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Solution and Solid State Characterization of a Cadmium Octaazacryptand Complex
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The constant for cadmium binding by octaazacryptand N(CH,CH,NHCH,CH,NHCH,CH,)3N was determined

by potentiometry; logdy. =18.3(1). Calculation of pM values (pM —log [M]) show that L has the highest
reported binding affinity for cadmium relative to other [2.2.2] polyexelyaza cryptates. Two cadmium cryptate
complexes, [CdL](BE), (1a) and [CdL](OAc}-2H,0O (1b), were synthesized by metalation of the free cryptand.

The molecular structures of compouritisand 1b were determined by X-ray diffraction. Crystallographic data

for 1a trigonal, P31c, Z = 2, a = 9.581(2) A,c = 17.003(4) A,V = 1351.2(5) B. Crystallographic data for

1b: monoclinic,C2/c, Z = 4,a = 10.500(2) Ab = 14.782(3) A,c = 19.395(4) A8 = 99.30(2}, V = 2971(1)

A3. The cadmium ions in both complexes are eight-coordinate and display similar coordination geometries but
different ligand conformations, designated as parallel and oblique. The cadmium coordination sphere is best
described as a bicapped octahedron. Through 2D NMR experiments we have found that the Cd is in a symmetric
environment and the conformation of the ligand in solution is consistent with the parallel conformation observed
in one of the solid state structures. THECd NMR shift of this eight-coordinate amine complex is 75 ppm
relative to 0.1 M aqueous Cd(Clp, which correlates with shifts observed for other [2.2.2] cadmium polyoxa
polyaza cryptates.

Introduction that the fluoride/chloride selectivity is 188 Subsequent work
shows that L also binds strongly to metal cations. Martin and
co-worker§ recently reported the X-ray structure of the [PHL]
complex and solution NMR data for [Cdt] and [PbLE.
Solution thermodynamic work in our laboratory has shown that

Cryptands are three-dimensional cage ligands that can form
selective and highly stable metal complekes.Metal selectiv-
ity is adjusted by varying the donor atom type, the number of
donor atoms, and the size of the cavity, while the macrobicyclic L has a high affinity for large metal ions, especially Hg(ll)
effect often leads to enhanced complex stabfiity We are Pb(ll) andng(II)loyl){ Smallegr metal cations d(?not oytimgall '
studying the receptor properties of the octaazacryptand, L fit i ,th bindi ‘ v of L but thel pd' Iy
N(CH>CH,NHCH,CH,NHCH,CH,):N. The synthesis of this ' N the binding cavity of L bul, nonetheless, can dispiay

ligand was first reported by Dietrichand we recently reported g]t(laresltil;g dcg?amlstry. rCopE)nerI, f)(zr ixl?mvalt% Lortr;:s an elicitrgn-
a simple, two-step synthetic route to’L. elocalized bis(copper) complex of L, oth copper 1ons

inside the macrobicycl&~16

The work presented in this paper is motivated by the desire
|/\N{>ﬁ to improve our basic understanding of the structure and
NH HN_NH dynamics of cryptangdmetal binding. Lehn and Montavon

explored the stability and selectivity of toxic heavy metal

NH HN NH complexation by polyoxapolyaza macrobicycles. In these
NQ)/' studies, it was found that increasing the number of nitrogen
binding sites generally leads to decreased stability of alkali-
L metal and alkaline-earth-metal [2.2.2] cryptates and increased

. . o stability of toxic heavy metal cryptates like those of Cd, Pb,
The first report of ion-binding by L was the crystal structure

of [FLHg]®",® and it was subsequently found that the overall ) Roilv. S. D Khalsa. G. R K. Ford. . K- Brainard J. R Hav. B
magnitude of fluoride binding in aqueous solution i¢44and ®) P_E.”Syn’mh P H.I‘SOS%’_ c'he}n.ié9(5)r321 5.69._,57r?nar o R A, B.
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and Hg!” This study of the all-nitrogen cryptand supplements
the previous work and forms a basis for the further investigation
into potential uses of these cryptands in detoxification and

environmental remediation. In this report, we present the results

of our structural and binding studies of the cadmium complex
of L. The binding constant for cadmium with the cryptand in
water was determined by potentiometric titration, and compari-
sons are made to the binding affinity of other [2.2.2] cryptands.
We have obtained crystal structures of [C#Ljvith BF,~ and
CH3CO,~ counterions. In both cases, the cadmium is coordi-

Thompson et al.

proximately 0.1 M solutions. The KOH titrant (0.1009(4) M) was
standardized against potassium hydrogen phthalate, and the it
(0.1011(1) M) was then standardized against the KOH. A stock solution
of 0.096(2) M Cd(NQ); in 0.1012 M HNQ was prepared, and the
molarity of Cd(Il) was determined by ICP (inductively coupled plasma)
analysis.

Potentiometric titrations were carried out in a water-jacketed cell,
at 25.0+ 0.1 °C, under ultrapure argon. AKy of 13.78 (0.10 M
ionic strength, 25C) was used in all calculatiori8. Titrations were
performed using a Radiometer ABU93 Triburette pH/pX meter and
were controlled by a PC-386, which allows automated data collection

nated in a bicapped octahedral geometry, but the cryptand adoptsising software developed in this laboratory. Combination pH electrodes

different conformations.!H, 13C, 15N, and!'®Cd NMR studies
confirm that cadmium binds inside the cryptand in solution, and
we propose a solution structure of [Cdt]consistent with one

of the conformations observed in the solid state.

Experimental Section

NMR spectra were recorded in©® on a Bruker WM300 or a Bruker
AMX-500 spectrometer. Chemical shifts f4i and*3C are reported
relative to TSP (3-(trimethylsilyl)-1-propanesulfonic acid, sodium salt),
for 113Cd relative to 0.1 M Cd(Clg),, and for'®N relative to saturated
NaNGQ;. The®N spectrum was obtained on a Bruker WM300 using a
40us (~35°) pulse width and a 5.5 s recycle time. TH&d spectrum
was obtained on a Bruker WM300 using au (~17°) pulse width
and a 2.4 s recycle time. All 2D experiments were performed using a
Bruker AMX-500 spectrometer and a probe temperature of 3061K.
13C HMQC (heteronuclear multiple quantum coherence) data were
collected using a phase-sensitive pulse sequence add=1824 ms;
each FID consisted of 256 blocks of 1024 points with 16 scans per
block. WALTZ 16 decoupling was employed with the water resonance

were calibrated before each titration to measure p[Hlo§ [H])
directly®

L, ca. 0.005 M in 0.1 M KNQ, was titrated with HN@while p[H]
was measured to determine the exact concentration of ligand in
solution?® A stoichiometric amount of Cd(N§), was added and the
solution titrated with KOH. Three titrations were performed, and
approximately 300 data points were collected in each data set in the
p[H] range of 2-11. This p[H] range corresponds te-6.5 equiv of
base for each data set. Overall formation constants f)ofpr CdL
and CdLH were determined from nonlinear least-squares analysis using
the program BETA! and previously determined protonation constants
for L.8 Cadmium hydrolysis constaitavere included in the equilib-
rium calculations but did not significantly affect the cadmium cryptand
equilibria over the pH range studied. The weighted average values of
log AL and logK"wn were calculated by using the equation

Iong{i

n

[(log K), 1o} (Lo}

presaturated. NOESY data were acquired using a standard phase-

sensitive (TPPI) pulse sequence (2674 Hz spectral width, 512 blocks
of 1024 points with 8 scans per block); the mixing time used was 800

where values of were obtained from BETA and the sum is over the
number of experiments. The error in |&gis reported as the standard

ms. COSY data were acquired using a standard phase-sensitive (TPPIfleviation of (logk); values and represents the reproducibility of titration

pulse sequence with 256 blocks of 1024 points employing a sweep
width of 3125 Hz; each block consisted of 8 scans. The HMQC data

results.
NMR Sample Preparation. For the'H spectra, NMR samples of

set was processed using an unshifted sine-bell-squared window applied- and [CdLF* in DO were made from stock solutions of 10 mM L

over 256 points and zero-filled to 1024 points in both dimensions. The

(0.2 M KNOgs) and 10 mM Cd(NG@); to give samples (5 mM in ligand

NOESY data set was processed using an unshifted sine-bell-squarednd 0.1 M ionic strength) that mimic the potentiometric fitration

window applied over 512 points and zero-filled to 1024 points in both
dimensions. The COSY data set was processed using-ahtféed
sine-bell-squared apodization over 256 points and zero-filled to 1024
points in both dimensions. An Orion EA 920 pH meter and an Ingold

conditions. For the 2BH and*3C spectra, a sample of 18 mM [Cdi]
was prepared from stock solutions of 228 mM L and 20 mM Gdic€lI
D,O. The counterion of the cadmium salt did not show any effect on
any of the NMR spectra. For the natural-abundatfde and 1**Cd

combination electrode for NMR tubes were used to make pH measure-SPectra, a 0.47 M sample was prepared. The pH of all samples was

ments. Standard buffers in8 with pH values of 4.01, 7.00, and

adjusted wih 1 M NaOD o 1 M DNO; as necessary to achieve the

10.00 were used to calibrate the electrode. Uncorrected pH meterdesired pH.

readings in RO are designated pH*. Elemental analyses were obtained
on a Perkin-Elmer PE2400 analyzer.

Materials Preparation. L was synthesized using the previously
reported procedure, and its purity was verified'eyNMR, elemental
analysis, and potentiometric titratidnCdCQ; precipitate was formed
by combining aqueous solutions of Cd(§}©and NaCQOs. Cd(BF).
was prepared by treatment of the resulting Cd®@h HBF,. The
resulting white solid (81 mg) was dissolved in 30 mL of EtOH, and
100 mg of L was dissolved in 10 mL of EtOH. The two solutions
were combined, and a white precipitate formed immediately. The
product was collected by vacuum filtration and recrystallized from 4
mL of hot water. Upon cooling, crystals formed and 29 mg of [CdL]-
(BF4)2, 13, was collected. Anal. Calcd forigHsNgB2FsCd: C, 32.93;

H, 6.45; N, 17.07. Found: C, 32.99; H, 6.50; N, 16.93.

Crystals of [CdL](OAc)-3H,0, 1b, were obtained from stoichio-
metric amounts of Cd(OAg)and a tribenzylated aminal derivative of
L in methanol® Hydrolytic cleavage of this derivative resulted in the
formation of L, and [CdL](OAc)-3HO was the only crystalline
material recovered from the evaporated solution.

Titration Experiments. KOH (carbonate free) and HNQitrants
were prepared from concentrates and ultrapure water to give ap-

(17) Lehn, J.-M.; Montavon, Rdelv. Chim. Actal978 61, 67—82.
(18) Barr, M. E.; Smith, P. H. Unpublished results.

X-ray Structure Determinations. Crystals ofla were grown by
slow evaporation from water, and a colorless, hexagonal plate with
dimensions of 0.26 0.29 x 0.09 mm was selected for data collection.
Crystals oflb were grown by slow evaporation from methanol, and a
colorless, rhombic crystal with dimensions of 0.270.36 x 0.37 mm
was selected for data collection. Preliminary photographic examinations
and data collections were performed on a four-circle Siemens R3m/V
diffractometer with graphite-monochromated Mo radiation at 203
K. Cell constants were obtained from least-squares refinementof 20
25 reflections, and the crystal systems were confirmed by axial
photographs. The intensities of two check reflections were monitored
during each data collection and showed no significant decay.1&or
a face-indexed numerical absorption correction was applied to the data
with 001 as the major face and 100, 010 as side faces, and the structure

(19) Smith, R. M.; Martell, A. E.; Motekaitis, R. NIST Critical Stability
Constants of Metal Complexes DatababgST Standard Reference
Base 46; U.S. Department of Commerce, National Institute of
Standards and Technology: Gaithersburg, MD, 1993.

(20) L is recrystallized from water, and its hydration state varies somewhat.
In all experiments, a solution of L was first titrated with acid in the
absence of cadmium. The concentration of L was then determined by
taking the derivative and assuming that the highest peak corresponds
to 4 equiv of added acid.

(21) Harris, W. R.; Raymond, K. Nl. Am. Chem. S0d.979 101, 6534~
6541.
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Table 1. Selected Crystallographic Data Table 3. Atomic Co_oqdinates%lO“) and Equivalent Isotropic
compd Cd(GaHaNg)- Cd(CigHeNg)(CHs- Displacement Coefficients @A 10%) for the Cation oflb
- (BF4)2 (1a) CO,)2:3H:0 (1b) X y z Ueqp
empirical formula  GgH4:NsB,FsCd G2Hs4NgO,Cd cd 5000 6863(1) 2500 36(1)
2’; ace group ‘;%?f ggf:'l N1 7246(5) 6880(6) 3527(3) 75(3)
R 0.581(2) 10.500(2) N2 5259(5) 5490(3) 3266(3) 43(2)
b A : 14.782(3) N3 7036(5) 6965(5) 2024(3) 70(3)
oA 17.003(3) 19.395() N4 5144(11) 8145(5) 3344(6) 117(5)
£ de : 99.30(2) c1 7134(8) 6142(7) 4022(4) 77(4)
v Asg 1351.2(5) 2971(1) c2 6561(8) 5321(6) 3639(4) 67(3)
7 > 4 c3 4759(9) 4710(4) 2848(3) 62(3)
o ca 8359(7) 6739(9) 3170(4) 124(6)
59 ra”/%‘;'?deg L T e cs 8202(9) 7228(10) 2494(5) 145(6)
M°a(':°'n?_l 887 7'a8 C6 6810(9) 7532(9) 1397(5) 125(6)
’ : ' c7 7302(12) 7766(9) 3892(6) 136(6)
”a(”rim /‘rfaeg 0.714/0.887 0.517/0.757 C8  5995(14)  8049(7) 4001(8)  143(7)
no. of reflcns collcd 2491 2678 €9 3868(16) 8390(8) 3470(8) 175(8)
no. of indep reflcns  1053(int) = 0.0165) 1953R(int) = 0.0187) aEquivalent isotropicU defined as one-third of the trace of the
no. of obsd reflcns 938 1554 orthogonalizedJ; tensor.
(F > 4o(F))
R(obsd data) Ra= 0.0321 R%=0.0425 100
WR2® = 0.0420 WR2 = 0.0496 00y
AR1= 3 |[Fo| — [Fell/XIFol- ®WR2= [3[W(Fo? — FAF/ 3 [wFoT] 2 %0
Table 2. Atomic Coordinates x10%) and Equivalent Isotropic . 70+ /|
Displacement Coefficients @x 10°) for the Cation ofla = 604
X y z Yeqy % 504
Ccd 6667 3333 7500 31(1) <
N1 6667 3333 5868(3) 44(1) 5 40+ -
N2 6792(4) 5817(4) 6925(2) 46(2) £ 2 - ’
c1 7080(8) 4958(6) 5592(3) 52(2) 7 L+Cd
c2 6282(6) 5668(6) 6093(3) 55(2) 204 P
c3 8433(6) 7216(4) 7074(2) 64(2) Equivalents of Base
N2 9055(24) 5824(25) 6949(10) 57(9) 10
cr 7938(48) 5039(44) 5632(15) 70(17)
c2 9360(36) 5702(34) 6075(16) 88(13) 0 ——
2 3 8 9 10 11 12
@ Equivalent isotropicU defined as one-third of the trace of the p[H]

orthogonalizedJ; tensor. ) . . .
Figure 1. Species plot showing the+Cd complexes as a function of

was solved by direct methods. Data for1b were corrected using a  P[H] where [L}ow = [Cd]ioa = 5 MM. Inset: Potentiometric p[H]

semiempirical absorption correctiog (scan), and the structure was titration curves of L in the absence (solid line) and presence of cadmium

solved using a Patterson m&pStructures were refined with full-matrix ~ (oroken line).

least-squares methods with all non-hydrogen atoms refined anisotro- o ) )

pically. Hydrogen atom positions for the ligand and the counterions Molecules with site occupancies of 1 and¢a(refined value of 0.62).

were calculated (EH = 0.96 A) and added to the structure factor The cation, acetate anion, and the two independent waters of hydration

calculations without refinement. Crystal data are given in Table 1. form an extensive hydrogen-bonding network.

Final positional parameters are given in Tables 2 and 3. Additional

crystallographic data, atomic coordinates and equivalent isotropic Results

di_splacement parameters, additional bond lengths and_ angles, an_isotrop_ic Titration Data. L was titrated with KOH in the presence

d!splacement parameters, and hyd.rogen atom coordmates and |§otrop|Q)f an equimolar amount of CA(N§} while the p[H] was

displacement parameters are available as Supporting Information. oy itored. The inset of Figure 1 illustrates the titration curves
(2) [CAL](BF ). (1a). The Cd and two independent B atoms occupy ¢, by itself and for L with 1 equiv of cadmium. The

the Im special positions with one-sixth of the molecule being unique. d f fth in th f1 iv of cadmi
The [CdLP* cation is disordered with roughly 85% of the cryptand epression orthe curve In the presence or 1 equiv of cadmium

having a “right-hand” twist and 15% having a “left-hand” twist as rglat]ve to the L-only curve illustrates the strong cadmllum
determined by refinement of the occupancy. This disorder mimics a binding. The protonation constants for L were determined
vertical mirror plane, but refinement in the corresponding space group previously® The cadmiurr-L titration curve was modeled using
with the enforced 50:50 occupancy was unsatisfactory. The atoms the previously determined ligand protonation constants and two
exhibiting disorder are C1, C2, and N2 with the lower occupancy atoms cadmium species: ML and MLH. Equilibrium expressions for
being designated as CIC2, and N2. The BR~ anions also are these two species are as follows:

disordered and are modeled as two superimposed, inverted tetrahedral
species oriented with one-B- bond along the 3-fold axis and each 2% e 2+ _
tetrahedron with 0.5 site occupancy. Cd™+[L)== [CdL]™ log K=18.3(1)

(b) [CAL](OAC) »»3H,0 (1b). The [CdALP" moiety sits on a [CdL)*" + [H] == [CdLH)* log K=4.7(3)
crystallographic 2-fold axis with half of the cation being unique. The
cation exhibits pseudo-3-fold geometry. The independent acetate anion
is disordered in a ratio of ca. 50:50, with the two orientations slightly
offset from one another. Two independent sites are occupied by wate

The stability constants derived from the titration curves
(predict the p[H]-dependent solution speciation of L and
cadmium complexes shown in Figure 1. Below p[H] 4 the

(22) SHELXTL PLUSSiemens Analytical X-Ray Instruments, Inc.: Madi- ~ Cryptand LH species and free cadmium are the dominant species
son, WI, 1990. in solution. As the pH is increased, the MLH species reaches
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Table 4. Selected Bond Distances (A) and Angles (deg)farand

1b
la 1b
Cd—N2 (° N) 2.519(4) 2.49(2)
Cd—N1 (3 N) 2.775(4) 2.832(6)
3°N—3°N 5.55(1) 5.66(1)
N2—-Cd—N2D 70.3(2) 71.3(6)
N2—Cd—N2A 105.9(1) 104.0(6)
N2—Cd—N2E 175.3(2) 174(%)
N2—Cd—N2C 78.1(2) 81.1(3)
N1-Cd—N2 67.2(1) 65.5(5)
dihedral angle
C2-N2—-C3-C3A 180 96
a Average values.

Figure 2. ORTEP diagram and labeling scheme of the [Cdldation pﬂ* CdIy/L
in [CdL](BF4). (1a) with hydrogen atoms omitted. Thermal ellipsoids 73 11 E
are set at the 50% probability level. :

[CALI(BF4)2 (1a) le!

7.5 04/1 WJMD
73 0/1 *MJMLC

33 0/1 A

T T T T T
36 34 32 30 28 26 24 22 20
ppm

Figure 4. 'H NMR spectra of 5 mM L in the presence of 0, 0.4, and
1.0 equiv of cadmium at pH*3.4 and~7.5 measured at 300 MHz
and 300 K. The similarity of spectra A and B shows that the cadmium
does not bind at pH* 3.4 as predicted by the species plot in Figure 1.
Spectrum E represents the NMR spectrum of the [€dtpmplex at
pH* 7.3. Addition of 0.4 equiv of cadmium to a solution of L at this
pH* gives rise to spectrum D, which is a combination of spectra C
(ligand only at pH 7.3) and E illustrating slow exchange in the reaction
ML + L"= ML" + L.

[CALI(OAc); (1b) 0b 3-fold axis inlaand oblique to it inlb. These arrangements
are best characterized by the dihedral angle around the secondary

Figure 3. Ball and stick stereoviews of the cations of [CAL]BF ; : _Ca_ ; ;

(top) and [CdL](OAc) (bottom). Note the orientation of the “central” _?_rr?mz.g egn?d byl thr? atomsleNZf ZE%:;’) ](_: A |dn gFég_urin.
C—C bond axis relative to th€; axis of the ligand which distinguishes IS dine rq ar_1g € has a value o . aan . .|n S

the conformations ael andob, respectively. The coordination spheres of cadmium are very similar in these

two compounds and are best described as bicapped octahedrons.

a maximum concentration at p[H] 5 and then decreases with The six 2 amines coordinate to cadmium in a distorted
further increase in pH as the ML species grows in. From p[H] octahedral geometry with a € bond length of 2.52 A ila
7 to 12 the ML species dominates the distribution diagram, and and an average bond length of 2.49 Alim The tertiary amines
there is no unbound cadmium or free ligand present. cap two triangular faces, and the €8 amine distances are

Structure Descriptions. The structure ofawith the labeling 2.78 A for 1la and 2.83 A forlb. These Ce&N distances
scheme is illustrated in Figure 2. Both structures consist of a correspond to 3-3° amine distances of 5.55 and 5.66 A,
complex cation with cadmium bound inside L and discrete respectively. The distorted octahedral geometry of the second-
anions, B~ or OAc™. Stereoviews of the structures of the ary amines can be described as a compression along the 3-fold
cations forlaandl1b are illustrated in Figure 3. Alist of values axis of a regular octahedron. This distortion is shown by the
of selected bond distances and angles appears in Table 4. increase in theN—Cd—2°N angle in the basal plane (e.g. N2

The ligand in both structures exhibits 3-fold geometry with Cd—N2A) from 90 to 106 for 1a and to 104 for 1b. The
the axis of symmetry running through the two tertiary amines angle between amines in opposite basal planes (e.gQd2
and the cadmium ion. The geometry of the cryptand ligand N2C in Figure 2) is decreased by the compression from 90 to
differs in that the “central” ethylene bridge is parallel to the 67.2 for 1a and to 65.4 for 1b.
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6 25 24
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Figure 5. 'H NMR spectrum of [CdL{" at pH* 7.6 taken at 500 MHz
and 300 K.

T
3.0 23

NMR. IH spectra of L in the presence of 0, 0.4, and 1 equiv

of Cd at pH*~3.5 and~7.5 are presented in Figure 4. The
spectrum of an equimolar mixture of Cd and L at pH* 3.4
(spectrum B) appears similar to the spectrum of L without Cd
at pH* 3.3 (spectrum A). This observation agrees with the
species plot generated from the potentiometric titration data
which shows the Lk species dominating at pH* 3.4 and the
absence of significant cadmium complexation (less than 19%).
When pH* is adjusted to 7.3, a very complicated proton
spectrum, spectrum E, corresponding to [CdLik observed.
A comparison of spectra C (the free cryptand at pH* 7.3) , D
(cryptand in the presence of 0.4 mol of Cd), and E indicates
that the Cd complex is in slow exchange with the free ligand
(ML + L"= ML" + L) on the NMR time scale.

The spectrum of [CdIF" at pH* 7.6 at a higher field (Figure
5) is resolved into six distinct patterns including two doublets
(E and F), two pseudotriplets (B and C), and two complex
doublets (A and D), all of which are of equal intensity. The

Inorganic Chemistry, Vol. 35, No. 7, 1992029

Chart 1
X=Y=Z=0 N206
N X=Y=Z1=0,Z2=NMe N305Me
-
X v Z, X=Y=0,Z=NH N404
[ Y X=Y=0,Z=NMe N404Me)
x Y% 77 X=0,Y=Z=NMe N602Mey
k/r“\) X=Y=7=NH L
N
N/\l
HN
o 0 jN402
< SHN
N

spectrum, we know that protongHexhibits three relatively
strong interactions with protonsgHHc, and H, and that proton

He strongly interacts with B. Using the two crystal structures

as guides to provide us with distances between protons for the
two conformations of the cryptand, we find that when the
cryptand is in the parallel conformation, protor i$ closest
(<3 A) to protons W, Hc, and H; see Figure 3. In this
conformation, the crystal structure shows that protgnhids
only one close contact to protonpH This is consistent with

the NOESY spectrum. When the cryptand is in the oblique
orientation, neither proton ¢Hnor He is closer than 3.3 A to
proton Hs. Thus, we assign Hand H: on the basis of the
observed crystal structures and conclude that the cryptand
conformation in solution is similar to the parallel conformation
found in the solid state structure d&.

13C spectrum has three resonances at 49.4, 45.3, and 43.4 ppm The'**Cd NMR signal for this compound at pH 7.6 exhibits
corresponding to C1, C3, and C2, respectively. Measurementa broad signal at 75.1 ppm, and the signal is not affected by

of the C—H correlation spectrum showed a correlation between
Cland H and H;, C2 and i and H, and C3 and Hand H-.

dilution from 0.47 to 0.24 M. With the protons decoupled, the
half-height line width is 33 Hz. With the protons coupled the

Thus, there are three unique carbons and the protons on eaclsignal broadens to 93 Hz without discrétéCd—!H coupling.

carbon are chemically inequivalent as shown in the following
diagram. These COSY and NOESY correlation experiments

C3-
22 AL Hr
HN" g
E
37 C|2
~— H-w
N. C/ K
/ (:Il“HB D
HA

corroborate the proton assignments for [CdL](QKn aceto-

nitrile® which were based on 1D spectra alone. Keller reports

shifts of C1~ 52 ppm, C3~ 46 ppm, and C2 44.5 ppm for

the analogous complex [Cd(N4O2)](Chart 1)22 Thus, the

same trend in the chemical shifts is observed with>CC3 >

C2 and C1 significantly deshielded relative to C2 and C3.
Inspection of the resolved 1D spectrum (Figure 5) shows that

protons H and H: exhibit strong vicinal coupling~12 Hz)

on the same order of magnitude as the geminal couphi(

Hz), resulting in a pseudotriplet pattern. Howeveg, &hd H

are complex doublets, implying that the vicinal couplingd(

Hz) is significantly weaker than the geminal couplinrgl@ Hz),

and therefore, Bland H: must be anti to one another while,H

and H, are gauche. Thus, we are able to assign protogs H

Hg, Hc, Hp as shown in the prior diagram. From the NOESY

(23) Keller, A. D.; Drakenberg, T.; Briggs, R. W.; Armitage, |. Morg.
Chem.1985 24, 1170-1174.

The 15N spectrum for the [CdIE" complex displays two
signals at-346.7 (6N, secondary amines) an@54.5 ppm (2N,
tertiary amines). These values fall in the normal range for 2
amines in Ce-amine complexe&: Both of these signals exhibit
scalar couplings to cadmium of ca. 65 Hz for the&nines
and 36 Hz for the 3 amines at 300 and 500 MHz. The
cadmium-nitrogen couplings reported here are somewhat small
compared to those of other reports in the literature of 300
Hz.2425 Jakobsen and Ellis suggested that small cadmium
nitrogen couplings may be due to exchange phenorffena.
However, this explanation is not reasonable for our complex
because we know that the [Cdt-Jcomplex is in slow exchange
on the proton NMR time scale, Mt L' = ML' + L. We
suggest that the small couplings are due to the long cadmium
nitrogen bond distances observed in these complexes2285

Discussion

We have determined that L forms a very strong complex with
cadmium. In order to make comparisons of binding affinities
of ligands with different K, values, we have calculated the
pM (pM = —log [M]) values as a function of pH for [ligand]
= [Cd(Il)] = 5 mM. Data used to calculate the pM plots for
ligands other than L were obtained from the NIST dataB&se.
A comparison of the pM plots of [2.2.2] polyoxgolyaza

(24) Annual Reports on NMR Spectroscppyebb, G. A., Ed.; Academic
Press: Orlando, FL, 1986; Vol. 18, pp-361.

(25) Jakobsen, H. J.; Ellis, P. D.; Inners, R. R.; Jensen, @.&Am. Chem.
So0c.1982 104, 7442-7452.

(26) Jakobsen, H. J.; Ellis, P. D. Phys. Chem1981, 85, 3367-3369.
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13+ L The ligand structure of complebais similar to that of the free
ligand in that both are in thkel conformation as evidenced by
124 comparison of the dihedral angles represented by the atoms C2
11 N2—C3—C3A in Figure 1: 176.4%9for the cryptandand 180
_N404 for 1a. In contrast, complefb has an average dihedral angle
10 < N404Me, of 96° and exhibits the oblique orientation. Similar conforma-
9 «N602Me, tions were observed in [GU](OAc)s (lel) and [CUuL](NG;)s
--N305Me (ob),* and in the crystal structure of [PbL](CkR-H.0, the
s 84 ~N2O6 ligand appears to adopt tlub conformatior? However, solid
i 7 state structures of [Cd(efj", en= ethylenediamine, complexes
exhibit only thelel conformatior?®=33 Typically, thelel form
6 is favored over theb form due to less severe hydrogerarbon
van der Waals interactiorf4. Molecular mechanics calcula-
3 tions® of L strain energy for the two conformations predict that
4 the lel form of the free ligand is 2.3 kcal/mol lower in energy
than theob form (lel = 29.1 andob = 31.4 kcal/mol). The
34 two X-ray crystal structures were used as starting points in the
2 : : . . . ' minimizations after removing the cadmium ion. The cadmium
5 1 p g 10 1 M cryptate appears to adopt the energetically faveecbnforma-
pH tion in both protic (HO) and aprotic (CKHCN) solvents as shown

o o
Figure 6. Plot of pM versus pH for a series of Cd [2.2.2] cryptates 't\)/ly the gsnl‘mla_r: proton Sﬁeﬁ.tra rgported In thés work an_d b}é’_
and a smaller Cd [2.1.1] N4O2 cryptate. See Chart 1 for cryptand artin.” In either case, t ? 'Qa” geometfy 0oes not signifi
abbreviations. Also shown for comparison are data for EDTA and cantly affect the Cd coordination sphere (Figure 3).
hexacyclen (1,4,7,10,13,16-hexaazacyclooctadecane). In both complexes, the cadmium coordination sphere is best

) . - .. described as a bicapped octahedron, and the secondary amines
cryptates with cadmium is illustrated in Figure 6 by the solid ¢, 5 distorted octahedral geometry with compression along
lines. L has a higher pM value than any of the other [2.2.2] o 3 fold axis of the capping tertiary amines. In the uncom-
cryptands above pH 5; thus, it results in lower free cadmium a4 | the distance from the' to the centroid is 2.82 A
concentrations in solution. We have included three other ligands 5§ the SN—centroid distance is 3.19 A.The introduction of
for comparison: EDTA (ethylenediaminetetraacetic acid), N4O2 cadmium into the ligand serves to contract L in toward the metal
(see Chart 1), and hexacyclen (1,4,7,10,13,16-hexaazacycloocl—on, resulting in average Ce2°N distances of 2.5 A and Cel

tadecane). While EDTA is a more effective chelator than L oy gistances of 2.8 A. It is interesting to note that the average
for cadmium below pH 9, the pM plot shows that L is a stronger son_cg—2°N bite angle of~70° and the approximate Ce

chelator for cadmium above pH 9. However, the macrocycle son pond lengths of-2.5 A compare very favorably with the
hexacyclen binds cadmium more effectively than any of the ideal geometry for a five-membered ring such as a metal
[2.2.2] cryptands over the entire pH range shown in Figure 6. ethylenediamine complex, AM—N 6%, M—N 2.5 A3637
This is somewhat surprising, given that L has more donor atoms Using the effective ionic ’radii for cad,mium and for three-
and is better “preorganized” than hexacyclen, and suggests that,,, ginate nitrogeft we calculate CétN bond distances of
the cavity size of L is not ideal for cadmium. The cadmium- 5 41 & for six-coordinate and 2.56 A for eight-coordinate
binding ability of the N4O2 cryptandf, especially at low pH, cadmium complexes. The average of all-ddibonds is~2.6
suggests that a smaller cavity size is more ideal for cadmium z o, 14 and1b, This distance is similar to those observed in
(see Figure 6). The apparent lack of a cryptate effect with . eight-coordinate cadmiunamine complexé84° and is
cadmium has been obse_rved for [2.2.2] _NE_and for a significantly longer than the<2.4 A Cd—N distances for six-
heptaazacryptad@land, as in the case of L, is likely due to a coordinate CetN complexegd-33:41-43

cavity size mismatch with cadmium. Generally, cryptands show

stronger metal-size/cavity-size correlations than macrocyclic -
(29) Podberezskaya, N. V.; Borisov, S.¥/.Struct. Chem. (Engl. Transl.)

28
complexes: . . 1971, 12, 1034-1035.

For chelators to be effective at sequestering metals, they 30) podberezskaya, N. V.; Bakakin, V. V.; Borisov, S.VStruct. Chem.
should show selectivity as well as high binding constants. We (Engl. Transl.)1969 10, 734-739.

have preliminary data that show the ratiqfaf. caqn)/AmLana) 1) mﬁﬁfgfnl’ggg fffhf;sgf;é M.; Sastry, S.; Subrahmanya, C.
~ 10° for L. This selectivity equals the best value measured (32) Glinskaya', L. A Zemskova, S. M.: Klevtsova, R. F.: Larionov, S.

for a mixed [2.2.2] polyoxapolyaza macrobicycl&. Neither V.; Gromilov, S. A.Polyhedron1992 11, 2951-2956.
EDTA nor hexacyclen, each of which shows greater stability (33) Breitwieser, M.; Gottlicher, S.; Paulus, B. Kristallogr. 1984 166,

. L . 207-212.
for cadmium, shows any selectivity for cadmium over Zific. (34) Corey, E. J.; Bailar, J. G. Am. Chem. Sod959 81, 2620-2629.

Thus, L shows more selectivity for cadmium over zinc that is (35) Molecular mechanics calculations were performed using an augmented
likely due to a somewhat better cavity size match with cadmium MM2 parameter set (CAChe (Computer Aided Chemistry) v. 3.5.1,
compared to zinc Oxford Molecular Group, Beaverton, OR 97077).

' (36) Hancock, R. DAcc. Chem. Red.99Q 23, 253-257.
The two structures for the Cetryptate complexes reported  (37) Hancock, R. DJ. Chem. Educl992 69, 615-621.

here exhibit different ligand geometries signified as the parallel (38) Shannon, R. DActa Crystallogr., Sect. A: Found. Crystallogr976

(lel) or oblique bb) orientation of the central ethylene (€3 20 ?52' 154_367M 5 3 G Kevert. D. L White. A H.Ch
C3A in Figure 1) bridge with respect to the 3-fold ligand axis. (39) Sggﬁgéndn f’ran(a’svlvg% 1'945_1322’ - oo Yinie, A .Lhem.
(40) Strasdeit, H.; Pohl, &. Naturforsch.1988 B43 1579-1588.
(27) Bencini, A.; Bianchi, A.; Dapporto, P.; Fusi, V.; Garcia-ESpaB.; (41) Strasdeit, H.; Duhme, A.-K.; Weber, M.; Pohl, Acta Crystallogr.,
Micheloni, M.; Paoletti, P.; Paoli, P.; Rodriguez, A.; Valtancoli, B. Sect. C: Cryst. Struct. Commuib992 C48 437—440.
Inorg. Chem.1993 32, 2753-2760. (42) Bencini, A.; Bianchi, A.; Castello, M.; Di Vaira, M.; Faus, J.; Garcia-
(28) Lindoy, L. F. The Chemistry of Macrocyclic Ligand Complexes Espana, E.; Micheloni, M.; Paoletti, horg. Chem1989 28, 347—

Cambridge University Press: Cambridge, U.K., 1989; pp-1B30. 351.
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The cadmium complex of an analogous diazacryptand, [Cd- Cd—N bond in complexes with strong steric demands leads to
(N206)][CdCl] (where N206= N(CH,CH,OCH,CH,OCH,- increased shielding of thE3Cd nucleug'®474% The shielding
CHy)sN), exhibits nearly cubic geometry with €@°N distances observed in [CdL3" is probably due to the higher coordination
of 2.43 A, which are slightly shorter than the average-Cd number of 8 and the corresponding longer-&¢ibond lengths
distance of 2.47 A% This cryptand also forms a cubic, eight- averaging 2.5 A to the secondary amines and 2.8 A to the tertiary
coordinate complex with Mn(113> The shorter Ce3°N bond amines. The inherent steric demands in a cryptand may also
observed in the [Cd(N206)] complex is indicative of cadmi-  shift the resonance upfield by affecting orbital overlap.
um’s preference for “soft” donors like nitrogen over oxygen. Comparing ourdcq to those of other cryptand complexes,
Thus, in the N206 cryptand we see shorter-GtN bond we find thatd([Cd(N206)E") = —78 ppm,5([Cd(N4O4)E")
lengths compared to those in L, where the cadmium already = 46 ppm?23 and 6([CdL]?") = 75 ppm. In six-coordinate
has six soft-donor secondary amines coordinated to it. complexes, as the number of amine donors around cadmium

115Cd NMR studies of Cd complexed with the N4O4 cryptand increases, the cadmium resonance shifts downfield because
showed3J(**Cd—C) coupling?® which indicates a significant  nitrogen is generally more deshielding than oxygen. This trend
bonding interaction between Cd and the tertiary amines. Theis confirmed in these eight-coordinate cryptand complexes,
broadness of th&’C signals and the use of natural-abundance where there is no ambiguity as to the coordination number for
Cd instead of enrichet!*Cd precluded the observation of any these structures.
3J(Cd—C) coupling for [CALF". However, Cd-N coupling is
quite distinct in the natural-abundané®N NMR spectrum, Summary
where the coupling to the secondary amines is much stronger | a5 a high affinity for cadmium, log<m. = 18.3.

than that to the tertiary amine8)(**N—Cd) = 65 vs 36 Hz.  comparison to other [2.2.2] polyox@olyaza cryptands shows

We conclude from this scalar coupling that there is bonding of 4t the pM values for cadmium are higher in the presence of

the cadmium to the tertiary amines. _ L above pH 5, and thus, the amount of free cadmium is lower
The chemical shifts for Cd are affected by ligand type, compared to the case of other cryptands. In the solid state, L

coordination Qeom,e”&goordi”aﬁ,(’“ number, ligand basicity, can adopt one of two conformations, parallel or oblique, and in
and ligand orientatiofi®™*® The typicaldcq for six-coordinate  goyytion the ligand geometry is similar to that of the parallel

cadmium-amine complexes is 268450 ppr2%>t The dcq of form observed in the crystal structure. The cadmium metal ion
the eight-coordinate [CdE] is 75 ppm, which is significantly g ejght-coordinate in solution and the solid state and adopts a
upfield compared to that of six-coordinate cadmivamine bicapped octahedral geometry. The chemical shift of-tf@d

complexes. The effect of coordination number on cadmium NvR signal is 75 ppm and is significantly upfield compared
chemical shifts is not well understood mostly due to the inability 4 six-coordinate cadmium amine complexes.

to differentiate various effects. For example, increasing the
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