4986 Inorg. Chem.1999, 38, 4986-4992

Metal lon Dependent Molecular Inclusion Chemistry: Inclusion of p-Toluenesulfonate and
p-Nitrophenolate within the Structure of Coordinated
1,4,7,10-Tetrakis(§)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-tetraazacyclododecane

Christopher B. Smith,t Kia S. Wallwork, T Jennifer M. Weeks# Mark A. Buntine, *
Stephen F. Lincoln,** Max R. Taylor, and Kevin P. Wainwright* T

Department of Chemistry, The Flinders University of South Australia, GPO Box 2100,
Adelaide, SA 5001, Australia, and the Department of Chemistry, University of Adelaide,
Adelaide, SA 5005, Australia

Receied June 24, 1999

The pendant donor macrocyclic ligand 1,4,7,10-tetrags?¢hydroxy-3-phenoxypropyl)-1,4,7,10-tetraazacy-
clododecane §)-thphpcl2) has been synthesized in quantitative yield from cyclen (1,4,7,10-tetraazacyclododecane)
and (5)-(+)-3-phenoxy-1,2-epoxypropane. An X-ray diffraction study supports the result of molecular orbital
calculations in showing that complexation with hydrated cadmium(ll) diperchlorate produces an approximately
square-antiprismatic complex in which the metal ion is located between a plane containing the four nitrogen
atoms and a plane containing the four oxygen atoms. As a consequence of this the four phenoxymethyl moieties,
each attached to one of the four® chelate rings, juxtapose to form a substantial empty cavity allowing the
complex to act as a molecular receptor. Inclusion complexes have been formed from this complex in which either
a p-toluenesulfonate op-nitrophenolate anion has entered the cavity. An X-ray crystallographic study of [Cd-
((9-thphpc12)p-toluenesulfonate)]Cl@shows that the guest anion is retained within the cavity by four hydrogen
bonds to the group of hydroxyl moieties associated with the ligfi@NMR and conductivity studies indicate

that this inclusion complex retains its integrity in DMSO or DMF solution. Parallel studies have been conducted
with [Pb((S)-thphpc12)](CIQ); indicating that the corresponding inclusion complexes are of lower stability.

Introduction this positioning is determined by structural rigidity that is
) imposed through the formation of hydrogen bonds between

Pendant donor macrocycles derived from cyclen (1,4,7,10- 44iacent pendant hydroxyl groups. On complexation by alkali
tetraazacyclododecane) almost invariably coordinate to a metal ,atal ions the curvature of this saucer shaped array varies over
ion in such a way that all four pendant arms project in the same approximately 20range in accordance with the ionic radius
direction: If, in addition to carrying a donor atom, the pendant ¢ 1e particular alkali metal that is chosen. Large metal ions
arms also have an aromatic moiety attached to them, theg,cp a5 Cs effect a relatively large separation between the
possibility arises of using the coordination of the ligand to a nitrogen and oxygen planes, causing the curvature of the saucer
metal ion as a way of assembling a molecular receptor with a (5 fiatten to about 1% By comparison, the smaller metal ion,
substantial cavity that arises from the juxtaposition of the four Na*, gives a curvature of 34 These structures (except with
ar_omatic groups. Recer_1tly we demonstrated the feasibility of | ; +) all haveC4 symmetry and one diastereomer is predicted
this approach for forming molecular receptors through the 4 pe of significantly greater stability than the other. When the
synthesis and study of 1,4,7,10-tetra|®(2-hydroxy;Z-phen- stereocenter within each pendant arm Haschirality the
ylethyl)-1,4,7,10-tetraazacyclododecaretiipec12y: preferred diastereomer AR for AR-thpec12 andA[Na(R-

Molecular orbital calculations carried out 8tthpec12, using thpec12)f, and AR for A[M(R-thpec12)} where M= K+,
Gaussian 94,predicted that in the gas phase the four phenyl Ryt or Cs (A and A refer respectively to the clockwise or
groups would collectively form a saucer-shaped array, where gnticlockwise rotation of the Oplane with respect to the N
plane, when viewing the molecule from the @lane in the
" The Flinders University of South Australia. direction of the N plane and noting the direction of displace-
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Scheme 1 Synthesis of (&)-(+)-3-Phenoxy-1,2-epoxypropane.The title
compound was prepared using the modified procedure of Klunder and
co-workers!® A solution of phenol (1.48 g, 16 mmol) in dry DMF (10

Cs
R N - mL) was added to a stirred suspension of oil-free sodium hydride (473
l @ mg, 20 mmol) in dry DMF (15 mL). The solution was stirred at room
temperature for 1 h. @-Glycidyl tosylate (3.0 g, 13 mmol) in dry
PR DMF (12 mL) was then added dropwise, and the reaction mixture was

R HoHiHo, _
<o ! HE: stirred at room temperature. A further 10 mL of DMF was added after
\ : 1 h, as the mixture became viscous. The reaction was monitored by
A
p'{\_- 7/

TLC (CH.Cly/hexane 9:1, silica gel) and upon disappearance of the
starting material (ca. 18 h), saturated M solution (10 mL) was
added. After diluting with water (150 mL), the aqueous solution was
extracted with ether (4 150 mL). The ether extract was washed with
ice-cold NaOH solution (0.1 M, 4« 100 mL), water (200 mL) then
and its alkali metal complexes indicated that the structures brine (100 mL). After drying and solvent evaporation a pale yellow
predicted for the gas phase are, at least qualitatively, retainedil remained that was purified by flash chromatography (silica gel-CH

by the ligand and its complexes when dissolved in dimethyl- Cl2hexane 9:1) to give a colorless oil; yield 1.3 g, 66%. NMR
formamide2? (CDCl): & 7.25-7.30, (m, 2H): 6.96:6.98, (m, 3H); 4.19, (dd] =

. 3.3, 11.1, 1H); 3.93, (ddJ = 5.4, 10.8, 1H); 3.33, (m, 1H); 2.87,

_AI_though not fully tes_ted yet, it appears that the receptor area (t, J= 4.2, 1H): 2.73, (dd] = 2.4, 5.1, 1H)13C NMR (CDCk): o
within R-thpec12 and its complexes may be too shallow for 15853 (1 ¢), 129.50 (2 C), 121.18 (1 C), 114.58 (2 C), 68.54 (1 C),
many applications in the general field of hegfuest chemistry.  49.98 (1 C), 44.51 (1 C)of|®% +11.3 (c 2.57 g/100 mL, MeOH) [Iié
Accordingly it was of importance to explore the possibility of [0]?% +14.1 (c 2.36 /100 mL, MeOH)].
deepening the cavity by appending aromatic moieties to the Synthesis of 1,4,7,10-Tetrakis®)-(—)-2-hydroxy-3-phenoxypro-
pendant arms in such a way that they have a greater degree ofyl)-1,4,7,10-tetraazacyclododecang$)thphpc12). A solution of the
freedom to do this. In complexes Bfthpec12 only one bond ~ above epoxide (953 mg, 6.3 mmol) in dry ethanol (8 mL) was added
separates the aromatic moiety from the potential chelate ring droPwise over 5 min to a stirring refluxing solution of cyclen (273
to which it is attached and since this is a relatively inflexible M- 1.6 mmol) in dry ethanol (10 mL). The resulting solution was
point of attachment the only degree of freedom open to the heated under reflux and the progress of the reaction monitored by TLC

L . : . (silica gel, CHCly/hexane 9:1). After disappearance of the starting
phenyl ring is rotation about the single bond. This has the effect material (ca. 24 h) the solvent was removed in vacuo to give a viscous

of turning the plane of the ring from approximate orthogonality yejiow oil; yield 1.3 g, quantitative’3C NMR (CDCk), 295 K: o
with the C4 axis into a position where it is parallel to it (as  158.86 (4 C), 129.41 (8 C), 120.75 (4 C), 114.57 (8 C), 69.71 (4 C),
shown in Scheme 1), without allowing ti@& axes of the four ~ 65.78 (4 C), 58.72 (4 C), 51.23 (8 CfC NMR (CDCk) 223 K: ¢
phenyl groups to align parallel to th&, axis of the molecule. 158.40 (4 C), 129.48 (8 C), 120.55 (4 C), 114.03 (8 C), 68.86 (4 C),
To allow this, more than one covalent bond must be involved 65.21 (4 C), 58.18 (4 C), 51.45 (4 C), 49.45 (4 @)}¥o —68.8 (c 2.6
in the linkage of the phenyl ring to the chelate ring. We have 9/100 mL, MeOH).
been able to establish a three-bond linkage between each of Synthesis of §)-thphpc12-4HBr. 48% Aqueous HBr (18@L, 1.56
four phenyl groups in the new and related ligand 1,4,7,10- mmol) was adde(_j dropwise to a stirring solutlons)‘-(hp_hp_clz (201
tetrakis(6)-2-hydroxy-3-phenoxypropyl)-1,4,7,10-tetraazacy- ™% 0:26 mmol) in dry ethanol (5 mL) at @. The majority of the
lododecane @-thphpcl2), and it is upon the gas-phase solyent was then r_er_noved in vacuo and the_re5|due triturated V\_nth ether.
¢ . php ’ . . . A fine white precipitate formed that was filtered off under nitrogen
structure, the solid-state structure, and the inclusion chemistry 4g \ashed with ether (5 mL). The solid was dried under high vacuum;
of this ligand and its Cd(ll) and Pb(Il) complexes that we Nnow yield 214 mg, 75%23C NMR (DMSO-<ds): 0 158.64 (4 C), 129.82

S-thphpc12

wish to report. (8 C), 121.12 (4 C), 114.78 (8 C), 70.13 (4 C), 64.17 (4 C), 55.75 (4
C), 49.75 (4 C), 47.79 (4 C). Anal. Calcd forleBrsN4Os: C, 48.19;
Experimental Section H, 5.88; N, 5.16. Found: C, 48.1; H, 5.6; N, 5.2.

Synthesis of §)-thphpc12-2TsOH-2H,0. 4-Toluenesulfonic acid
General. Carbon-13 andH NMR spectra were recorded at 75.46  monohydrate (85 mg, 0.44 mmol) was added with stirring to a solution
and 300.08 MHz, respectively, using a Varian Gemini 300 spectrometer of (S)-thphpc12 (172 mg, 0.22 mmol) in ethanol (5 mL). The solution
at 295 K.*3C chemical shifts are quoted with respect to the central \yas stirred at ambient temperature 2oh and the solvent was removed
resonance of the solvent multiplet for which the resonance position ynder reduced pressure. Ether (ca. 20 mL) was added, and the oily

was taken as 77.00 for CDC} andd 39.60 for DMSOé. Elemental residue scraped with a spatula. This residue solidified and was stirred
analyses were performed at the University of Otago, New Zealand. jn the ethereal solution for 1 h. The fine white powder was collected
Conductivity measurements were made o *1® solutions in by filtration and dried under vacuum. Yield: 194 mg, 769€ NMR

dimethylformamide at 293 K using a Philips PW9504 conductivity (DMSO-de): ¢ 158.61 (4 C), 145.75 (2 C), 138.11 (2 C), 129.80
bridge. Established conductivity ranges forioM 1:1 and 2:1 (8 C), 128.41 (4 C), 125.78 (4 C), 121.11 (4 C), 114.70 (8 C), 70.02
electrolytes in DMF are 6590 and 136-170 Q™! cn? mol™, (4 C), 64.01 (4 C), 55.45 (4 C), 50.49 (4 C), 47.24 (4 C), 20.85 (4 C).
respectively® Optical rotations were measured at ambient temperature anal. Calcd for GeHgoN4O1sS,: C, 60.40; H, 6.99: N, 4.86. Found:
using a PolAAr 21 automatic polarimeter. Cyclen was prepared by the ¢ 60.7; H, 7.0; N, 5.0An (1 x 10-3 M, DMF): 95 Q- cn? mol~?
literature procedur&: Solvents were purified before use by established (1:1 to 1:2).
methodsl.2 Reactions were carried out under an atmosphere of dry Synthesis of [Cd(6)-thphpc12)](Cl04).. CAUTION: Perchlorate
nitrogen. salts of metal complexes are potentially explosive. Although we have
had no untoward incidents with this or other perchlorates described in
(8) Dhillon, R. S.; Madbak, S. E.; Ciccone, F. G.; Buntine, M. A.; Lincoln,  this work, suitable precautions should be taken. Cadmium perchlorate
S. F.; Wainwright, K. PJ. Am. Chem. S0d.997, 119, 6126. hexahydrate (530 mg, 1.3 mmol) was dissolved in dry ethanol (10 mL),
(9) Dhillon, R. S.; Madbak, S. E.; Ciccone, F. G.; Buntine, M. A.; Lincoln,  ang the solution was added dropwise over 5 min to a refluxing solution

(10) %e';;ywvayngvcrigg:aK'cﬁé]mA& ?35?73311993 120 11212. of (9-thphpcl2 (878 mg, 1.14 mmol) in dry ethanol (30 mL). The

(11) Richman, J. E.; Atkins, T. J. Am. Chem. S0d.974 96, 2264.
(12) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of (13) Klunder, J. M.; Onami, T.; Sharpless, K. B.0rg. Chem1989 54,
Laboratory Chemicals2nd ed.; Pergamon: Oxford, 1980. 1295.
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solution went cloudy during the addition, and a fine white solid and ether (ca. 20 mL) was added. A bright yellow precipitate formed
precipitated. The suspension was heated under reflux for 1 h, and thenand was filtered off. The occluded sodium perchlorate was removed

cooled to room temperature. The fine white solid was filtered off and
washed with cold ethanol (5 mL). Yield 1.08 g, 88%C NMR
(DMSO-dg): 6 158.52 (4 C), 129.87 (8 C), 121.27 (4 C), 114.76 (8
C), 69.78 (4 C), 64.55 (4 C), 54.70 (4 C), 49.86 (4 C), 48.04 (4 C).
Anal. Calcd for GsHeoCl,.CdN,Os6: C, 48.73; H, 5.54; N, 5.17.
Found: C, 48.9; H, 5.3; N, 5.0\y (1 x 10° M, DMF): 132 Q!
cn? mol™? (1:2).

Synthesis of [Pb(8)-thphpc12)](ClO4),-H,O. A solution of lead
perchlorate trihydrate (274 mg, 0.59 mmol) in dry ethanol (7 mL) was
added dropwise over 5 min to a refluxing solution $thphpc12 (307
mg, 0.4 mmol) in dry ethanol (12 mL). The solution went cloudy over
time, and an oily layer formed. After heating under reflux for 1 h, the
solution was cooled in ice and the oil solidified. The resulting solid
material was scraped out and washed with cold ethanol (5 mL).
Recrystallization from ethanol gave fine white needles; yield 355 mg,
75%.%°C NMR (DMSO-dg): 6 158.60 (4 C), 129.91 (8 C), 121.26 (4
C), 114.79 (8 C), 70.43 (4 C), 65.62 (4 C), 56.45 (4 C), 51.96 (4 C),
50.03 (4 C). Anal. Calcd for £Hs:Cl.N4O17Pb: C, 44.15; H, 5.22; N,
4.68. Found: C, 43.9; H, 5.4; N, 4.3y (1 x 10°° M, DMF): 127
Q-1 cn? molt (1:2).

Synthesis of [Cd(§)-thphpcl12)(p-toluenesulfonate)]CIQ. Sodium
p-toluenesulfonate (40 mg, 0.21 mmol) was added to a refluxing
solution of [Cd(§)-thphpc12)](CIQ)2 (224 mg, 0.21 mmol) in dry CH

by recrystallizing the product from aqueous acetone to give fine yellow
needles; yield 133 mg, 75%C NMR (DMSOds): 6 177.50 (1 C),
158.60, (4 C) 131.58 (1 C), 129.80 (8 C), 127.12 (2 C), 121.12 (4 C),
118.99 (2 C), 114.70 (8 C), 70.47 (4 C), 65.58 (4 C), 56.89 (4 C),
51.89 (4 C), 50.04 (4 C). Anal. Calcd forgls4CINsO1sPb: C, 49.32;

H, 5.30; N, 5.75. Found: C, 49.2; H, 5.2; N, 58y (1 x 1072 M,
DMF): 77 Q71 cn? mol™* (1:1).

Molecular Orbital Calculations. Molecular orbital calculations on
(9-thphpcl2 and [Cd®)-thphpcl12)](ClQ), were carried out using
Gaussian 94 with the LanL2DZ basis“e a Silicon Graphics Indigo
workstation. These calculations incorporated all electrons for H, C, N,
and O and the valence electrons for the Cd(ll) ion together with its
core potentiat*15

Crystal Structure Determinations. Unit-cell and intensity data for
[Cd((9-thphpc12)](CIQ), were measured on a Siemens SMART
diffractometer using graphite-monochromated Ma K-radiation and
corrected for absorption using SADABSy Prof. W. T. Robinson at
the University of Canterbury, Christchurch, New Zealand. Unit-cell
and intensity data for [Cdfj-thphpc12)f-toluenesulfonate)]ClOwere
collected on a CAD-4/PC diffractometer using graphite-monochromated
Mo Ko X-radiation and corrected for absorption by Gaussian integration
from the crystal shape. Parameters associated with unit cell dimensions,
intensity data collection, and refinement for both structures are given

CN (15 mL) under a nitrogen atmosphere. The solution was heated in Table 1.

under reflux for 2 h, after which the majority of the solvent was removed

The structures were solved by using SIR92therwise computer

in vacuo. Ether (ca. 10 mL) was added to precipitate the product. The programs of the XTAL systetiwere used for all calculations. Non-

resulting off-white solid was suspended in absolute ethanol (20 mL)
and boiled for 30 min to remove occluded sodium perchlorate. After
filtering off the solid (186 mg, 78%) it was recrystallized from methanol
(ca. 40 mL) to give large pale pink prisms suitable for structural
analysis13C NMR (DMSO-ds): ¢ 158.52 (4 C), 145.58 (1 C), 138.17
(1 C),129.83 (8 C), 128.40 (2 C), 125.78 (2 C), 121.22 (4 C), 114.76
(8C), 69.74 (4 C), 64.53 (4 C), 54.77 (4 C), 49.93 (4 C), 48.05 (4 C),
20.84 (1 C). Anal. Calcd for £HesCdCINsO;5S: C, 52.99; H, 5.84;
N, 4.85. Found: C, 53.0; H, 6.0; N, 4.8« (1 x 102 M, DMF): 84
Q! cn? mol™? (1:1).

Synthesis of [Pb(E)-thphpcl2)(p-toluenesulfonate)]CIQ;-H20.
Sodiump-toluenesulfonate (19 mg, 0.09 mmol) was added to a solution
of [Pb((S)-thphpc12)](ClQ).-H,0 (115 mg, 0.09 mmol) in dry CH

hydrogen atomic coordinates and anisotropic displacement parameters
for all atoms were refined by full-matrix least-squaressoiminimizing
S(F2A — [FA)A03(Fo?). Values ofo?(Fo?) for [Cd((S-thphpcl2)p-
toluenesulfonate)]Cl@were obtained from the sum of the number of
counts and a term 0.008 (number of countg) and for [Cd(§)-
thphpc12)](ClQ), counting statistics alone were used. Neutral atom
scattering factors with anomalous dispersion corrections were used.
Hydrogen atoms of the hydroxyl oxygen atoms of [QKihphpcl2)-
(p-toluenesulfonate)]ClQwere located from a difference map and their
positional and isotropic displacement parameters refined. Those of the
p-toluenesulfonate methyl group were also located from a difference
map, but their coordinates were not refined. All other hydrogen atoms
were placed at calculated positions and, although their coordinates and

CN (15 mL) under a nitrogen atmosphere. The resulting suspension jsotropic displacement parameters were not refined, the coordinates were
was heated under reflux for 2.5 h, during which time the sodium salt readjusted several times during the refinements. A Flack paratheter
dissolved. The majority of the solvent was then removed in vacuo, was refined for [Cd(®-thphpcl2)p-toluenesulfonate)]ClIQ(—0.01-

and ether (20 mL) was added to precipitate a white powder. The white (2)), but a similar procedure for [C)-thphpc12)](CIQ)- did not refine

powder was collected by filtration and recrystallized from ethanol (ca.
7.5 mL) to give fine white needles of the pure product; 76 mg, 62%.
3C NMR (DMSO<g): d 158.58 (4 C), 145.79 (1 C), 138.05 (1 C),
129.86 (8 C), 128.37 (2 C), 125.77 (2 C), 121.20 (4 C), 114.76 (8 C),
70.38 (4 C), 65.58 (4 C), 56.47 (4 C), 51.93 (4 C), 50.02 (4 C), 20.83
(1 C). Anal. Calcd for GHesCIN4O16PbS: C, 48.28; H, 5.48; N, 4.42.
Found: C, 48.2; H, 5.3; N, 4.4Ay (1 x 102 M, DMF): 122 Q™1
cn? mol™? (1:2).

Synthesis of [Cd(§)-thphpc12)(p-nitrophenolate)]CIO 4. A solution
of sodium p-nitrophenolate (33 mg, 0.20 mmol) in dry methanol (4
mL) was added dropwise to a refluxing solution of [(B){thphpc12)]-
(ClO4)2 (224 mg, 0.20 mmol) in dry methanol (10 mL). The solution
was then heated under reflux for 2.5 h. After it had cooled to ambient

satisfactorily and instead the structure was refined using the entire

Friedel independent data set. The synthetic scheme precluded the
presence of a center of symmetry in both space groups and this was
confirmed by intensity statistics, the structure solution, and the program

BUNYIP.2! In [Cd((S)-thphpc12)](CIQ), the peak of 1.94 e A in

the difference map is near Cd1.

Results and Discussion

Synthesis and Structure of §)-thphpcl2. The ligand §)-
thphpcl2, which occurs as a viscous, pale-yellow oil, was

(14) Wadt, W. R.; Hay, P. JI. Chem. Physl1985 82, 284.

temperature overnight, the solution deposited large yellow needles that(15) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

were filtered off and dried in vacuo. Yield 150 mg, 67%C NMR
(DMSO-dg): 6 173.95 (1 C), 158.64 (4 C), 133.97 (1 C), 129.77 (8
C), 126.84 (2 C), 121.08 (4 C), 118.21 (2 C), 114.72 (8 C), 70.17 (4
C), 64.55 (4 C), 55.92 (4 C), 50.08 (4 C), 48.40 (4 C). Anal. Calcd for
CsoHesCINsO15Cd: C, 53.48; H, 5.74; N, 6.24. Found: C, 53.4; H,
6.1; N, 6.4.Ay (1 x 103 M, DMF): 76 Q"1 cn? mol™* (1:1).
Synthesis of [Pb(§)-thphpcl2)(p-nitrophenolate)]ClO4. To a
refluxing solution of [Pb(®)-thphpc12)](ClQ)2*H.O (174 mg, 0.15
mmol) in dry CHCN (15 mL) under a nitrogen atmosphere was added
solid sodiunp-nitrophenolate (24 mg, 0.15 mmol). The resulting yellow
solution was heated under reflux for 1.5 h. After the solution had cooled
to room temperature, the majority of the solvent was removed in vacuo,

(16) Siemens.SMART and SAINT: Data Collection and Processing
Software for the Smart SysteBiemens Analytical X-ray Instruments
Inc.: Madison, WI, 1995.

(17) Sheldrick, G. M.SADABS: Program for Empirical Absorption
Correction of Area Detector DatdJniversity of Gdtingen: Germany,
1996.

(18) Altomare, A.;, Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camalli, M.J. Appl. Crystallogr 1994 27, 435.

(19) Hall, S. R, King, G. S. D., Stewart, J. M., EQ$TAL3.4 User’s
Manual University of Western Australia, Lamb: Perth, 1995.

(20) Flack, H. D.Acta Crystallogr 1983 A39, 876.

(21) Hester, J. R.; Hall, S. BUNYIP, XTAL3.4 User's ManuaHall, S.
R., King, G. S. D., Stewart, J. M., EDs.; University of Western
Australia, Lamb: Perth, 1995.
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Table 1. Crystal Data and Refinement Summary for
[Cd((9-thphpc12)](ClQ), and
[Cd((9-thphpcl2)p-toluenesulfonate)]CIQO

empirical formula

M

cryst syst

space group

alA

b/A

c/A

o/deg

pldeg

yldeg

U/A3

MA

z

cryst color and shape
cryst size/mm
diffractometer type

[Cd(GuHsoN4Og)]-
(ClOs):
1076.26
triclinic
P1
9.8736(2)
10.8633(3)
23.4208(6)
77.326(1)
80.511(1)
73.931(1)
2340.6(1)
0.71073
2
colorless plate
0.806¢ 0.64 x 0.04
siemens SMART

[Cd(CaaHsdN4Os)-
(C7H;05S)](ClOy)
1155.85
triclinic
P1
10.640(1)
11.907(1)
12.174(1)
111.96(1)
91.77(1)
113.94(1)
1276.5(3)
0.71073
1
pale pink prism
0.46x 0.32x 0.30
CAD-4/PC

diffractometer diffractometer
DJg cnr3 1.527 1.504
F(000) 1124 602
TIK 142(2) 150(2)
Trmin, Tmax 0.31, 0.97 0.781, 0.887
w/mm™t 0.66 0.59
Omaddeg 30.5 275
h, k, Iranges —14—5, —13—13,
—14—15, —-15—3,
—-32—30 —-15—15
Rint 0.06 0.02
no. of reflcns measd 15383 14 769
no. of unique reflcns 12 859 5848
no. used in refinement 11 938 5844
(F>>0)
no. of params refined 1208 672
R(F)2 0.054 0.029
WR(F ?) 0.143 0.038
goodness of fit 1.26 1.69
final shift/error (max, av) 0.0009, 0.00007 0.004, 0.0002
min, maxAp/e A3 —2.13,1.94 —0.42,0.76

AR(F) = Z(lIFol — IFel)/3IFol. WR(F2) = Sw(|IFs?| — IF&[)/
SWIF.
prepared in quantitative yield through the reaction of the
optically pure epoxide @-(+)-3-phenoxy-1,2-epoxypropane
with cyclen. (Z)-(+)-3-Phenoxy-1,2-epoxypropane was ob-
tained through the known reaction of sodium phenoxide with
commercially available @-glycidyl tosylate!® Molecular
orbital calculations performed using Gaussiarf @aticate that
the global energy minimized structure @&){thphpcl12 in the
gas phase, shown in Figure 1, is one in which itBasymmetry
with the four nitrogen atoms and the four oxygen atoms defining
opposite faces of an approximate cube. Thelane is twisted
by 3° in a clockwise direction with respect to the plane giving
the molecule aA helicity. This configuration accommodates
the formation of four hydrogen bonds (HO = 1.80 A, O-
H---O angle= 170.59) between the hydrogen atom of each
hydroxyl group and the oxygen atom of a neighboring group.
Although theC; axes of the aromatic rings and tg axis of

Inorganic Chemistry, Vol. 38, No. 22, 1999989

Figure 1. Global energy-minimized structure of)¢thphpcl2 deter-
mined through Gaussian 94 using the LanL2DZ basis set. Hydrogen
bonds are shown as broken lines. Oxygen, nitrogen, and carbon atoms
are strongly, moderately, and lightly shaded, respectively.

Table 2. Bond Lengths (A) and Angles (deg) Derived from
Molecular Orbital Calculations orf-thphpcl12 and
[Cd((9-thphpc12)fT Using the Gaussian 94 LanL2DZ Basis Set

(9-thphpc12 [Cd(®)-thphpcl2)}+

O—0 distance 2.76 2.91
N—N distance 3.20 3.05
O plane-N plane distance 2.89 2.56
Cd—0 distance - 2.38
Cd—N distance - 2.55
Cd—O0 plane distance - 1.20
Cd—N plane distance - 1.36
adjacent phenyl 8.93 9.37
centroid-centroid distance
adjacent inter-phenyl 88.58 82.56
plane angle
H---O distance 1.80 2.85
O—H---O angle 170.59 -
twist angleg® +3 -22

aThe globalized minimum energies fa(S)-thphpcl2 and\[Cd((9-
thphpcl2)itare—2516.973 908 2 ane2563.296 895 7 H, respectively
where 1 H= 2622.99 kJ mol’. ® The twist angleg, is the clockwise
(+) or anticlockwise {) angle of rotation of the ©plane with respect
to the N, plane determined by viewing the molecule from theplane
in the direction of the b plane and noting the direction and angle of
displacement of an oxygen atom with respect to the nitrogen atom to
which it is connected.

benzene rings have been calculated to maximize at a centroid
to centroid separation in the range 43019 A23 whereas the
separation calculated in this work foB){thphpc12 is 8.93 A.
Full details of calculated bond lengths and angles are given in

the molecule do not align parallel to one another, the axes Table 2. )
connecting carbon atoms 2 and 5 on each aromatic ring and The *C NMR spectrum of §)-thphpc12 in CDQ shows
the C, axis do achieve this arrangement, thereby creating a coalescence of the two resonances arising from the inequivalent

cavity within the molecule. This cavity, however, is broader
than the one shown in Scheme 1 where @eaxes are so

carbon atoms of each ethano link of the cyclen macrocycle,
predicted by the modeling, as the sample is heated above 223

aligned. The spacial extent of the four aromatic rings gives the K. None of the other seven resonances undergo coalescence.

cavity significant openings between its four defining walls and

although there are apparent face to edge alignments between

neighboring aromatic rings (inter-ring angte88.58) the rings

This phenomenon has been noted previously with related

(22) Johnson, C. KORTEP Report ORNL-5138, Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

are too distant from one another for them to experience (23) Jorgensen, W. L.; Severance, D.1.Am. Chem. Sod99Q 112,

significant attractive forces. Face to edge attractions between

4768.
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Figure 3. ORTEP? view of one of the [Cd(®-thphpcl2)]' cations
in crystalline [Cd(§)-thphpc12)](CIQ), with displacement ellipsoids
shown at the 50% probability level. Hydrogen atoms are omitted.

Table 3. Important Bond Lengths (A) in the Crystal Structures of
[Cd((9-thphpc12)](CIQ), and
[Cd((9-thphpc12)p-toluenesulfonate)]CIQO

complex
[CA(S-thphpel2CIQ: (49 thphpel2)-
bond molecule a molecule b (p-toluenesulfonate)]CI©
Figure 2. Global energy-minimized structure of [C&{thphpc12)}" Cd-N12  2.454(17) 2.451(16) 2.520(4)
determined through Gaussian 94 using the LanL2DZ basis set. Oxygen, gg:“g% giég&% 322888 ggggig
P‘letsrgge%\,lglr;d carbon atoms are strongly, moderately, and lightly shaded, Cd-N42  2.456(16) 2.451(19) 2.439(3)
: Cd-012  2.437(17) 2.444(18) 2.546(4)
, ) o , .. Cd-022 2.578(16) 2.385(18) 2.376(2)
ligands?389and besides indicating that the ligand exists in  cg-032  2.376(17) 2.544(15) 2.581(4)
solution as a single diastereomer@fsymmetry, as predicted Cd-042  2.431(18) 2.497(16) 2.518(4)

for the gas phase, shows that there is continual site exchange
between the two carbon atoms of the cyclen macrocycle which lographically unique molecules in this structure are very similar
can be accounted for by repeated double inversions at eachin appearance when superimposed. The four pendant arms have
nitrogen center. similar dispositions except for minor differences in the tilt of
Synthesis and Structure of [Cd(§)-thphpc12)P*. The Cd- the phenyl groups. The stereochemistry of the cation (shown
(I1) complex of (9-thphpcl2 was formed as the diperchlorate in Figure 3) is similar to that predicted for the gas phase by
salt by the addition of cadmium perchlorate hexahydrate to an Gaussian 94, although the preci@gsymmetry is lacking and
ethanolic solution of the ligand. In DMF solution the complex the plane of the four oxygen atoms is rotated by approximately
behaves as a 1:2 electrolyte indicating little or no association +18° with respect to the plane of the four nitrogen atoms. The
between the perchlorate anions and the complex cation in thisCd(ll) ion-to-donor atom bond lengths are given in Table 3. A
solvent. Gaussian 94 calculations predict a structure for the significant difference, however, relates to the disposition of the
cation in the gas phase which is broadly similar to that of the aromatic rings. These, as it has been noted in the discussion of
free ligand, but with an eight-coordinate Cd(ll) ion positioned the modeling, have insignificant attractions between them and,
centrally between the Nand Q planes, as shown in Figure 2.  presumably, are highly susceptible to the vagaries of crystal
Predicted bond lengths and angles are given in Table 2. Thepacking forces when condensing into the solid state. The
introduction of the Cd(ll) ion results in the loss of all hydrogen perchlorate ions are located in the crystal structure in positions
bonding interactions between the hydroxyl groups as well as which are remote from the molecular cavity, but which permit,
the potential for face to edge interactions, since the aromatic in each case, the formation of hydrogen bonds between two of
rings are no longer favorably aligned. The predicted helicity of the perchlorate oxygen atoms and hydrogen atoms from adjacent
the complex; an anticlockwise twist angle of°22s more pairs of hydroxyl groups.
marked in the complex than in the free ligand. Synthesis and Structure of Inclusion Compounds Derived
The helicity predicted in the gas phase for [CH{( from [Cd(( S)-thphpc12)F and [Pb((S)-thphpc12)?*. To test
thphpc12)}* is evident in DMSOds solution from the'3C NMR the ability of the cavity in §-thphpc12 to retain aromatic guest
spectrum of [Cd@-thphpc12)](ClQ), in which the carbon molecules [Cd@)-thphpc12)](ClQ), and [Pb(§-thphpcl2)]-
atoms of each five-membered chelate ring formed by the (CIO,), (prepared in the same way as the Cd(Il) complex) were
macrocycle resonate at well-separated frequencies at 295 K.exposed, in separate experiments, to sodtimluenesulfonate
Increasing the sample temperature to 373 K caused no coalesand sodiunp-nitrophenolate in either acetonitrile or methanol
cence of these resonances indicating that the complex is ofsolution. In all four cases sodium perchlorate was eliminated
substantially greater rigidity thaig)-thphpcl2. The total number  from the mixture and it was possible to isolate and recrystallize
of resonances in the spectrum corresponds to the numberthe resulting complex as the mono-inclusion anion mono-
expected of a single diastereomer hav@gymmetry, showing perchlorate salt. With the exception of [P®{hphpcl2)p-
that the molecule has a definite structural preference for one toluenesulfonate)]Cl@these complexes all have conductivities
helicity over the other. in DMF indicating that they are 1:1 electrolytes, in contrast to
Crystals of [Cd(§-thphpc12)](ClQ), suitable for X-ray both host complex diperchlorate salts which are 1:2 electrolytes
diffraction data collection were grown by vapor diffusion of under the same conditions, implying that the aromatic anion,
diethyl ether into a solution of the compound in acetone. except in the case of [PIg(thphpcl2)p-toluenesulfonate)]-
Solution of the crystal structure indicated that the two crystal- ClOy, is immobilized within the cavity. These indications of
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Table 4. 3C{*H} NMR Chemical Shifts for Free and Included SodipaToluenesulfonate and SodiumNitrophenolate
chemical shifts (ppm) of the guest molecule resonaitces

compound @Cs C26,Css5 C;
sodiump-toluenesulfonatept Ts) 145.91, 138.00 128.36, 125.79 20.86
[Cd((9)-thphpcl12)p-Ts)ICIO. 145.58, 138.16 128.39, 125.77 20.84
[Pb((9-thphpc12)p-Ts)]CIO, 145.79, 138.05 128.37, 125.77 20.83
sodiump-nitrophenolate§-NO,) 180.82,127.99 127.75,119.59 -
[Cd((S-thphpc12)p-NO,)]CIO, 173.95, 133.97 126.84,118.21 -
[Pb((S-thphpc12)p-NO,)]ClO4 177.50, 131.58 127.12,118.99 -

20.05 M in DMSO4s at 295 K.? Carbon atoms are numbered such thaa@d G are theipso-carbon atoms and-Gs the p-toluenesulfonate
methyl group.

Figure 5. View of the crystal structure of [Cdf-thphpcl2)p-
toluenesulfonate)]Cl©@showing the environment of one (central) guest
anion. Hydrogen bonds are shown as broken lines. Hydrogen atoms
(smallest circles) on the methyl carbon atom Care shown as are
those with close contacts to the phenyl ring from neighboring molecules.

Figure 4. [Cd((S-thphpcl2)p-toluenesulfonate)] inclusion cation . .
viewed perpendicular to the plane of the hydroxyl oxygen atoms (012, Table 5. Hydrogen-Bonding Geometry (A and deg) in the Crystal
022, 032, 042). Displacement ellipsoids are at the 50% probability Structure of [Cd(§)-thphpcl2)p-toluenesulfonate)]CIO
level. Hydrogen bonds between sulfonate oxygen atoms and hydroxyl  hydrogen bond OH H---O 0---0 O—H---0
oxygen atoms are shown as broken lines. Hydrogen atoms are omitted:
032-H321:--01  0.86(7) 1.94(7) 2.791(5) 170(5)
. . . _ 022-H221---02 0.98(6) 1.70(6)  2.656(5) 164(8)
relative stability are supported by the magnitude of changes in 012-H121--03  0.75(5) 2.14(5)  2.792(5) 146(4)
the chemical shift of resonances attributable to the guest 042-H421:--03 0.82(5) 2.10(5) 2.902(4) 168(7)
molecule when seen in thHéC NMR spectrum of the host
guest complex and compared to the free guest. These spectrgshown in Figures 4 and 5) and shows that the principal retaining
were all recorded in DMS@ at identical concentration and  forces arise by way of hydrogen bonds between the hydroxyl
temperature and are tabulated in Table 4. From it it may be groups of the ligand and the three oxygen atoms of the sulfonate
seen that the carbon atoms of the guest molecule that are mosioiety. Thus, each of the sulfonate oxygen atoms positions itself
affected are thgso-carbon atomsE; andC,), and these more  so that it is within 2.14(5) A of one of the pendant hydroxyl
so in the case of the Cd(ll) complexes than the Pb(Il) complexes hydrogen atoms. Full details are given in Table 5. The plane of
and more in the case of th@nitrophenolate complexes than  the phenyl ring lies across the-®3 bond direction and 03 is
the p-toluenesulfonate complexes; all of which correlates with the acceptor for two hydrogen bonds, one each from 012 and
[Pb((S-thphpc12)p-Ts)]CIO, being the least stable complexas  042. O1 and 02 of the sulfonate moiety are the acceptors in
shown by its relatively high conductivity. The spectra are in all two single hydrogen bonds from 032 and 022, respectively.
cases consistent with the [Mgkthphpc12)}* moiety retaining  The distance of the Cd(ll) ion from the plane of the three
its 4-fold symmetry and being present as a single diastereomer.sulfonate oxygen atoms is 5.17(2) A which is too large for a
The introduction of these guest molecules does not significantly significant ionic interaction. No particular alignment, between
alter the chemical shift value of the resonances arising from any of the aromatic rings that would suggest the presence of
the [M((9-thphpc12)}" moiety. significant interactions between them, is evident. However, there
Crystals of [Cd(§)-thphpc12)p-toluenesulfonate)]Cl@suit- is an attractive €H/x interaction between the tosylate methyl
able for a crystal structure determination by X-ray diffraction group and the pendant phenyl ring attached to 043 of the
were grown by recrystallizing the inclusion compound from molecule at 1 x, 1+, z(labeled A in Figure 5) with distances
methanol. Solution of the crystal structure verified that the between the three hydrogen atoms and the ring in the range3.04-
p-toluenesulfonate moiety is located within the molecular cavity (1) to 3.09(1). The €H/x contacts observed here are much
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shorter than the sum of the van der Waals radii for a methyl cavity into which thep-toluenesulfonate ion is first induced,
group and an spcarbon atom which amounts to 3.72AThe and then locked, by way of the hydrogen bonding seen in the
remainder of the complex is superficially similar to the host crystal structure. In a similar way it was of interest to know
molecule as shown by the bond lengths detailed in Table 3. how essential the metal ion is to the inclusion process, especially
Since the crystal structure of [C&j¢thphpcl12)p-Ts)]ClO, as the gas phase modeling predicts a similar geometrical
indicated that the aromatic rings of the host molecule are not arrangement of the ligand with or without Cd(ll) present. We
involved, at least in the solid state, in stabilizing the guest tested this by forming the di-toluenesulfonate salt ofS-
molecule within the cavity, it became of interest to ascertain thphpcl2 and measuring its conductivity in DMF. The result
the importance of these aromatic moieties to the inclusion of this was a conductivity value of 921 cn? mol~1 slightly
process by repeating the inclusion-complex forming reactions above that expected for a 1:1 electrolyte and greater than the
using analogous host molecules that are devoid of aromatic 84 Q1 cn? mol~t shown by the Cd(ll) inclusion complex. This
entities. To do this we investigated the reaction of [Cd(thec12)]- suggests weaker retention @ftoluenesulfonate within the
(ClOg)2 and [CdE&thpcl2)](CIQ), with sodium p-toluene- structure of the diprotonated macrocycle than within the Cd(ll)
sulfonate under identical conditions to those described abovecomplex.
(thec12 andthpcl2 are analogous t8)¢thphpcl2 except that ) ) )
they have H or Me, respectively, in place of the phenoxymethyl _ Acknowledgment. Funding of this study by the Australian
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