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The effect on metal-ion selectivity of the use of cyclohexenyl bridges in ligands in place of ethylene bridges is
examined (selectivity is defined as the difference in log K; for one metal ion relative to that of another with the
same ligand). The syntheses of N,N'-bis(2-hydroxycyclohexyl)ethane-1,2-diamine (Cy,-en), N,N'-bis(2-hydroxycy-
clohexyl)propane-1,3-diamine (Cy-tn), and 1,7-bis(2-hydroxycyclohexyl)-1,4,7-triazaheptane (Cy.-dien) are reported.
The crystal structures of [Cu(Cy,-tn)(H20)](ClO,), (1) and [Cu(Cy.-dien)](CIO,), (2) are reported. Characteristics of
1: monoclinic, Pn space group, a = 11.627(2) A, b = 7.8950(10) A, ¢ = 12.737(8) A, B = 98.15(3)°, Z=2, R =
0.0524. Characteristics of 2: orthorhombic, Pbca space group, a = 21.815(16) A, b = 8.525(7) A, ¢ = 25.404(14)
A, Z=8, R =0.0821. Structure 1 has the Cu(ll) atom coordinated in the plane of the ligand to the two N donors
and two O donors, with a long bond to an axially coordinated water molecule. 2 has three N donors, and one
hydroxyl O donor from the ligand is coordinated in the plane around the Cu(ll) atom, with the second hydroxyl O
donor of the ligand occupying an axial site with a long Cu—O bond. The salient feature of both structures is the
short H-H nonbonded distance between H atoms on the cyclohexenyl bridges and H atoms on the ethylene
bridges of the ligand. These short contacts are important in explaining the metal-ion selectivities of these ligands.
Formation constants, determined by glass-electrode potentiometry, for the Cy,-en (Cu(ll), Ni(ll), Zn(ll), Cd(ll), Pb(ll)),
Cy-dien (Cu(ll), Zn(1l), Cd(Il), Pb(ll)), and Cyz-tn (Cu(ll), Zn(ll), Cd(ll)) complexes are reported. These all show a
strong shift in selectivity toward smaller metal ions compared with the analogous ligands, where ethylene bridges
are present in place of the cyclohexenyl bridges of the ligands studied here. Molecular mechanics (MM) calculations
are used to analyze these changes in selectivity. These calculations show that the short H—H contacts become
shorter with increasing metal-ion size, which is suggested as the cause of the shift in the selectivity of ligands in
favor of smaller metal ions when ethylene bridges are replaced with cyclohexenyl bridges. MM calculations are
also used to rationalize, in terms of short H—H contacts, the fact that when the chelate ring contains two neutral
O donors, more stable complexes result with cis placement of the donor atoms on the cyclohexenyl bridge, but
with two N donors, trans placement of the donor atoms results in more stable complexes.

Introduction the effect of the addition of groups bearing neutral oxygen
The search for factors that control metal-ion selectivity donors™®to ligands, which moves selectivity in the direction
has led to several rules for ligand desigh These include of relatively smaller metal ions. (Selectivity is defined as
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Figure 1. Ligands discussed in this paper. Note that where the ligand is
indicated as a single enantiomer, it is actually the racemic mixture of both
enantiomers.

the difference in log; for the ligand with the metal ion of
interest relative to that for competing metal ions, where log
K is the formation constant.) Another important factor is
the affinity of metal ions for the OHion,'367which relates

to the affinity that metal ions have for ligands such as
ferrioxamin-B (see Figure 1 for key to ligand abbreviations),
with its RO~ donor atoms. This can be expressed as a linear
free-energy relationship (LFER) between I&g for ferri-
oxamin-B and logK; for OH~ for a wide variety of metal
ions. A third factor is the size of the chelate ring2# 14
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Figure 2. Examples of chelate rings with best-fit-size metal ions, showing
diagrammatically how the bonding orbitals of the donor atoms in the chelate
rings focus on smaller metal ions as the size of the chelate ring increases.
The M—L bond lengths and £EM—L angles for best-fit metal ions are
shown for each ring.

The increase in size of the chelate ring from the five-
membered to the six-membered ring increases the selectivity
for relatively smaller metal ions. This is a powerful ligand
design tool and has been recehtlused to design a
fluorescent ligand that is selective for smaller metal ions
such as zZn(ll) over larger metal ions such as Cd(Il) and Pb-
(IN. In short, as shown in Figure 2, the lone pairs on the
donor atoms of larger chelate rings, in the conformation
required to form the chelate ring, focus on smaller metal
ions. The definitions of metal-ion size used here are in terms
of the ionic radiusr*:1® very larger* >1.2 A; large, 1.2>
rt > 1.0 A; medium, 1.0> r* > 0.8 A; medium-small,
0.8>r*> 0.7 A, small, 0.7> r* > 0.5 A, very smallr+
<05A

Chelate ring size is a dominant architectural feature in
ligand desigrt. 3814 Molecular mechanics (MM) studits-1617
have shown that tetraaza macrocycles, for example, can
assume several energetically similar conformers that can
accommodate metal ions of different sizes, so that the
anticipated *“hole-size” control of selectivity is not
observed.31617The metal-ion selectivity patterns of tetraaza
macrocycles differ little from those of their open-chain
polyamine analogues, and the controlling factor is chelate
ring size. Thus, replacing the five-membered chelate rings
in 12-aneN to give 13-aneblor in 2,2,2-tet to give 2,3,2-
tet produces a nearly identical change in selectivity such that
the increase in the size of the chelate ring from five-
membered to six-membered causes a shift in selectivity in
favor of smaller metal ion&®

The rules described above can be analyzed statistically
through LFERs. Thus, Figure 3 shows a LFERAfog K
for the transDM-EDTA and DM-TMDTA pair of ligands
as a function of metal-ion radius™).> There is an increase
in chelate ring size from five-membered size to six-
membered size in passing fromansDM-EDTA to DM-
TMDTA. As the metal-ion radius increases, there is a
decrease in lo§; for DM-TMDTA relative to that oftrans
DM-EDTA, in accordance with the chelate ring size rule. A
least-squares best-fit line has been fitted to the relationship
usingEXCEL which facilitates statistical analysis and the
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2.5

parison can be made of the selectivity effects induced by
the cyclohexylene groups of Gyglien as compared with the
macrocyclic ring of 15-anendD,. Cy.-tn is of interest
because it combines two features, the cyclohexylene groups
and a six-membered chelate ring, in its complexes, which
should lead to selectivity for smaller metal ions as compared
with Cy,-en. The structures of [Cu(G¥n)(H20)](ClOy). (1)
and [Cu(Cy-dien)](CIQy), (2) were determined to examine
structural features of these complexes that might relate to
the selectivity patterns exhibited, particularly the presence
of H—H nonbonded interactions in the coordinated ligands.
The effects of C-alkyl substituents, including cyclohexenyl
groups, on the ethylene bridges of crown ethers complexing
with alkali-metal ions have been studied by Hay et°dh
this elegant study, MM calculations on complexes of alkali-
ionic radius (A) metal ions with the CEDCH,CH,OCH; type of ligand with
Figure 3. LFER showing metal-ion size-related change in selectivity (  various alkyl substituents on the ethylene bridges were used
log K) for M2+ ions as a function of metal-ion radiisas chelate ring size to predict the metal-ion affinities of crown ethers bearing

is increased frontransDM-EDTA (five-membered central chelate ring) th bstit t f their ethv brid Th
to DM-TMDTA (six-membered central chelate ring) complexaslog K € same substituents on some or their ethylene briages. Ine

log K;(DM-TMDTA) - log K1(DM-EDTA)
(=)
(5.}

“14y=-57104x + 55938

R?=0.8333

-1.5

refers to the equilibrium: MtansDM-EDTA) + DM-TMDTA =M (DM- substituted ethylene bridges studiegre summarized in the
TMDTA) + transDM-EDTA. log K; data from ref 19. lonic radif for diethers 9 in the following graphic.

octahedral metal ions except for Cu(ll), for which the square-planar radius

is given.

calculation of coefficients of determinatiorR% for the —g  o— —o: o— _o; o—
relationships. For dozens of such relationshigfsyalues of \M/ \/ \/

. M M
better than 0.8 are obtained. |

1 2 3 m

An interesting effect on metal-ion selectivity is seen for ) o
ligands containing cyclohexylene bridg&s??> as in the _H_ > \ _0)' <o_ (I D

(o} O

N Lo

examples of such ligands shown in Figure 1. It is perhaps O\ /0 _0\ /o_

surprising that, compared with the ethylene bridge, the rigid , ™ s 6

cyclohexylene bridge consistently le&dds22 to a shift in 10
selectivity in the direction of smaller metal ions, since the ) l\/ Q Q

cyclohexylene bridge also involves a five-membered chelate —g o— —¢ o d  o—

ring. This resembles the effect of substituting H atoms on \/ \/ \/

the bridges of the chelate rings of EDTA with C-alkyl
groups® which also leads to a shift in selectivity in the
direction of smaller metal ions. This is illustrated in Figure 1ha idea here was that an analysis of the complexes of the
4 for isopropyl-EDTA, where the bulky isopropyl group on  ap5ye diethers 49 would predict metal-ion selectivity

the central bridge of the ligand leads to a shift in selectivity patterns of sets of crown ethers containing one or two such
in the direction of smaller metal ions as compared with the bridges. Thus, the selectivity patterns of crown ether 10

8 9

unsubstituted EDTA ligand. _ , , relative to those of other crown ethers with two bridges,
~Some metal-ion complexing properties of the ligahcs'- corresponding to those in the diethers-9, could be
bis(2-hydroxycyclohexyl)ethane-1,2-diamine ¢&n),N,N'- predicted by considering the selectivity effects of 8 on its

bis(2-hydroxycyclohexyl)propane-1,3-diamine ¢4y), and 4y compared with the other diethers. It was found that this
1,7-bis(2-hydroxycyclohexyl)-1,4,7-triazaheptane£8ien)  gnnr0ach successfully predicted the metal-ion affinities of
are reported here, with the aim being to further analyze the ¢y ethers. However, in contrast to what has been found
effects of cyclohexylene brldggs a_nd other C—alkyl_groqps previoush?-22 with N-donor ligands, the study of Hay et
placed on the bridges of chelating ligands on metal-ion size- predicted, as supported by experimental kagalues?®
based selectivity. Gydien has the sgmezsti?nor set as the ¢ for alkali-metal ions with crown ethers, alkyl substituents
macrocycle 15-aneJ0; reported earlief*2and a com- o the ethylene bridges led to drops in lg values. The
(19) Martell, A. E.; Smith, R. M.Critical Stability Constant Database eXpla_natlon for this advanced by Hay et al. Was_ that alkyl
National Institute of Science and Technology: Gaithersburg, MD, Substituents caused less favorable conformations of the

2003; Vol. 46. hel rin nd ther iliz h
(20) De Sousa, A. S.; Croft, G. J. B.; Wagner, C. A.; Michael, J. P chelate gs to be adopted and thereby destabilized the
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Table 1. Crystallographic Data fot and2 25 —
o o o s 0
1 2 239 \(*cum Y ,—H.f-s.f%
— 0. 3 o 3
empirical formula GsH32Cl,CuNO11 C16H33CI2CuNsO1 .‘5 214 B‘J L!;"o L‘J L[;fo
M 552.87 561.89 a * EDTA isopr-EDTA
T(K) 163(2) 293(2) Z 19 2n(y
cryst syst monoclinic orthorhombic o Co(l) ¢ Mg
space group Pn Pbca 2 1.7 -
a(h) 11.627(2) 21.815(16) _ N
b (A) 7.895(1) 8.525(7) X 1.5 1 . cd(l
c(A) 12.737(8) 25.404(14) a 13 Mg(ll)
a (deg) 90 90 £ Pb(ll)
B (deg) 98.15(3) 90 2 414 ca(ll) o .
7 (deg) 90 90 s sr(ll)
U (A3) 1157.4(8) 4724.5(58) o 0.9 -
z 2 8 k-] =-1.8284x + 3.1986
u (mm1) 1.231 1.206 0.7 4 R?=0.8738 Ba(ll
reflns collected 2161 4104
independent refins 2003 4072 0.5 T T
final Rindices R1=0.0524, R1=0.0821, 04 0.9 14
[I = 20(1)] wR2=0.1359 wR2=0.2058 jonic radius (A)
Rindi Il dat R* 0.0619, R1=0.2302, . . . . .
indices (all data) WR2 = 0.1594 WR2=0.3743 Figure 4. LFER showing for M* ions the metal-ion size-related change

in selectivity (A log K, which here is logK(isopropyl-EDTA) — log
. . . K(EDTA)) as a function of metal-ion radius for isopropyl-EDTA relative
complexes. Of particular interest is the fact that groups such o that of EDTA. lonic rad#s for octahedral metal ions except for Cu(ll),

as thetrans-cyclohexylene bridge (diether 9 in the graphic for which the square-planar radius is given. Least-squares best-fit line and
above) produce the largedecreasen log Ky with crown ~ 1ts equation, plus¥’, calculated usingXCEL™®

ethers’>26whereas with ligands such as those reported here
with N donors, thérans-cyclohexylene bridge produces the
greatestincreasein log K;. In addition, a cis arrangement

of the O-donor atoms on cyclohexylene bridges in crown 2
ethers (structure 8 in the graphic) leads to more stable
complexes than a trans arrangement, whereas for the N-donor ~0

ligands studied here, the opposite is true. In this paper we

attempt to explain why cyclohexylene bridges could produce

such differing effects in different ligand systems. The Specific rigyre 5. ORTEP drawing of the complex cation of, showing the

questions that are raised here are as follows: (1) Why arenumbering scheme for atoms coordinated to the Cu atom. The atom O(9)

complexes where the substituents on the bridge are trans andp from a coordinated perchlorate, whereas O(3) is from a coordinated water

where there are N donors in the chelate ring more stame{‘Qg}i;’;‘e'g'aﬁ“;’;kﬁn“”;‘gg bonded separations discussed in the text are

than cis-substituted analogues, compared with ligands that

contain only neutral O donors, where the reverse is true. For60 mL of anhydrous ethanol, and to this was added cyclohexene

the latter types of ligand, studied by Hay et al., that have oxide (Fluka, 6.5 g). The solution was refluxed fh in around-

only neutral O-donors, trans-substituted cyclohexylene bridgesPottomed flask fitted with a Cagrying tube. A white precipitate

produce complexes of lower stability than any other pattern formed, which was collected and a|r-_dr|ed. After_further reflu>_(|r_lg,

of substitution, whereas the cis-substituted analogues are ofhe SOIVe.m was remqved’ and an 0.” was obtained t.hat solidified

the highest stability. (2) What causes the selectivity of ligands on standing. The S-O“ds were combnn_ed and crystal_llzed from 50
= ) . . mL of acetone to give 3.4 g of crystalline material (yietd30%).

to shift in favor of smaller metal ions when alkyl substituents 1y \vR (D,0): Oy 3.32 (M, 2H, GIOH), 2.61 (M, 4H, Gi,NHR),

are added to bridges between two N donors or an N donor 3 (m, 2H, GINHR), 1.94 (br s, 4H, €,CHOH), 1.67 (br s,

and a neutral O donor? The work of Hay efakuggests 4H, CH,CHNHR), 1.22 (br m, 8H, ChHCH,CH,CH;,). 13C NMR

that the preference of ligands containing neutral O donors (CDCl): ¢ 74.90 CHOH), 64.06 CHNHR), 47.47 CH.NHR),

will always be for larger metal ions, regardless of the 33.81 CH,CHOH), 31.62 CH,CHNHR), 25.61 (CHCH,CH,CH;).

substitution pattern on the bridge of the ligand. (3) Why does MS (FAB, NBA): mz 257.2 (Mf + 1). Anal. Calcd for

the addition of C-alkyl groups to ethylene bridges between CidHzeN202: C, 65.59; H, 11.01; N, 10.93. Found: C, 65.58; H,

an N-donor or between an N donor and an O donor causell:23; N, 1_0-93- ) )

an increase in log; compared with that of the unsubstituted ~_ SYNthesis of N,N'-Bis(2-hydroxycyclohexyl)-1,3-propanedi-

ligand, and why do all such substitutions on chelate rings 2™'¢ (Cyz-tn). 1,3-Propanediamine (Aldrich, 1.0 g) was dissolved

. . in 60 mL of anhydrous ethanol, and to this was added cyclohexene
involving only neutral oxygen donors usually lead to a drop, oxide (Fluka, 5.3 g). The solution was refluxed at®Dfor 24 h

or at best a marginal increase, in complex stability? in a round-bottomed flask fitted with a CaQirying tube. After
refluxing, the solvent was removed and an oil was obtained that
solidified on drying under reduced pressure. The solid was
Materials. Metal nitrates and perchlorates were obtained from crystallized from 35 mL acetone to give 2.9 g of crystalline material
Aldrich in at least 99% purity and were used as received. (yield = 80%).H NMR (D,0): oy 3.30 (m, 2H, G1OH), 2.69
Synthesis ofN,N'-bis(2-hydroxycyclohexyl)ethylenediamine (m, 2H, H,NHR), 2.56 (m, 2H, E,NHR), 2.35 (m, 2H, EINHR),
(Cyz-en). Ethylenediamine (SAARCHEM, 1.0 g) was dissolved in  1.92 (br d, 4H, €1,CHOH), 1.67 (br m, 6H, 6,CHNHR and G,-

Experimental Section

4752 1Inorganic Chemistry, Vol. 46, No. 11, 2007



Controlling Metal-lon Selectvity

Table 2. Selected Bond Lengths and Angles for

Bond Lengths (&)

Cu(1)-N(1) 1.977(9) Cu(1y0(2) 1.992(9) Cu(1r0(1) 1.996(6)
Cu(1)-N(2) 1.998(7) Cu(1y0(3) 2.263(9) Cu(1r0(9) 2.789(9)
Bond Angles (deg)
N(1)—Cu(1)-0(2) 172.8(4) N(1)}-Cu(1)-0(1) 84.5(3)
0(2)-Cu(1)-0(1) 94.9(3) N(1)}-Cu(1)-N(2) 94.5(3)
0O(2)-Cu(1)}-N(2) 85.0(3) O(1)>Cu(1)-N(2) 170.9(3)
N(1)—Cu(1)-0(3) 97.2(4) 0(2)-Cu(1)-0(3) 90.0(4)
O(1)~Cu(1)-0(3) 91.8(3) N(2}-Cu(1)-0(3) 97.3(3)
CH,NHR), 1.39-0.92 (br m, 8H, CHCH,CH,CH,). °C NMR Formation Constant Determination. Formation constants were
(CDCly): dc 73.55 CHOH), 63.58 CHNHR), 45.25 and 44.95  determined by glass-electrode potentiometry following literature
(CH;NHR), 33.54 CH,CHOH), 30.47 CH,CHNHR), 25.06 CH,- methods® Potentiometric measurements were made with a Radi-

CH;NHR), 24.42 (CHCH,CH,CH,). MS (FAB, NBA): nVz271.2 ometer PHM84 pH meter equipped with a combined glass/reference
(M* + 1). Anal. Calcd for GsHzoN,O,: C, 66.63; H, 11.18; N, electrode (GK2402B or GK2401C). Potentiometric data were
10.35. Found: C, 65.58; H, 11.71; N, 10.31. analyzed using th&STAprogram3® The potentiometric studies
Synthesis ofN,N"-Bis(2-hydroxycyclohexyl)diethylenetriamine were carried out in 0.1 M NaNg and all solutions were
(Cyx-dien). Diethylenetriamine (Riedel de Haan, 2.0 g) was thermostatted to 25.6c 0.1 °C during potentiometric studies.
dissolved in 60 mL of anhydrous ethanol, and to this was added Formation constants reported here for the complexes ofe@y
cyclohexene oxide (Fluka, 9.5 g). The solution was refluxed for Cy.-tn, and Cy-dien are given in Table 4.
24 h in a round-bottomed flask fitted with a CaGlrying tube, MM Calculations. These were carried out using the program
after which the solvent was removed and a pale-yellow oil was HyperChen#! which utilizes the MMt force field, which is an
obtained that solidified on drying under reduced pressure. The solid expanded version of the MM2 force fietldand was used for all
was crystallized from 50 mL of hot acetone to give 3.3 g of MM calculations using the default parameters in the program. MM

crystalline material (yield= 57%).*H NMR (D;O): dy 3.28 (m, was used to calculate the increase in strain enefdy) (of the
2H, CHOH), 2.68 (m, 8H, €1,NHR), 2.34 (m, 2H, GINHR), 1.94 ligand on complex formatio#f, using —OMe (Me = methyl) or
(br d, 4H, (H,CHOH), 1.66 (br s, 4H, 6,CHNHR), 1.38-0.89 —NMe; groups on model chelate rings much in the manner of Hay

(bor m, 8H, CHCH,CH,CH,). 3C NMR (CDCk): dc 73.59 et al?® The ligands used as models were thus L1, L2, L3, and L4
(CHOH), 63.52 CHNHR), 49.81 and 45.89QH,NHR), 33.73 in Figure 1. The strain energies of the free ligands and of the
(CH,CHOH), 30.79 CH,CHNHR), 24.99 and 24.52 (GI&H,CH,- complexes with K(I), Cd(ll), and Zn(ll) were calculated to obtain
CHy). MS (FAB, NBA): m/z 300.1 (M" + 1). Anal. Calcd for AU from eq 1:

Ci16H3aN302: C, 64.16; H, 11.11; N, 14.03. Found: C 64.61; H,

11.54: N, 13.81. a-. -;)nlnle)‘ocr&t(\::‘;l'egr(;ﬁ)and trans) (AU= Uy - Up)
Synthesis of [Cu(Cy-tn)(H20)](ClO 4), (1). The ligand (0.4 g)

in 10 mL deionized water was added to Cu(@Qi6H,O (Aldrich, X AU X

0.5 g) in 20 mL of deionized water after the addition of 10 mL of C[ + M = (I >M (1

a solution of KOH (0.15 g) and cooling in an ice bath. After X X

warming (66-65 °C) for 20 min, the complex precipitated as dark- U Um

blue crystals (wt. of product 0.82 g; yield= 58%). Anal. Calcd
for CisH3oN,01:Cl,Cu: C, 32.59; H, 5.83; N, 5.07. Found: C, Hay et al. carried out an extensive search for the minimum strain

33.38; H, 5.71; N, 5.46. energy conformers of the metal-ion complexes and the free ligands,
Synthesis of [Cu(Cy-dien)](ClO4), (2). The ligand (0.6 g) in and it. was found for cyclohexylene bridges, both cis and trans
10 mL of deionized water was added to Cu(@iBHO (Aldrich, substituted, that what was termed the00) conformer for the

0.7 g) in 15 mL of deionized water after the addition of 10 mL of positions of the Me® groups was of the lowest strain energy in

a solution of KOH (0.2 g) and cooling in an ice bath. After warming all cases. The full meaning of this terminology is given in their
(70 °C) for 20 min, the complex precipitated on cooling as dark- Paper:®but describing it simply here, the conformers have the30

blue crystals (wt. of product 0.73 g; yield= 65%). Anal. calcd bonds of the methoxy groups approximately parallel to theCC

for CigH3aN3O1Cl,Cu: C, 34.20; H, 5.92; N, 7.48. Found: C, bond of the bridge between the two O-donor atoms, as seen in parts

33.95; H, 5.75; N, 7.16. ¢ and d of Figure 9 in the Results and Discussion section. In fact,
Molecular Structure Determination. A mounted crystal of. if one assumes that the cyclohexenyl bridge will adopt a chair
was placed in a cold nitrogen stream maintained-80 °C. A conformation, very few conformations are actually possible even

Rigaku AFCS5 four-circle diffractometer was emp|0yed for Crysta| for the free Ilgand These involve different orientations of the MeO
screening, unit cell determination, and data collection for both groups, and MM calculations here, experimenting with different
structures. The structure was solved by Patterson synthesis andrientations of the Me© groups, support the idea that the{()
refined to convergenc®.Details of the structure determinations —conformation is of the lowest energy for cyclohexenyl bridges. For
of 1 and2 are shown in Table 1, and these together with the crystal cyclohexenyl-bridged ligands withNMe; groups (L1 and L2 in
coordinates have been deposited with the CCDSome more  Figure 1), only one low-energy conformer for the complexes and

important bond lengths and angles foand?2 are given in Tables — — -
2 and 3 (29) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
' Constants VCH Publishers: New York, 1989.
(30) May, P. M.; Murray, K.; Williams, D. RTalanta1985 32, 483.
(27) G. M. Sheldrick SHELX 5.1 Bruker AXS, Inc.: Madison, WI, 1998. (31) HyperChenprogram, version 7.5; Hypercube, Inc.: Waterloo, ONT,
(28) Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge Canada.

CB2 1EZ, United Kingdom. (32) Allinger, N. L.J. Am. Chem. S0d.977, 98, 8127.
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Table 3. Selected Bond Lengths and Angles @r
Bond Lengths (&)

Cu(1-N(2) 1.963(9)  Cu(1)rO(1) 1.991(6)
Cu(1)-N(1) 1.997(7)  Cu(1¥N(3) 2.033(8)
Cu(1-0(2) 2.241(7)
Bond Angles (deg)

N(2)—Cu(1)-0(1) 148.1(3) N(2)-Cu(1)-N(1) 86.1(4)
O(1)-Cu(1)-N(1)  83.7(3) N(2)-Cu(1)-N(3)  87.3(4)
O(1)-Cu(1)-N(3) 104.7(3) N(13-Cu(1)-N(3) 171.5(3)
N(2)—Cu(1)-0(2) 118.2(3) O(1)Cu(1y-0(2) 93.2(3)
N(1)—Cu(1)-0(2) 98.3(3) N(3)-Cu(1)-0(2) 80.1(3)

free ligands occurs, and it is that seen in parts a and b of Figure 9.
To scan strain energy as a function of metal-ion $tz&e force

Hancock et al.

Figure 6. ORTEP drawing of the complex cation o2 showing the
numbering scheme of atoms coordinated to the Cu atom. Sheti H

constants involving the metal ion were kept constant at those for ,onnonded separations discussed in the text are indicated as broken lines.

high-spin Ni(ll), and the strain-free MN and M—0O bond lengths
were varied over a range from 1.9 to 3.2 A. The ideat®llength

Table 4. Formation and Protonation Constants of Ligands Reported in

at each point was set to be 0.06 A shorter than the ideaNm ~ This Study
length, which is a typical difference in bond length for any one equilibrium logK ref
metal ion. H* + OH- = H,0 13.78 19
i i L = Cyz>-en
Results and Discussion L HY=LH* 0.66 this work
Structures of ComplexesThe structures of the complex é‘}:i 'E* ‘_—‘C'-Tgf 582 gr“'.s Wori
. 2+ . + =Cu . IS worl
cations [Cu(Cftn)(Hzo)] and [Cu(Cy-dlen)]'2 from 1 CuL? + OH- = CuLOH* 6.64 this work
and?2 are seen in Figures 5 and 6. The coordination around  CuLOH"+ OH~ = CuL(OH), 4.59 this work
the Cu(ll) atom inl consists of donor atoms from the £y 2“22::'[# ’;”-Lz; Z-g :E!s Wor::
. . . . n =4n . IS wWOor
tn Ilga_md lying in the plane, with oxygen donors frqm a ZnL2+ + OH- = ZnLOH* 529 this work
coordinated water molecule and a perchlorate occupying the = znLOH* + OH~ = ZnL(OH), 4.17 this work
axial sites, with long CtO bonds. What is of interest are gf;jﬁf;fdué Lo i-gg :E!S W‘”t
= . IS wor
the short H-H nonbonde.d contacts between the H atoms  ppr 4| < ppr2+ 6.56 this work
on the cyclohexenyl bridges and the H atoms on the  PbL?* + OH- = PbLOH* 5.37 this work
trimethylene bridge of the ligand. These H atoms approach L = Cyxtn
each other to well within the sum of the van der Waals #adii bji':; LHCH . 13%% trr]\_is worII:
. - 2 . this wor
of two nonbonded H atoms, namely, 2.40 A.2r(Figure _ Cl* 4+ L = Cult 1267 this work
6), one of the O donors from a cyclohexyl group occupies Znet + L = znL2+ 5.04 this work
an axial coordination site with a long €® bond of 2.241 CcP* + L= CdL2* 4.15 this work
A. One notes that there are also short contacts between H . ) L = Cyz-dien _
atoms on the cyclohexenyl bridgesénd adjacent ethylene MR g-?g m:g ag:t
. N . . . = 2 .
bridges of the ligand. That involving the cyclohexenyl bridge LHo2" + H* = LH3* 3.84 this work
where the O donor occupies the axial coordination site is Cu;IJr L=CuL22++ 16.74 this work
somewhat longer, but it should be noted that there is a second 2%, * - 27 o this work
fairly short H-H contact at that site, which becomes shorter P+ + L = PbL2* 9.01 this work

as the size of the metal ion is increased in MM calculations,
as discussed below. Also of importance are the shertHH

aAt25°Cin 0.1 M NaNQ.

contacts on2 between the H atoms of the coordinated gg|ectivity for the small Cu(ll) ion relative to that of the large
hydroxyl groups and the H atoms on the cyclohexylene py, ) jon. Figure 8 shows the metal-ion size-related change

bridges, also indicated in Figure 6.

Formation Constants. The formation constants deter-
mined here for Cyen, Cy-tn, and Cy-dien are seen in Table
4. As has been found with the few examples avaifdbté
of chelating ligands withtrans-cyclohexylene bridges be-

in selectivity for Cy-dien complexes as compared with those
of the macrocycle 15-anel,. Figure 8 shows that the
nonmacrocylic ligand Gydien is more selective for smaller
metal ions than the macrocycle 15-ané) which relates
to the strong selectivity for small metal ions produced in

tween the donor atoms, where at least one of the donors isjigands by the presence of cyclohexylene bridges as well as
an N donor, _con5|derable _stab|I|zat|(_)n is fqund relative t(_) the larger cavity size of the macrocycle. It appears from

analogues with ethylene bridges, which is size related. This gty ctural studies of complexes of metal ions with 15-ane-

is illustrated for Cy-en relative to DHEEN, its analogue with Xs-type macrocycles (%= O, N) tha#s-38 Mn(Il) may fit

only ethylene bridges, in Figure 7. Figure 7 shows that the ¢ cavity best. Mn(ll) has an ionic radi®f 0.8 A, and it
two cyclohexylene bridges of Gyen cause a strong shift in

(36) Riley, D. P.; Lennon, P. J.; Neumann, W. L.; Weiss, RJHAm.

(33) Hancock, R. DProg. Inorg. Chem.1989 37, 187.

(34) Bondi, A.J. Phys. Chem1964 68, 441.

(35) Farrugia, L. J.ORTEP-3 for Windowsversion 1.08;J. Appl.
Crystallogr. 1997, 30, 565.
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Chem. Soc1997, 119, 6522.

Commun.1999 1565.

(37) Deng, Y.; Burns, J. H.; Moyer. B. Anorg. Chem 1995 34, 209.
(38) Reid, H. O. N.; Kahwa, I. A.; White, A. J. P.; Williams, D.Ghem.



Controlling Metal-lon Selectvity

Table 5. Formation Constants for Gyen (Five-Membered Chelate
Ring) and Cy2-tn (Six-Membered Chelate Ring) Showing Variation with
Metal-lon Radiu®

metal ion
Cu(ll Zn(ll) cd(ln
ionic radiug® (A) 0.57 0.74 0.95
log K1 Cy»-en 11.47 6.18 5.69
log K1 Cya-tn 12.67 5.04 4.15

Table 6. Strain Energies{) Calculated by MM for Free Ligands and
Chelate Rings of the Ligands Shown with Metal leaszn(Il), Cd(ll),

and K(I@
OMe OMe O/Nme 2 NMe ,
O'/'"om O:OMe “Nme CENMe;

trans cis trans cis
U(free ligand) 14.44 19.31 20.89 27.63
u(znL) 24.50 26.54 34.99 43.21
AU(Zn(I1)) 10.06 7.23 14.10 15.55
AU(cis—trans) —2.83 +1.45
U(CdL) 19.10 20.24 19.30 27.13
AU(Cd(11)) 4.66 0.93 —-1.59 —0.05
AU(cis—trans) —-3.73 +1.44
U(KL) 15.27 16.23 23.15 30.26
AU(K(1)) +0.83 —3.08 +2.26 +2.63
AU(cis—trans) —4.91 +0.37

aAU(M) refers toUm (U for the complex)— U (U for the free ligand),
where M is Zn(Il), Cd(ll), or K(I). Units are kcainol-1. AU(cis—trans)
shows for each pair of isomeric ligand complexes how much the cis isomer
is sterically favored over the trans isomer.

is of some interest that the crossover of ¥exis in Figure
8 occurs close to this value.

Log K; values for Cy-tn were obtained only for Cu(ll),
Zn(Il), and Cd(Il) (Table 4), since the equilibria with Ni(ll)
were very slow and hindered measurement olggvhereas
the Pb(Il) complex did not form before the pH was so high
that Pb(OH) precipitated. The slow kinetics of the complex
formation of Ni(ll) with Cy»-tn is indicative of the high level
of preorganization of the ligand, whereas the instability of
the Pb(Il) complex testifies to the ability of the six-membered
chelate ring formed to lower the affinity of the ligand for
large metal ions. The lo#; values for Cy-tn with Cu(ll),
Zn(Il), and Cd(Il) compared to Gyen show the exact pattern
expected. Thus, lol; for the small Cu(ll) ion increases on

replacing the five-membered chelate ring between the two

N donors of the Cyen complex with a six-membered chelate
ring in the Cy-tn complex. For the large Cd(ll) ion, this
causes a decrease in l&g in the Cy-tn complex, as seen
in Table 5. The logK values for the ligands studied here,
namely, Cy-dien, Cy-en, and Cytn, all refer to ligands

2
/N MN
E 181 & Cu(ll) [N Nj - ON O
w 1.6 | OH HO “OH HO
3z DHEEN Cyp-en
X 141 .
o Zn(ll)
2) 1.2 p
: *
T 4] Y =-2.0030x + 2.8017
f;‘ Ni(“) R° =0.8591
O o8-
< *
o 0.6 -
L cd(y Pb(l)
04 - .
0.2 : : ‘
0.5 0.7 0.9 1.1 1.3

ionic radius (K).

Figure 7. Effect of cyclohexylene bridges on metal-ion selectivity o
donor set ligands, in plotting the difference in I&g between the Gyen
(cyclohexylene bridges between N and O donors) and DHEEN (ethylene
bridges between N and O donors) against metal ionic tadliis seen that

the cyclohexylene bridges produce a larger increase irklpépr small
metal ions (Cu(ll)) than for large metal ions (Pb(ll)). lonic radii refer to
octahedral radii except for Cu(ll), for which the square-planar radius is
given.

2
o) A 7
-4 1.5 E J — g
S cum L, .
c N OH HO
u?, 1 15-ane-N3;0, Cy,-dien
Z
X .
o 0-5 Zn(ll)
2
1o T
S o5 0.7 1|3
T -0.5
>
< -
S - cd() Ph(ll)
2 .
= -1.5 y = -4.189x + 3.4855

R’ = 0.9333
-2
lonic radius (A)
Figure 8. Comparison of selectivity change\ (log K) of Cy,-dien

compared with that of 15-anel, as a function of metal-ion radiuA. log

K is log K; for the Cy-dien complex minus lod; for the 15-anehO,
complex. The diagram shows that the nonmacrocyclig-d@ign with its

two cyclohexylene bridging groups between the donor atoms has more
selectivity for smaller metal ions than does the macrocycle 15-gDeN
lonic radii from ref 15 refer to octahedral radii except for Cu(ll), for which
the square-planar radius is given.

produce more stable complexes with cis substitution of the
cyclohexenyl bridge and ligands with N donors form more

where the cyclohexylene groups bridge between an N donorstable complexes with trans substitution, can be addressed
and an O donor. The effect on complex stability appears to by MM calculations on model chelate rings with K(l), Cd-

be rather similar to that of ligands such @ansCDTA,
where the cyclohexylene group bridges between two N
donors. The ligands studied by Hay efainvolve chelate
rings that contain neutral O donors. MM calculations are

(I, or Zn(ll) as the metal ions. These were selected as
examples of a very large, an intermediate, and a small metal
ion. It should be noted that the same trend is observed with
cis-C,C'-dimethyl (preferred with O donors) amichns-C,C'-

now discussed that address the questions raised in thedimethyl (preferred with N donors) substitution of the

introduction.
MM Calculations. The first question raised in the
introduction, namely, why all neutral O-donor chelate rings

ethylene bridge of the chelate ridt2®namely, that with two
O donors, cis substitution leads to more stable complexes,
whereas with two N donors, trans substitution does as well.
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steri
[trans | ashes

cis severe steric
) *, ~~ clash between
H N-methyl $H N-methyl H-atoms
group 30 and H-atoms on
cyclohexenyl
bridge
T A
a) AU = 14.10 kcal/mol b) AU = 15.58 kcal/mol
. [

no axial methyl on
O-donor to clash
with cyclohexenyl
bridge in cis
position

cyclohexyl
group "~

no steric
clashes ~

steric
clash “H

O-methylo Zn
c) AU = 10.06 kcal/mol  d) AU = 6.23 kcal/mol

Figure 9. Structures of chelate rings of Zn(Il), with cyclohexylene bridges
between the donor atoms. See Figure 1 for structures of liganed 4.1

(a) L1 has trans placement, and (b) L2 has cis placement of-iigle,
donors on the cyclohexenyl bridge. (c) L3 has trans placement, and (d) L4

has cis placement of the methoxy donor groups on the cyclohexenyl bridge.

Structures were generated by MM using the Mivhodule ofHyperChen#t

Hancock et al.

16

14
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10

AU (kcal/mol

2:5
M-N (A)

Figure 10. Increase in strain energyAU) for the complexes of DHEEN
(A) (five-membered chelate rings), DHETN (B) (one six-membered chelate

19 21 23

H atoms not relevant to the discussion were removed for clarity. The increase!ing), and its analogue Gytn (C) calculated as a function of N bond

in strain energies/AU) in going from the free ligand to the Zn(Il) complex
is given for each chelate ring. Note that, in parts ¢ andld,is lower for

cis placement (L4) of the O donors, whereas in parts a ardbis lower

for trans placement of the N donors (L1). Drawings were made with
ORTER35 short H-H nonbonded contacts<@.4 A) are indicated with
broken lines.

Calculations were carried out on model chelate rings, using
the approach of Hay et & with ligands L1-L4 in Figure

1. The results for the free ligands and the complexes with
K(1), Cd(ll), and Zn(ll) are seen in Table 6. Ball-and-stick
drawings of the chelate rings, together with the calculated
increase in the strain energies on complex formati®d)(

are seen in Figure 9. What the MM calculations allow one
to identify is the source of the preference of chelate rings

length using the MM- module ofHyperChemas described in the texAU

= U(ML) (the strain energy for the complex) U(L) (the strain energy of

the free ligand). Note how the strain energy increases more rapidly with
increasing metal-ion size for the cyclohexylene-bridged ligand at C than
for the ethylene-bridged analogue at B, whergascreases most slowly
for A.

Table 7. Log K; Values for en (Ethylenediamine) Complexes and with
Ligands with Cyclohexylene-Substituted Bridges

Co(ll) Ny cu(ll) zn(ll)  Cd(ll)
log K1 (en) 5.5 7.3 1049 569 54
log K1 (cis-DAC) 579 712 1061 608 578
logK; (ransDAC) ~ 6.37  7.80  11.09 637 580

aDAC = 1,2-diaminocyclohexane; data from ref 19.

In the situation where the substituents on the O donor or

with neutral O donors for cis-substituted bridges and chelate the N donor are H atoms rather than methyl groups, the steric

rings with N donors for trans-substituted bridgésriginates
from the fact that the neutral O donor has only one
substituent on i{(—OH or —OR), whereas the neutral N
donor has two substituents on(it NH, or —NRy). For the

interactions are much weaker. Thus, MM calculations show
that the differences iAU between cis and trans placements

of the donor atoms on the cyclohexylene bridge shown in
Figure 9 become much smaller, nametylkcal/mol. This

N-donor ligands, one of the substituents has to occupy ais in accordance (Table 7) with experimental valtfashich

sterically very unfaorable position in the cis-substituted
ligand. Thus, as seen in part b of Figure 9, the main problem
that chelate rings involving a cyclohexenyl bridge with two
cissNMe, donor groups on it (L2 in Figure 1) have is a steric
clash between the H atoms on the axial methyl of-tiNMe,
group and the axial H atoms on the cyclohexenyl bridge.
The O donor in part d of Figure 9 (L4 in Figure 1) has no
such axial substituent and can accommodateciteyclo-
hexenyl bridge in a sterically efficient manner. In addition,
it also does not have the steric clash between-tCH;
group and the cyclohexenyl bridge that is present in L3 with

show that the differences in ldg; are quite small focis-
1,2-diaminocyclohexanecis-DAC) and trans-1,2-diami-
nocyclohexanetfans-DAC), where the subsitituents on the
N donors are H atoms.

Point 2 raised above is the source of the shift in selectivity
in favor of smaller metal ions induced by alkyl substituents
on the ethylene bridges of chelate rings (see Figures 4, 7,
and 8). This can be addressed by calculatitgfor DHETN
and Cy-tn complexes as a function of metal-ion size, as
shown in Figure 10. A curve for the DHEEN complex is
also included as an example of an all five-membered set of

its trans-substituted methoxy groups on the cyclohexenyl chelate rings. Figure 10 shows that there is an increase in
bridge, indicated in part ¢ of Figure 9. The MM calculations  strain energy with an increase in metal-ion size for all three
summarized in Figure 9 thus account fakJ being less complexes, that is least for the DHEEN complexes with their
for the cis-substituted cyclohexenyl bridge with methoxy five-membered chelate rings and increases for the DHETN
donor groups but also being less for the trans-substitutedand then the Cytn complexes, which have the largest
bridge with dimethylamino donor groups. This is in ac- increase iMAU. The large increase in the &tn complexes
cordance with the preferences indicated by the formation can be traced to the shortHH nonbonded contacts, as seen
constantg?:2526 in Figure 5 for the Cytn complex of Cu(ll). These short
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H—H contacts are predicted by MM to decrease from 2.28 hence, their increasing ability to favor the syn relative to
A'in the complex with M-N = 1.9 A to 2.10 A where M-N the anti conformer leads to greater preorganization of the
= 2.7 A. A reviewer has correctly pointed out that it appears ligand for complexing metal ions.

that the parametrization of the-HH nonbonded repulsions
in MM2 leads to H atoms where the repulsions are
overestimated. Thus, the calculations reported here may be (1) The work reported here highlights the importance of
somewhat overestimated in Figure 10, for example. This short H-H nonbonded contacts in controlling metal-ion size-
has been corrected in the MM3 force-fiéfd,but in based selectivity. These are particularly important between
general, the MM2 force field performs well, and it is not C-alkyl substituents on the ethylene bridges of ligands and
clear that overall better results are obtained by MM3 or even H atoms on substituents on the donor atoms, e.g., the methyl
guantum-mechanical approaches. One should simply bear ingroups on ligands such &sins-1,2-dimethoxycyclohexane
mind that Figure 10 might somewhat overestimate the effects(L3 in Figures 1 and 9) or on bridging groups of additional
of short H-H nonbonded interactions at larger metal ionic chelate rings as in Gytn or CDTA complexes. It should be
radii. noted that when the donor atoms bear only H atoms as in

The third question to be addressed, namely, why the ~OH or —NHz groups, the steric effects are small. (2) In
chelating ligands containing N donors studied by us and ligands with neutral O donorsis-cyclohexylene bridges
others show increases in ld¢ on the addition of C-alkyl ~ Produce more stable complexes thaans-cyclohexylene
groups to the ethylene bridge whereas the crown ethersbridges, whereas for N donors, the opposite is true. Where
examined by Hay et &F do not, can possibly be addressed the N donors have two alkyl substituentsNR), one of
in terms of preorganizatidh and inductive effecté! It these has to occupy an axial position on the chelate ring,
appearé that the stabilization of the complexes of ligands Where it clashes sterically with aeis-, but not atrans
by the placement of alkyl groups on ethylene bridges arises cyclohexylene bridge. In contrast, neutral O donors can have
at least partly from a reduction in energy required to change only one substituent{OR), and so there is no axial group
the ethylene bridge from the anti conformation energetically t0 clash with thecis-cyclohexylene bridge, which is posi-
favored in the free ligand to the syn conformation required tioned in a sterically very efficient manner and produces more
to complex the metal ion. Since crown ethers are already Stable complexes than teans-cyclohexylene bridge. The
more preorganized, with some or all of their ethylene bridges same analysis applies to the effects of C-methyl groups on
constrained in the syn conformation, this effect would not the ethylene bridges of ligands in that, for two O donors,
apply to them, and no stabilization would result, as is CiS placement of 1,2-dimethyl groups will be preferred,
observed? It is also possible that the N-donor ligands studied Whereas for N donors, trans placement of 1,2-dimethyl
may respond better to the inductive effects of C-alkyl groups groups is preferred. (3) It appears that increasing inductive
than do the O donors. A considerable amount of work has €ffects may contribute to increases in complex stability as
showrt#2 that whether alkyl substituents will cause an more C-alkyl bridges are added to ethylene bridges. These
increase in lod<; or not is a balance between inductive and inductive effects are strong for metal ions studied in the
steric factors. Thus, for the types of metal ion studied with complexation of N-donor ligands, such as Cu(ll), but are
O donors, such as ¥ the response to the inductive effects Weak for metal ions such as K(I) studied in complexes with
of the substituents on the ethylene bridges of crown ethersO-donor ligands. For the N-donor ligands, the inductive
is probably quite small, and so the adverse steric effects of effects may outweigh the adverse steric effects produced by
the substituents (Cyc|0hexy|ene and C-methy| groups) over- the C-alkyl substituents and |0g increases with increaSing
come the small inductive effects. In contrast, the types of C-alkyl substituents, whereas for O-donor ligands and the
metal ions studied with N-donor ligands, such as those Very ionically bound metal ions such as K(I), adverse steric
reported here, are much more covalently bound and so will effects may predominate and lég tends to decrease with
respond to the inductive effects of C-alkyl substituents on increasing C-alkyl substituents on the bridging groups of the
the bridges of ligands. Thus, for a C-alkyl substituent (R) ligand. (4) The short HH nonbonded contacts between the
on the ethylene bridge between the two N donors on EDTA, C-alkyl substituents on the bridge of the ligand and on
the reportef log K values for Cu(ll) are 18.78 (R H), adjacent substituents on the donor atoms (either C-alkyl
19.82 (R= methyl), 20.6 (R= ethyl), and 21.1 (R= groups or other chelate rings) become more severe as the
isopropyl), following the increased inductive-effect order of Size of the metal increases, and the curvature of the
these substituent<'2 It should be noted, however, that this coordinated ligand decreases. This accounts for the increase

order is also the order of increasing bulk of the substituents; in selectivity for smaller metal ions relative to that of larger
metal ions, which results from placing C-alkyl substituents
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