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The metal ion coordinating properties of ntam (nitrilotriacetamide) are reported. The protonation
constant (pK) for ntam is 2.6 in 0.1 M NaClO, at 25 °C. Formation constants (log K,) in 0.1 M NaClO,
at 25 °C, determined by '"H NMR and UV-Vis spectroscopy are: Ca(11), 1.28; Mg(11), 0.4; La(i), 2.30;
Pb(11), 3.69; Cd(11), 3.78; Ni(11), 2.38; Cu(11), 3.16. The measured log K, values for the ntam complexes
are discussed in terms of the low basicity of the N-donor, as evidenced by the pK, and the effect of
metal ion size on complex stability. The amide O-donors of ntam lead to the stabilization of complexes
of large metal ions (Pb(11), Cd(11), La(tr), Ca(1)) relative to log K, for the NH; complexes, while for
small metal ions (Ni(11), Cu(11)) the amide O-donors lead to destabilization. This is discussed in terms of
the role of chelate ring size in controlling metal ion size-based selectivity. The structures of
[Pb(ntam)(NOs),], (1) and [Ca,(ntam);(H,0),](Cl10,),-3H,0 (2) are reported. For 1: triclinic, space
group P1, a =7.4411(16), b = 9.0455(19), ¢ = 11.625(3) A, a = 69.976(4), § = 79.591(4), y = 67.045(3)°,
Z =2, R=0.0275. For 2: monoclinic, space group P2,/c, a = 10.485(2), b = 11.414(2), ¢ = 38.059(8)
A, p=92.053)°, Z = 4, R = 0.0634. Structure 1 is dimeric with two Pb atoms linked by bridging
O-donors from the two ntam ligands. The coordination sphere consists of one N-donor and 3 O-donors
from the ntam ligand, two O-donors from nitrates, and one bridging O-donor. The variation in bond
length suggests a stereochemically active lone pair of electrons on the Pb. Structure 2 consists of two
Ca(1) ions held together by 3 bridging O-donors from ntam groups. One Ca is 9-coordinate with two
ntam ligands present, plus one bridging O-donor from the other Ca(ir) ntam complex. The other Ca is
8-coordinate, with a single coordinated ntam, plus two coordinated H,O molecules, and two bridging
O-donors from the other half of the complex. The role of M-O=C bond angles in controlling selectivity

for metal ions on the basis of their size is discussed.

Introduction

The oxygen donor atoms of amide groups are of great importance
in biology, where they bind Ca* in Ca-selective proteins,' and
are the donor atoms in potassium ion channels,*> and probably
also® Ca** and Na* ion channels. At the same time, amide donor
ligands are of considerable importance in the extraction and
separation of lanthanide and actinide ions.* Despite this, very little
has been reported® that would allow for characterization of the
metal ion binding properties of amide donor ligands. Structural
studies have been reported for complexes®’ of the tripodal amide
donor ligand ntam (see Fig. 1 for abbreviations of ligands) and
its N-substituted derivatives.*'* The latter have amide groups
coordinated to metal ions through the deprotonated N-donors
of the amides. The tripodal nature of ntam-type ligands appears
to be able to force less common coordination numbers (C.N.) on
metal ions, particularly trigonal-bipyramidal 5-coordination as
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Fig. 1 Ligands discussed in this paper.
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found for Ni(11),"* Mn(11)," and Fe(in).? A recent study® of the
ligand edtam, which has four amide donors, has shown that there
is a considerable increase in the formation constant, log K, as
compared to the en complexes, which is largely size-related. Thus,
large metal ions (metal ions with ionic radii'® r* > 1.0 A) such as
Ca?" or La* show large increases in log K, for the edtam complexes
as compared to the en complexes, whereas small metal ions such
as Mg* or Ni** (r* < 1.0 A) show only modest increases in log K,
or even decreases (Cu?*). The metal ion coordinating properties of
amide groups are not only of interest because of their importance
in biology,’* but are also of interest in relation to the metal ion
coordinating properties of other neutral oxygen donors’>* such
as alcoholic or ether oxygen donors. Addition of donor groups
containing neutral oxygen donors causes in general'’* an increase
in log K, for large metal ions, and a decrease in log K, for
small metal ions. This is not simply a factor of exceeding the
coordination number of small metal ions, but occurs even where
a single neutral oxygen donor is added, and the accompanying
increase in C.N. is only from 2 to 3. Crown ethers only complex
well with large metal ions, and this is simply the extreme case of the
rule that neutral oxygen donors favour complexation with large
metal ions, since crown ethers have only neutral oxygen donors.®
The ligand dotam, which is a tetraazamacrocycle with pendant
acetamide groups, shows the same pattern in log K, as does edtam,
in that large metal ions show?® large increases in log K, relative to
the parent amine cyclen, while small metal ions do not.

In this paper are reported the protonation constant of ntam,
and its formation constants with the large metal ions Ca**, Pb*,
and La’**, the small metal ions Mg*, Cu**, and Ni**, and the
intermediate sized metal ion Cd**. Also reported is a structural
study of the Ca(ir) and Pb(il) complexes of ntam, aimed at
understanding the factors controlling metal ion selectivity in these
complexes.

Experimental
Materials

The ligand ntam was synthesized by a literature method.*” Metal
perchlorates and nitrates were obtained from Aldrich in at least
99% purity, and used as received.

Synthesis of [Pb(ntam)(NO;),|, (1)

A 1 : 1 stoichiometric mixture of ntam and Pb(NO;), in MeOH
was allowed to stand in a beaker covered with Parafilm. After
a few days colourless crystals of 1 were deposited. Elemental
analyses: Calc. for C;H;,N,O,Pb: C, 13.85; H, 2.33; N, 16.16%.
Found: C, 14.02; H, 2.27; N, 16.32%.

Synthesis of [Ca,(ntam),;(H,0),](C10,),-3H,0 (2)

A solution of ntam (0.94 g) in a minimum amount of hot water
was added dropwise to a solution of Ca(ClO,),-4H,0 (1.56 g) in
cold water, and was allowed to stand in a beaker covered with
Parafilm. After a few days colourless crystals of 2 were deposited.
Elemental analyses: Calc. for C3HyN,,O3Cl,Ca,: C, 19.09; H,
4.09; N, 14.84%. Found: C, 18.92; H, 4.23; N, 14.86%.

Formation constant determination

The protonation constant (pK) of ntam was determined by glass
electrode potentiometry by standard methods.”® This was rather
low at pK = 2.6, which rendered glass electrode potentiometry
unsuitable for measuring formation constants of the metal ions,
particularly those where log K, > 2.6. The log K, values for the
Mg*, Ca**, Cd*, and La** complexes was determined from the
shift of the 3.44 ppm band of the '"H NMR spectrum of ntam in a
10 : 90 D,0O-H,0O mixture as a function of M"* concentration, in
0.1 M NaClQ, to control the ionic strength. It is not necessary to
conduct these experiments in pure D,0O, since the 3.44 ppm band
of ntam is well away from the HOD band (~5 ppm). 10% D,O is
needed to shim the instrument. The shifts on complex formation
were quite small—from 3.44 ppm in the free ligand, to as much
as 3.54 ppm in the complex (La**). The experiment consisted of
recording the '"H NMR spectrum of the free ligand, and then as
a function of increasing metal ion concentration. Analysis of the
data was quite straightforward, and was carried out in EXCEL.”
Values ofnn (L), the average number of metal ions bound to the
ligand are calculated from

n (L) = (6(obs) — 6°)/ (0% — 9°) (1)

where J(obs) is the shift observed for each different metal ion
concentration, §° is the shift for the free ligand, and §* is the shift
for the fully formed complex. A theoretical curve of 7 (L) versus
[M] (the free metal ion concentration) was then calculated from

i (L) = K\([M)/(K\[M] + 1) (@)

where K is the formation constant for formation of the complex.
The values of K, and 0> were then iterated to minimize the
standard difference between calculated and experimental values of
n(L). In Fig. 2 is shown the curve for the equilibrium between Ca**
and ntam, calculated from log K, = 1.28, and the experimental
points. The last point at [Ca**] = 1.0 M is virtually the same as
the iterated value of 6. The log K, value reported is based only
on the points obtained at lower [Ca?*], so that an ionic strength
of 0.1 could be maintained, although it is interesting that points
at higher [Ca**], and hence higher ionic strength, also fit the curve
quite well. The good fit for all the points, except the last one,
possibly reflects the lower sensitivity of log K, for a neutral ligand
such as ntam to change in ionic strength. Similar results were also
obtained for Cd**, Mg* and La’**.
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Fig. 2 Variation of the '"H NMR shift for the -CH,— protons of ntam as
a function of Ca** concentration. The solid line is a theoretical curve fitted
as described in the text for a log K, of 1.28.
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UV-Vis log K determinations

Both Cu(1) and Ni(11) have d—d transitions in the visible part of the
electronic spectrum, and these can be routinely used for stability
constant determinations.?® Solutions of 10~ M Cu?** gave bands
in the 600 nm region of the spectrum that changed strongly upon
addition of excess ntam, and it was found that the variation of
the absorbance of these bands with ntam concentration could be
simply analyzed to give log K, much as was done for the NMR
shifts above, but using absorbances at three different wavelengths
to calculate log K. Similar results were obtained for Ni(11), except
that 10~> M Ni** was used to obtain sufficiently intense bands. The
spectrum of a 1 : 1 solution of Cu(11)-ntam was also recorded from
pH 4-10 to obtain hydrolysis constants (pK,) for the complex.
Pb(1) is usually thought of as being “UV-silent’, since it has a
filled d'° shell. However, intense bands occur® in the 200-300 nm
range of the electronic spectrum due to charge transfer transitions
involving the ‘lone pair’ on the Pb(1r). The variation of these bands
as a function of added ntam concentration is seen in Fig. 3.
Large changes in absorbance occurred, which were analyzed as
two successive complex formation reactions using EXCEL.* The
formation constants determined here are listed in Table 1.

Absorbance

T T T
200 250 300
Wavelength (nm)

Fig. 3 Variation of the charge transfer band of Pb(11) (10* M) as a
function of added ntam ligand. The lowest intensity spectrum with a band
at about 210 nm is for the free Pb** ion. The highest intensity band occurs
for 0.0015 M added ntam. The set of spectra represents two successive
equilibria. The lower intensity set, where the band at 210 nm changes
very little on its longer wavelength side, corresponds to the formation of
the mono complex, while the subsequent set of spectra at higher intensity
corresponds to the formation of the bis-ntam complex. Spectra recorded
in 0.1 M NaClO, to provide a constant ionic strength.

Molecular structure determination

Bruker SMART 1 K (structure 1) and Rigaku Mercury (structure
2) diffractometers, using the omega scan mode, were employed
for crystal screening, unit cell determination, and data collection.
The structures were solved by direct methods, and refined to
convergence.’! No absorption corrections were made. Some details
of the structure determinations are given in Table 2, and crystal
coordinates and details of the structure determinations of 1 and
2 have been deposited with the CSD (Cambridge Structural
Database).> CCDC reference numbers 282118 and 282119. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b512017a A selection of bond lengths and angles for 1
and 2 are given in Tables 3 and 4.

Table 1 Protonation and formation constants of the ligand ntam at
25.0 °C and ionic strength 0.1 M NaClO,

Equilibrium log K, Method Reference
H* + OH < H,0 13.78 5

L+ H* < LH* 2.6(1) glass electrode  this work
L + Ca* « Cal* 1.28(3) NMR this work
L + Mg* < MgL* 0.4(1) NMR this work
L + Cd* < CdL* 3.78(6) NMR this work
L + Pb** <> PbL* 3.69(5) Uv-Vis this work
L + PbL** < PbL,> 23(1)  Uv-Vis this work
L + La* < Lal** 2.30(7) NMR this work
L + Cu** < Cul* 3.16(3) UV-Vis this work®
CuLH_,* + H* & Cul* 6.38(5) Uv-Vis this work®
CuLH_,* + H* < CuLH_*  7.82(5) Uv-Vis this work®
L + Ni** < NiL** 2.38(5) Uv-Vis this work”

“ Figures in parentheses after each log K value are estimated uncertainties
in the last significant figure. ® These constants refer to deprotonation of
amides coordinated to Cu(1r) with a change from Cu-O to Cu-N bonding
(see discussion in text).

Table 2 Crystal data and structure refinement for [Pb(ntam)](NO;), (1)
and [Ca,(ntam);(H,0),](ClO,),-3H,0 (2)

1 2
Empirical formula C¢H,,N;O,Pb CsHyN,0,,Cl,Ca,
Formula weight 519.41 1132.59
Temperature 110(2) 173.22) K
Wavelength 0.71073 0.71073 A
Crystal system Triclinic Monoclinic
Space group P1 P2,/c
Unit cell dimensions a="17.4411(16) 10.485(2) A

b =9.0455(19) 11.4142) A

c=11.625(3) 38.059(8) A
a = 69.976(4) 90°
B =79.591(4) 92.05(3)°
7 = 67.045(3) 90°
Volume 675.9(2) 4551.5(16) A’
VA 2 4
Goodness-of-fit on F? 1.031 1.064
Final R indices [ > 20([)] R1 =0.0275 0.0634
wR2 = 0.0678 0.1368
R indices (all data) R1 =0.0351 0.1009
wR2 = 0.1042 0.1535

Table 3 Selected bond lengths and angles for [Pb(ntam)(NO;),], (1)

Lengths/A

Pb(1)-0(2) 2.494(6)  Pb(1)-0O(3) 2.621(6)
Pb(1)-O(1) 2.654(6)  Pb(1)-N(3) 2.654(7)
Pb(1)-O(1)#1 2.688(6)  Pb(1)-O(6) 2.688(7)
Pb(1)-0(9) 2.765(6)  Pb(1)-O(4) 3.071(7)
Angles/°

O(2)-Pb(1)-0(3) 96.42)  O(2)-Pb(1)-O(1) 93.1(2)
O(3)-Pb(1)-0O(1) 112.8(2)  O(2)-Pb(1)-N(3) 65.0(2)
O(3)-Pb(1)-N(3) 64.5(2)  O(1)-Pb(1)-N(3) 60.5(2)
O(2)-Pb(1)-O(1)#1 83.02)  O(3)-Pb(1)-O(1)#1 176.8(2)
O(1)-Pb(1)-O(1)#1 64.2(2)  N(3)-Pb(1)-O(1)#1 112.5(2)
O(2)-Pb(1)-0O(6) 146.12)  O(3)-Pb(1)-O(6) 66.0(2)
O(1)-Pb(1)-0O(6) 70.02)  N(3)-Pb(1)-O(6) 81.1(2)
O(1)#1-Pb(1)-O(6) 112.92)  Pb(1)-O(1)-Pb()#l  115.8(2)
C(1)-O(1)-Pb(1) 112.5(5)  C(1)-O(1)-Pb(1)#1 131.7(5)
C(4)-0(2)-Pb(1) 120.6(5)  C(6)-O(3)-Pb(1) 118.9(5)
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Dalton Trans., 2006, 2001-2007 | 2003



Table 4 Selected bond lengths and angles for [Ca,(ntam);(H,0),](C10,),-3H,0 (2)

Lengths/A

Ca(1)-0(2) 2.408(3) Ca(1)-0(4) 2.409(3) Ca(1)-0(6) 2.426(3)
Ca(1)-0(1) 2.435(3) Ca(1)-0(3) 2.464(3) Ca(1)-0(5) 2.497(3)
Ca(1)-0(9) 2.536(3) Ca(1)-N(6) 2.656(4) Ca(1)-N(2) 2.665(3)
Ca(1)-Ca(2) 3.7055(14) Ca(2)-0(10) 2.329(4) Ca(2)-0O(11) 2.377(3)
Ca(2)-0(8) 2.381(3) Ca(2)-0(9) 2.402(3) Ca(2)-0(7) 2.430(3)
Ca(2)-0(3) 2.477(3) Ca(2)-0(6) 2.498(3) Ca(2)-N(10) 2.658(4)
Angles/°

O(2)-Ca(1)-0(4) 82.45(10) 0O(2)-Ca(1)-0O(6) 139.37(11)

O(6)-Ca(1)-0O(3) 71.23(10) O(1)-Ca(1)-O(3) 97.81(11)

O(6)-Ca(1)-0O(5) 71.77(10) O(1)-Ca(1)-0O(5) 139.68(10)

0(9) Ca(1)-N(6) 117.69(10) O(2)-Ca(1)-N(2) 66.36(10)

N(6)-Ca(1)-N(2) 126.51(11) 0O(10)-Ca(2)-0O(11) 102.70(15)

0O(10)-Ca(2)-0(9) 149.90(12) O(11)-Ca(2)-0(9) 88.53(11)

0(9)-Ca(2)-0(7) 94.95(11) 0(10)-Ca(2)-0(3) 83.57(12)

0O(10)-Ca(2)-0O(6) 87.28(13) O(11)-Ca(2)-0(6) 72.95(11)

O(10)-Ca(2)-N(10) 144.82(13) O(11)-Ca(2)-N(10) 80.07(12)

O(8)-Ca(2)-N(10) 67.06(11) 0(9)-Ca(2)-N(10) 64.14(11)

O(7)-Ca(2)-N(10) 67.37(10) 0O(3)-Ca(2)-N(10) 116.06(11)

C(13)-0O(7)-Ca(2) 120.7(2) C(16)-O(8)-Ca(2) 123.4(3)

C(18)-0(9)-Ca(2) 123.2(3) C(6)-0(3)-Ca(2) 140.1(3)

C(1)-0(1)-Ca(1) 120.4(3) C(4)-0(2)-Ca(l) 122.9(3)

C(6)-0(3)-Ca(1) 122.5(3) C(6)-0(3)-Ca(2) 140.1(3)

C(7)-0(4)-Ca(1) 123.4(3) C(10)-O(5)-Ca(l1) 120.4(3)

C(12)-0O(6)-Ca(1) 120.7(3) C(12)-0(6)-Ca(2) 141.5(3)

C(18)-0(9)-Ca(l) 137.9(3) Ca(2)-0(9)-Ca(1) 97.2(1)

Results and discussion
Formation constants

The protonation constant (pK) of ntam (Table 1) is remarkably
low for a tertiary aliphatic amine. However, the effect of the strong
electron-withdrawing power of the acetamide substituent can be
seen from the following reported protonation constants

Ligand: nta Acet-ida  edtam ntam
No of acetamide substituents on N: 0 1 2 3
pK of N (ref. 5, 15, and this work)  9.46 6.67 4.65 2.6

These results show clearly the steady decrease in pK of the nitrogen
as more acetamide groups are added. The ligand ntam differs
from virtually all other non-aromatic ligands with sp* hybridized
N-donors in having an N-donor of very low basicity. This is
almost certain to destabilize the complexes of metal ions with
high affinities for N-donors. This appears to be borne out for
some of the metal ions, as seen in Table 1. A comparison of the
log K, values® for NH;, TEA, and ntam is given in Table 5.
The two smallest metal ions, Ni** and Cu?**, which also have
the highest affinity for NH;, and therefore for N-donors in

general, show modest decreases in log K, in passing from the
NH; complexes to the TEA complexes, and hence to the ntam
complexes. It seems possible that the decrease in log K, for the
ntam complex of these two ions derives both from the low basicity
of ntam, and the fact that neutral O-donors cause® drops in log
K, for small metal ions. The small Mg?* ion has a low affinity
for NH;, and accordingly does not show a decrease in log K,
with ntam. The large metal ions Ca®*, La**, and Pb*, and the
borderline large Cd**, all show modest increases in log K, with
the ntam as compared to the NH; and TEA complexes. This
possibly reflects the lower affinity that these ions have for N-
donors compared to Ni** and Cu?*, but also their large size. Use
of neutral oxygen donors to increase affinity for complexes of
large size metal ions has been demonstrated many times.'"”>* What
is seen here is that the amide oxygen donors, as in ntam, are
able to increase log K, more than the alcoholic oxygen donor, as
found in TEA complexes. This is in accord with the idea? that the
amide oxygen donor is a stronger Lewis base than the alcoholic
oxygen. A contributing factor to the observation that neutral
oxygen donors stabilize complexes with larger metal ions lies in
the geometry of chelate rings.® The minimum strain geometry*
for 5-membered and 6-membered chelate rings is shown in Fig. 4.

Table 5 Comparison of formation constants of NH;, TEA (triethanolamine) and ntam. Also given are the ionic radii of the metal ions

Lewis acid H* Pb* La*
Tonic radius (+*)"/A — 1.19 1.03
Log K, (NH,)? 9.26 1.6 0.4)
Log K, (TEA)® 7.85 3.39 —
Log K, (ntam) 2.6 3.69 2.30
Log K, (ntam—NHj;)° —6.7 2.1 1.9

Ca2+ Cd2+ Mg2+ Ni2+ Cu2+
1.00 0.95 0.74 0.67 0.57
0.1 2.65 0.24 2.83 4.08
0.78 2.70 0.24 2.76 4.07
1.28 3.78 0.4 2.38 3.16
1.2 1.1 0.2 —0.4 -0.8

“Ref. 16. The ionic radii refer to coordination number 6, except for Cu(i1), which is for coordination number 4. * Reference 5. ¢ This corresponds to the

equilibrium M(NH;)" + ntam <> M(ntam)"* + NH;.
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Fig. 4 Minimum strain geometries for 5- and 6-membered chelate rings.

In essence, ligands that form 5-membered chelate rings are better
preorganized for coordinating with large metal ions, while those
that form 6-membered chelate rings are better preorganized for
coordinating with small metal ions. It is important to understand
that this does not just apply to chelate rings such as the above
en and tn chelate rings. It applies to any chelate rings, even
planar chelate rings with delocalized electronic systems, such as
the 6-membered acetylacetonate compared to the 5-membered
tropolonate chelate ring. The design principle also extends to
4-membered chelate rings, which are preorganized to complex
best with the largest metal ions. The presence of 4-membered
chelate rings formed between Ca** and chelating carboxylates from
glutamate or aspartate residues in the binding sites of Ca-selective
proteins would seem to be an important factor®* in producing
selectivity for the large Ca®* ion over the small Mg®* ion. In the
case of ntam, the ligand forms three 5S-membered chelate rings on
complex formation, and this at least in part should account for the
greater stabilization of the ntam complexes compared to the NH,
complexes observed in Table 5 for larger metal ions.

A referee has queried the non-observation of a bis-ntam
complex for Ca(ll) in solution, when one is reported for Pb(1).
This is particularly so when the structure reported here for the
Pb(ir)-ntam complex is for a mono-ntam complex, although
it is acknowledged that there is no necessary correspondence
between solution and solid state species. There is in fact a reported
structure’ for a bis-ntam complex of Pb(i1), supporting the
observation of such a complex in solution by UV-Vis spectroscopy
here. The log K, value for Ca(i) with ntam at 1.28 is rather
small, so that the non-observation of a bis-ntam complex here
would reflect the fact that log K, would be expected to be much
smaller than 1.28, and the concentration of ntam was never high
enough to cause the formation of such a weak complex. Fig. 3
shows the use of the charge-transfer bands of Pb(I) to determine
its formation constants with ntam. As far as we are aware this
is the first such use of these bands, and this study shows how
useful an approach this is. The bands are intense, making study of
complexes at low concentration practicable, which is advantageous
in studying complexes with ligands of low solubility. The bands
are also very sensitive to complex formation. One sees the very
large increase in absorbance produced in Fig. 3 by the formation
of the ntam complexes. One should note that as the ntam is added,
the first nine spectra as absorbance increases are the region where
the mono-ntam complex of Pb(11) is forming, and thereafter the
bis-ntam complex is being formed. The concentration intervals in
Fig. 3 as the complexes form are approximately 0.000 05 M
in ntam, ranging from no ntam added to a total of 0.0015 M ntam

in the most intense spectrum. The log K values for Pb(11) with ntam
were not studied by "H NMR as UV-Vis spectroscopy appeared to
be preferable. For optimal determination of log K by spectroscopic
means, the concentration of the ligand should not be too far
from the reciprocal of the K value to be determined, so that in
calculating the concentrations of the ligand bound to the metal ion,
and of the free ligand, one is not using small differences between
large numbers. Thus, for NMR, log K values of about 2 as found
for Ca(1) and La(1r) were ideal when working with 0.01 M ntam.

A further point of interest is the deprotonations that are evident
in the UV-Vis spectrum of the Cu(i1)-ntam complex as the pH is
raised. It is possible that at least one of these might be due to
deprotonation of a coordinated water. However, there are several
structures®*!! of complexes of deprotonated ntam analogues where
all three amides are deprotonated, and the metal ions are bound
to the amide groups through the deprotonated nitrogens. We
therefore expect that the same would occur here with the Cu(1r)—
ntam complex. The idea that bonding of the Cu(1) is taking place
through the deprotonated nitrogens of the ntam is also supported
by the intense purple colour of the resulting solution containing
these complexes, concomitant with more covalent binding to
the N-donors rather than the more ionically bound oxygens of
hydroxide ions.

The structures of the Ph(i1) and Ca(11) ntam complexes

The structures of the complex cations of 1 and 2 are shown in
Fig. 5 and 6. Structure 1 is a dimeric complex with two Pb(ir)
ions, each coordinated to 1 N-donor and 3 O-donors of ntam,
plus a bridging O-donor from the ntam of the other half of the
dimer. Two NO;~ ions are coordinated to each Pb(1), giving a
coordination number of 7 for each Pb(1) if these are regarded
as being unidentate. However, at least one of the nitrates may be
regarded as chelating in an asymmetrical manner, with one shorter
Pb-0(6) = 2.688 A, and a longer Pb-O(4) = 3.071 A, which would
raise the C.N. to 8. The long Pb-O(4) bond is typical of bonds
close®? to the stereochemically active lone pair on Pb(ir), and

Fig. 5 The complex [Pb,(ntam),(NO;),] (1), showing the numbering
scheme for the donor atoms coordinated to Pb(i), plus some other
heteroatoms. H atoms are omitted for clarity. The Pb-Pb separation is
4.525 A.
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Fig. 6 The complex cation [Ca,(ntam);(H,0),]* of 2, showing the
numbering scheme of the donor atoms coordinated to the two Ca ions.
H atoms are omitted for clarity.

is shorter than the sum of the van der Waals radii*” (Pb = 2.00,
O = 1.50 A). This is particularly true, since the Pb(ir) ion does
not appear to be spherical where the lone pair is stereochemically
active, but ovoid.’**® The variation of the Pb—L bond lengths is
such that a stereochemically active lone pair appears to be present
in 1. The structural features associated with a stereochemically
active lone pair are:*

1) There may be a gap in the coordination sphere, with no donor
atoms within reasonable (less than ~4.0 A) bonding distance of
the Pb, or the Pb-L bonds located over the proposed position of
the lone pair are very long. Thus, Pb(1)-O(4) = 3.07 A is rather
long, and O(4) is quite close to the possible site of the lone pair.

2) The Pb-L bonds which are furthest from the site of the
lone pair are shorter than the other bonds in the complex, once
corrected for differing ionic radii of the donor atoms.

3) The bonds become progressively shorter as one moves from
the site of the lone pair to a position opposite the lone pair.

The lone pair would be approximately at right angles to the
plane of the paper, so that one might be looking down on the
site of the lone pair on the left-hand side of the two Pb atoms
in Fig. 5. As is usually found with a stereochemically active lone
pair, the bonds opposite this site are short. In this case, Pb—N(3)
and Pb-O(2) are the shortest of the Pb-L bonds, once 0.06 A
is subtracted to correct®*® for the larger ionic radius'® of N as
compared to O. The short Pb—N(3) and Pb—O(2) bonds suggest
that the lone pair may be approximately at 180° to a line bisecting
the N(3)-Pb—O(2) angle. The O donors close to the site of the lone
pair would be rather long, and this might account for the long
Pb-O(4) bond, since O(4) is quite close to this site. The second
NO;™ may be truly unidentate, since its second closest oxygen to
Pb, O(7), is at a rather long distance of 3.638 A, and O(7) is not
particularly close to the site of the lone pair. There do not appear
to be any donor atoms within 4.0 A of the Pb(i1) above the site
we have proposed here for the stereochemically active lone pair, in
accord with requirement (1) above which states that there may be
a gap in the coordination sphere at the site of the lone pair.

The [Ca,(ntam);(H,0),]* complex cation (Fig. 6) contains two
Ca(1) ions in rather different environments, held together by three
bridging O-donors derived from amide carbonyl groups. Ca(1) has

two ntam groups coordinated to it, plus a bridging O-donor from
the ntam coordinated to Ca(2), giving a total C.N. of 9. Ca(2) has
one ntam coordinated to it, plus two water molecules, and two
bridging O-donors from ntam groups from the Ca(1) part of the
complex cation, giving a C.N. of 8. The Ca—O bond lengths to non-
bridging ntam O-donors fall in the range 2.381-2.435 A, with the
bridging ntam O-donors being somewhat longer at 2.402-2.537 A.
A point of interest in this structure is the Ca—O=C bond angles.
It has been suggested’® that the Ca-binding sites in proteins may
exert selectivity for Ca?* over Mg** by structurally forcing very
large M-O=C bond angles on the metal ion. A survey* of 40
structures in the protein database (PDB)* of Ca** ions bound in
Ca-selective proteins reveals that the majority of Ca—O=C bond
angles fall in the range 150-180°. This is in contrast to a molecular
mechanics (MM) study* which suggests that the strain-free Ca—
O=C and Mg-O=C bond angles with coordinated amides are
140.5 and 135.1°. The Ca-O=C angle bending force constants
are smaller than the Mg-O=C force constants,* so Ca>* may be
better able to tolerate distortion of its M—O=C angles to larger
values than Mg**. In the Ca(i)-edtam complex, the Ca-O=C
bond angles for non-bridging amide oxygens fall in a narrow range
of 120.4-123.4°. Larger bond angles are observed with bridging
oxygens, being as large as 141.5°. In the case of ntam, the ligand
enforces M-O=C bond angles that are smaller than the ideal
values. The Pb—O=C bond angles fall in the range 112.5-120.6°.
Again, an important part of the stabilization of ntam complexes
relative to the NH; complexes of large metal ions such as Ca*
may derive from the smaller Ca—O=C force constants, and hence
greater tolerance of such distortion. An important aspect is also
the fact that the smaller the metal ion is when part of 5S-membered
chelate rings, as produced by ntam, the smaller will be the M—
O=C bond angle, and hence the greater the resulting steric strain.
Thus, for example, for amide complexes with the small Cu(1r) ion,
the Cu—-O=C bond angle to a coordinated amide that is part of
a 5-membered chelate ring falls* in the range 103.0-113.9° (47
structures).

Conclusions

The study of ntam complexes reported here shows that 1) the
acetamide groups of ntam are very electron-withdrawing, leading
to a very low protonation constant of 2.6. The low basicity of
the N-donor of ntam may account in part for the low log K,
values observed for metal ions such as Cu(1r) and Ni(1r), which
have a high affinity for N-donor ligands such as NH;. 2) The
ntam complexes of large metal ions (+* > 1.00 A) have larger
log K, values than the triethanolamine complexes, supporting
the idea that amide oxygens are stronger donors than alcoholic
oxygens. 3) The amide O-donors of ntam lead to considerable
stabilization of complexes of large metal ions compared to the NH;
complexes, while complexes of small metal ions are destabilized.
Thisisinterpreted as partly due to the geometry of the 5-membered
chelate rings formed by ntam, which favours coordination with
large metal ions. 4) The ntam ligand coordinates via its O-donors
to metal ions such as Ca(ir) and Pb(11). In this it shows some
similarity to metal ion binding sites in Ca-selective proteins, where
the Ca(1) is usually coordinated to one or more amide oxygens.
In the latter, Ca—O=C bond angles that are much larger than the
ideal Ca-O=C bond angle are found, while in the ntam complexes
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the M—O=C bond angles are smaller than the ideal angles. In
both cases tolerance to distortion of the M-O=C bond angles,
as evidenced by small M—O=C bond angle deformation force
constants, may be an important factor in strong coordination to
amide groups.
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