16B), is 10.377 A. Hydrogen-bonding O(5S), but they are considerably farther from the internal
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3.34 may be a reflection of a poorer fit of the fluoride into the
slightly largerL?* cavity. We did not observe the formation
3.30 - of a binuclear complex at the pH where the measurements
were performed, which was higher (5.0 as compared to 2.0)
’g 3.26 - than the pH used to crystallize the cascade comfdlex,
\E 520 Conclusions
© N 2;‘;;’33: The isolation and structural characterization of a trinuclear
3.8 6 Fluoride fluoride/water cascade complex in hexaprotonated aza-
Caled cryptandL! expands the analogies between coordination
314 ‘ ‘ ‘ ‘ motifs in transition metal complexes and anion complexes.
0 2 4 6 3 10 The characterization of ditopic chloride/water and bromide/

Equivalents of NaX water cpmplexes rather thgn similar cascadg tri_topic com-
Figure 4. H NMR titration curves for the aliphatic signal (NHHG) of plexes_ IS prOba.ny areflection .Of the larger anionic r.ad" for
L’ with NaX (X~ = F~, CI-, and Br) in D;O at 25°C and pD= 5.0 + these ions, which makes the fit more favorable for just one
0.1. halide in the cavity. It is especially interesting that this ditopic

. geometry was also observed for the fluoride compler
bromide at 3.825(4) and 3.636(4) A. Whether they should the slightly smallermxylyl-spaced cryptand_2.1617 The

actually be considered as hydrogen bonding with the intemal 5yseryation of such similar structural patterns in b,
bromide may be questionable. The distance between theynqy, including especially the incorporation of water along
bridgehead nitrogens, N(1A)---N(16A), is 10.147 A, only & ity the halides, indicates that this is a common binding
little longer than observed fdz. mode for these systems. It also further substantiates that these

NMR. NMR was used for determining the binding py4rogen-bonding geometries are not artifacts of some
constants for both chloride and bromide wlith The binding random binding but actual coordination modes. These

of fluoride was also previously reported using potentiometric findings further expand the understanding of binding topolo-
methods, but due to complications of the proximity of the gies in anion coordination chemistry.
fifth and sixth protonation steps in the presence of chloride

and bromide, it was not possible to use this method for these _ ACknowledgment. This research was sponsored by the
ions. The addition of N&X~ (X~ = F-, Br-, and CI) to Environmental Management Science Program, Offices of

the hexatosylate salt af! in D,O at pD 5.0+ 0.1 caused a Science and Environmental Management, U.S. Department
downfield shift of the aliphatic proton signals (Figure 4). ©Of Energy, under Grants DE-FG-96ER62307 and DE-FG02-
Negligible shifts were observed for aromatic protons. The 04ER63745. The authors also thank Meng-Yin Yang from
NMR titration of L* data gave the best fit for a 1:1 binding the University of Buffalo for the photo of Niagara Falls.
model of host to guest in all three cases, and yieldeKlpg Supporting Information Available: Five crystallographic files

= 3.15(5), 3.37(3), and 3.34(4) for fluoride, chloride, and in CIF format and additional crystallographic data including tables
bromide, respectively. The Idgs for fluoride in the smaller of selected torsion angles, hydrogen bonds, and ORTEPS, including
cryptand with them-xylyl spacer 2, under similar conditions packing diagrams, for all five structures. This material is available
is 3.6417 The somewhat weaker affinity of fluoride as free of charge via the Internet at http://pubs.acs.org.

compared to chloride and bromidelit and fluoride inL? IC048937E

Inorganic Chemistry, Vol. 44, No. 7, 2005 2149





