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The ligandsall-cis-2,4,6-trimethoxycyclohexane-1,3,5-triamine (tmca) afletis-2,4,6-tribenzoxycyclohexane-
1,3,5-triamine (tbca) were prepared almost quantitatively by using [Nigciftaci = 1,3,5-triamino-1,3,5-
trideoxy-cis-inositol) as precursor, where Niacted as a very efficient protecting group for the nitrogen donors.
The structure of tmca in solution was investigated by NMR spectroscopy. A strongly solvent-dependent
conformational equilibrium was observed. In §IN, a chair conformation with three axial amino groups formed
exclusively, whereas in D, the conformation with three equatorial amino groups predominated. This effect, as
well as conformational changes in the course of stepwise protonation, is discussed in terms of hydrogen bonding
effects. The crystal structure ofsthca* exhibits a chair conformation with three equatorial ammonium groups
and three axial methoxy groups. The trihydrochloride hydrate crystallizes in the monoclinic spacégifoip
a=11.057(5) A\b = 9.960(6) A,c = 14.671(6) A, = 93.79(3}, Z = 4 for CyClzH26Nz0.. A variety of bis
complexes [M(tmca]?" (M = Ni, Cu, Zn, Cd) and [M(tbca)?" (M = Ni, Cu) were prepared and they were
isolated as solid, crystalline trinitrate or trichloride salts. Crystal data: [Ni(t{(td)3s)2-4H0, triclinic, space
groupPl1, a = 8.919(11) Ab = 9.293(9) A,c = 9.942(11) A,a. = 96.73(9}, 8 = 100.66(9J, y = 101.95(9,

Z = 1 for CigHsoNgNiO16; [Cu(tmca}](NO3),, tetragonal, space groli2;c, a = 13.017(6) A,c = 15.985(10)

A, Z = 4 for C1gCuHs2NgO12; [Ni(thca)](NOs)-MeCN-H,0, monoclinic, space group2i/c, a = 12.930(8) A,

b = 19.324(10) A,c = 22.724(14) A S = 97.21(5)°, Z = 4 for CsgH71NgNiO13. The formation constants of
[M(tmca)?™ and [M(tmca)]?" were determined by means of a series of potentiometric titration experiments. A
comparison of the taci complexes with the corresponding tmca complexes revealed an unexpected increase of
stability for the latter. This increase is more than 2 orders of magnitude for the 1:1 complexes and about 5 orders
of magnitudes for the 1:2 complexes. Possible reasons for this unexpected increase in stability are discussed.

Introduction derived correlations such as the HSAB principgteric strain
. . . . within the complex can be analyzed by Molecular Mechanics

Tailored chelating agents are of interest with respect {0 a i, terms of simple force field calculatiofither effects, such
systematic modulation of properties that are related t0 the ¢ the influence of solvation are much more difficult to predict
electronic characteristics of a metal cation such as the redoX,;,4 are seldom considered by most of the empirical or

potential, the electron-transfer rate, magnetic moment (spin State)semiempirical methods.

and the energy of the-ed transitions: In medicine, selective In an extended investigation of the coordinating properties
ligands are used for the treatment of metal intoxications such ¢ 1 3 5_triamino-1.3 5-trideoxygis-inositol (taci) we found that
as Wllso_n S ‘?"Sease’ Iron ove_rload_, or_Iead poisoning, and for peripheral modifications in the ligand structure may result in a
the stabilization of metal cations in d|agréost|c radiopharma- aiher ynexpected but dramatic change in the complex stability.
ceuticals and paramagnetic contrast ageéntie electronic T4 jtself s a versatile ligantiwhereas thé\-methylated 1,3,5-
char_actenstlcs of the donor atoms and _the steric dem_ands Oftrideoxy-l,3,5-tris(dimethylaminon)is—inositol (tdci) proved to
the ligand backbone are two key properties for the design of a
highly selective chelatorThe affinity of a specific metal cation (2) (a) Hider, R. C.; Hall, A. D.Prog. Med. Chem1991, 28, 41. (b)

for a donor atom may be described in terms of empirica"y Martell, A. E.; Hanc_ock, R. D Metal Complexes in Agqueous Solution.
In Modern Inorganic ChemistryFackler, J. P., Ed.; Plenum Press:

New York, 1996; Chapter 5. (c) Jurisson, S.; Berning, D.; Jia, W.;

*To whom correspondence should be addressed. Ma, D. Chem. Re. 1993 93, 1137. (d) Lauffer, R. BChem. Re.
(1) (a) Comba, PCoord. Chem. Re 1993 123 1. (b) Geue, R. J.; Hanna, 1987, 87, 901. (e) Dilworth, J. R.; Parrott, S.Ghem. Soc. Re 1998
J. V.; Hehn, A.; Quin, C. J.; Ralph, S. F.; Sargeson, A. M.; Willis, A. 27, 43.

C. In Electron-Transfer Reactionssied, S., Ed.; ACS Symposium (3) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875.
Series; American Chemical Society: Washington, DC, 1997; Chapter (4) Pearson, R. GChemical Hardnes®iley-VCH: Weinheim, Germany,

8. (c) Comba, P.; Hilfenhaus, P.; Nuber, Belv. Chim. Actal997, 1997.

80, 1831. (d) Comba, P.; Jakob, Helv. Chim. Actal997, 80, 1983. (5) (a) Hancock, R. DProg. Inorg. Chem1989 37, 187. (b) Comba, P.;
(e) Comba, P.; Sickfiiler, A. F. Angew. Chem., Int. Ed. Endl997, Hambley, T. W. Molecular Modeling of Inorganic Compounds
36, 2006. (f) Comba, P.; Sickifier, A. F. Inorg. Chem.1997, 36, VCH: Weinheim, Germany, 1995. (c) Bygott, A. M. T.; Sargeson,
4500. A. M. Inorg. Chem.1998 37, 4795.
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Scheme 1 tiometric measurements, to elucidate whether there is a similar
RZ0 OR® RN NRY, change in stability to that observed in the taci-tdci system.
b a b . .
RO NR%| ___. |R%Q NR%> Experimental Section
RP,N NR%, R20 OR?® Physical Measurements!H and**C NMR spectra were measured
on a Bruker DRX 500 spectrometer (with resonance frequencies of
500.13 and 125.9 MHz fdH and*3C, respectively) with) scale (ppm)
taci R:=RP=H and tetramethylsilane or sodium (trimethylsilyl)propiondt€é=0 ppm)
tdci: R2=H, RP= CHjy as internal standard. Two-dimensional NMR experiments (gradient-
tmca: R®=CHg, R°=H selected'H,'H COSY and gradient-selectetfC,'H HMQC) were

performed according to the literatufeCoupling constants are given

in Hertz and multiplicity labels are abbreviated as follows: s, singlet;

d, doublet; t, triplet; m, multiplet; br, broad signal. pD values were

be selective toward hard and highly charged metal cations calculated from the pH (measured by a glass electrode) according to

(Scheme 1).This is not surprising because a conformation of pD = pH + 0.4:2UV—vis spectra were recorded in water atZ5on

tdci with the three bulky dimethylamino groups in axial position & Uvikon 8?? SpiCtrOphOtfmeter- Maxima are listed in the fosm

is expected to be of very high energy. Consequently, tdci binds ["M] (€ [M"* cm™]). FAB™ mass spectra were measured on a VG

metal cations mainly using the oxygen atoms whereas taci can“~B-VSEQ instrument. The samples were dissolved in water or DMSO

bind via both the oxygen and the nitrogen donors. It is, however and were mixed with a glycerol or a 3-nitrobenzyl alcohol matrix,
. . NPT ' respectively, prior to introduction into the spectrometer. Data are given

surprising that complexes such as [Al(tal&) and [Al(tdci))]

f signif v diff bility: the f ) asm/z (%, assignment).
are of significantly different stability: the formation constant Materials and Analyses.Metal salts used for the synthetic work

of the tdci complex is 8 orders of magnitude greater than the 5pq the organic solvents were commercially available products of

corres_ponding taci complex, even thngh no significan; Struc- reagent grade quality. For the potentiometric titrations, metal salts of
tural differences were encountered within the two coordination highest available quality(99.95%) were used. taci and [Ni(ta3§Ou

tbca: R®=CHy-CgHs, R®=H

sphered. were prepared as described previouslpowex 50 W-X2 (106-200
It would be of interest to know whether similar effects are mesh, H form) and Dowex 2-X8 (56100 mesh, Cli form) were from
also observed for an O-methylated derivative suclalbsis- Fluka. The OH form of Dowex 2-X8 was generated by elution with

2,4,6-trimethoxy-cyclohexane-1,3,5-triamine (tmca). This ligand 0-2 M NaOH and extensive rinsing with G@ree water until a neutral
is expected to show preferential binding through the amino a“em Wal‘_s gbtautne_d. Cfu"(')N aﬂdﬁ*agi'yses WEe_FeHPErErmed by D.
groups. [Fe(tmca)®t exhibited indeed a low-spin FeN anser, Laboratorium ubrganische L.hemie, an.

. - . tmca-3HCI-2H,0 and tmca:3HNOs3. Solid [Ni(taci)]SO, (5.47 g,
hexaamine structure, while [Fe(tadff showed amixed Fefdls ;2 0% 0 e ded in 550 mL of DMF. Powdered KOH (18.0
coordination spheré.

. L g, 321 mmol) was then added and the mixture was stirred at room
The synthesis of such O-alkylated derivatives proved, how- temperature for 1 h. The pink suspension was cooled in an ice bath

ever, difficult. Direct treatment of taci with alkylating agents  and cHi (45.5 g, 321 mmol) was added slowly within 1 h. The mixture
resulted in N- rather than O-alkylation. A variety of classical was stirred for additional 20 h at room-temperature resulting in the
protecting groups such atert-butyloxycarbonyl (BOC) or formation of a pink solution and a white solid (KI). Excess {iHas
phthalimide were investigated to get suitable starting materials. destroyed by addition of ammonia (25% in water) followed by stirring
Although these groups could readily be attached to the nitrogenfor 2 h. Aqueos 8 M HCI was then added until a pH of 1 was reached
atoms, the resulting derivatives showed no significant reactivity @nd stirring was continued until the solution turned pale green. The
toward the alkylating agefitObviously, the large steric demands solution was diluted with water to a total volumg of 1.5 L and s_orbed
of the protecting groups enforce an equatorial orientation of &nﬁgmfgnigv\:xéxﬁggz Zﬁ;ﬁ;’;’ﬁig;ﬁgﬁf \llfv;LTi(\;vr?t}?I{f%apﬂdevgr 05
Fhe ”'”096” d(_)r_lors an_d consequently the hydr OXy groups aregave a colorless fraction, which was evaporated to dryness. The white
in the axial positions. It is well-known that the axial substituents  ¢qjiq was dried for 3 days in vacuo ovei®, yielding anhydrous tmea

of a cyclohexane residue exhibit significantly reduced reactiv- 3¢ (6.68 g, 20.3 mmol, 95%). Anal. Calcd forClsHzNsOs: C,
ity.10 Therefore successful O-alkylation would only be possible 32.89; H, 7.36; N, 12.78. Found: C, 32.73; H, 7.35: N, 12.62.
if the hydroxy groups could be forced into the equatorial posi- Equilibration of the dried product in humid air (60% atmospheric
tions. In the present investigation, we describe a convenient andmoisture, 23C) resulted in the formation of the dihydrate tn@eCl
effective method for the preparation of O-alkylated ligands such 2H:0. Anal. Calcd for GClsH2aNsOs: C, 29.64; H, 7.74; N, 11.52;
as tmca andll-cis-2,4,6-tribenzoxycyclohexane-1,3,5-triamine  H20, 9.87. Found: C, 29.64; H, 7.80; N, 11.38;(4 9.79. The free
(tbca) on a large scale as required for the comparative study oftriamine was obtained by deproto_natmn of the trlhydrochlo_rlde_ on
the coordinating properties. Binding of a variety of divalent D°WeX 2-X8 (OH form). Evaporation of the solvent and drying in

. . . . vacuo over BOs yielded a white, highly hygroscopic solid. Dissolution
transition and & metal cations to tmca was investigated by of dry tmca in ethanol followed by the addition of concentrated aqueous

means of single-crystal structure analyses and extended POteNpNO, resulted in nearly quantitative precipitation 95%) of tmca

3HNGQG:s. This was filtered off and dried in vacuo ovei@2. Anal. Calcd

(6) Ghisletta, M.; Hausherr-Primo, L.; Gajda-Schrantz, K.; Machula, G.; for CoH2NgO12: C, 26.47: H, 5.92: N, 20.58. Found: C, 26.39; H
Nagy, L.; Schmalle, H. W.; Rihs, G.; Endres, F.; Hegetschweiler, K. ' Y Y ' Y
Inorg. Chem.1998 37, 997.

(7) Hegetschweiler, K.; Kradolfer, T.; Gramlich, V.; Hancock, R@hem. (11) (a) Hurd, R. EJ. Magn. Reson199Q 87, 422. (b) von Kienlin, M.;
Eur. J.1995 1, 74. Moonen, C. T. W.; van der Toorn, A.; van Zijl, P. C. M. Magn.

(8) (a) Hegetschweiler, K.; Weber, M.; Huch, V.; Veith, M.; Schmalle, Reson.1991 93, 423. (c) Hurd, R. E.; John, B. KI. Magn. Reson.
H. W.; Linden, A.; Geue, R. J.; Osvath, P.; Sargeson, A. M.; Willis, 1991 91, 648. (d) Ruiz-Cabello, J.; Vuister, G. W.; Moonen, C. T.
A. C.; Angst, W.Inorg. Chem.1997, 36, 4121. (b) Hegetschweiler, W.; van Gelderen, P.; Cohen, J. S.; van Zijl, P. C.3MMagn. Reson.
K.; Ghisletta, M.; Hausherr-Primo, L.; Kradolfer, T.; Schmalle, H. 1992 100 282. (e) Wilker, W.; Leibfritz, D.; Kerssebaum, R.; Bermel,
W.; Gramlich, V.Inorg. Chem.1995 34, 1950. W. Magn. Reson. Cheni993 31, 287.

(9) Weber, M. Ph.D. Thesis, Dissertation No. 12071, ETHridy (12) Delgado, R.; Fraio Da Silva, J. J. R.; Amorim, M. T. S.; Cabral, M.
Switzerland, 1997. F.; Chaves, S., Costa, Bnal. Chim. Actal991, 245 271.

(10) Eliel, E. L.; Haubenstock, H.; Acharya, R. ¥.Am. Chem. S0d961, (13) Ghisletta, M.; Jalett, H.-P.; Gerfin, T.; Gramlich, V.; Hegetschweiler,

83, 2351. K. Helv. Chim. Actal992 75, 2233.
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Table 1. Crystallographic Data for tmeaHCI-H,0, [Ni(tmca}](NO3)2:4H,0, [Cu(tmca)](NOs)z, and [Ni(tbca)](NO3)MeCN-H,0O

Hatmca™ [Ni(tmca)]?" [Cu(tmca}]?* [Ni(tbca)]?"
empirical formula GC|3H25N304 C13H50N3Ni016 C13CU|‘|42N3012 C56H71N9Ni013
fw 346.7 693.4 626.1 1136.9
space group P2;/n (No. 14) P1 (No. 2) P42;c (No. 114) P2,/c (No. 14)
a A 11.057(5) 8.919(11) 13.017(6) 12.930(8)
b, A 9.960(6) 9.293(9) 13.017(6) 19.324(10)
c A 14.671(6) 9.942(11) 15.985(10) 22.724(14)
o, deg 90.00 96.73(9) 90.00 90.00
B, deg 93.79(3) 100.66(9) 90.00 97.21(5)
y, deg 90.00 101.95(9) 90.00 90.00
Vv, A3 1612.2(14) 781.8(15) 2709(2) 5633(6)

VA 4 1 4 4

T,°C 20(2) 20(2) 20(2) 20(2)

A (Mo Kay), A 0.71073 0.71073 0.71073 0.71073
Pealca g CNT3 1.428 1.473 1.535 1.341

u, cmt 5.81 7.02 8.80 4.61

R[I > 20(1)]? 0.0335 0.0463 0.0491 0.0366
WR; (all data} 0.0962 0.1201 0.1283 0.0793

AR = ¥|Fo — Fell3|Fol. "WRe = [JW(Fo2 — FAYFWF, Y2,

6.03; N, 20.33'H NMR (D0, pD 2): 3.55 (s, 9H), 3.77 (t, 3H, = (tmca)(NQ)]*, 500.2-504.2 (overlap of: 7, [HiCu(tmca)]™ and 17,
3.6 Hz), 4.05 (t, 3H,) = 3.6 Hz).23C NMR (D;O, pD 2): 53.5, 65.5, [Cu(tmca}]*), 563.2 (4, [Cu(tmcalNOs)]™).

77.6.23C NMR (D,O, pD 12): 55.2, 66.1, 86.9. MS (FAB: 220.1 [Ni(tmca)2](NOs),+2H,0. Anal. Caled for GaHasNaNiO14: C, 32.89;
(100, Htmcd). H, 7.05; N, 17.05. Found: C, 32.95; H, 7.02; N, 17.16.-tXs: 302

tbca-3HCI-2H,0. The procedure described above for the preparation (19.1), 522 (5.4), 842 (4.9). MS (FAB: 339.1 (100, [Ni(tmca)-
of tmca was applied to [Ni(taci)SO, (1.00 g, 1.96 mmol), 80 mL of (NO3)]™), 495.4 (62, [HaNi(tmca)] ™), 558.4 (46, [Ni(tmcaNOs)] 7).
DMF, powdered KOH (3.30 g, 59 mmol) and benzyl bromide (10.1 g, [Zn(tmca)2](NO3),. Anal. Calcd for GgHaNsO12Zn: C, 34.43; H,
59 mmol). After destruction of surplus benzyl bromide by addition of 6.74; N, 17.84. Found: C, 34.34; H, 6.53; N, 17.89.NMR (D,0):
ammonia (25% in water) to the reaction mixture, the solvent was 3.38 (t, 6H,J = 4.0 Hz), 3.47 (s, 18H), 3.94 (t, 6H,= 4.0 Hz).13C
evaporated under reduced pressure at®@@nd the pink residue was  NMR (D;0): 51.9, 59.7, 78.9. MS (FAB: 345.1 (100, [Zn(tmca)-
suspended in 100 mL of EtOH. Concentrated aqueous HCl was added,(NOs)]*), 501.4, (34, [H1Zn(tmca)] "), 564.4 (21, [Zn(tmcafNO3)] ).
and the color of the solution changed from pink to blue and finally to [Cd(tmca)z](NO3)2. Anal. Calcd for GeCdHyNgO12: C, 32.03; H,
pale green. The white solid which precipitated was filtered off, 6.27; N, 16.60. Found: C, 31.84; H, 6.03; N, 16.94.NMR (D,0):
washed twice with ethanol, and dried in vacuo (&) 24 h). Yield: 3.39 (t, 6H,Jun = 4.4 Hz), 3.48 (s, 18H), 4.01 @& d x t, 6H, Jyu =
2.07 g (3.49 mmol, 89%) of tbedHCI-2H,O. Anal. Calcd for 4.4 Hz, Jycq = 23.2 Hz).13C NMR (D;0): 52.3 (s+ d, Jecca = 6.9
C27ClsH4oN30s: C, 54.69; H, 6.80; N, 7.09. Found: C, 54.69; H, 6.74; Hz), 59.6, 79.0. MS (FAB): 395.1 (100, [Cd(tmca)(N€§]*), 551.3
N, 7.07. The free triamine was obtained by adding 3 equiv of KOH to (30, [H-,Cd(tmca)]*), 614.3 (33, [Cd(tmcajNOs)] 7).
an agueous solution of the product. The resulting suspension was [Ni(tbca)2](NO3)22H-0. Anal. Calcd for GsH7oNgNiO14: C, 58.23;
extracted 3 times with dichloromethane. The organic fraction was H, 6.33; N, 10.06. Found: C, 58.33; H, 6.21; N, 10.14. MS (FAB
then separated, dried over 8, and evaporated to dryness, yielding  567.0 (100, [Ni(tbca)(N@)]™), 951.3 (11, [H1Ni(tbca)]*), 1014.3 (16,
pure thca as a white hygroscopic solid. Anal. Calcd feHzsN3Os: [Ni(tbcay(NO3)]*). Single crystals of the composition [Ni(tbek)
C, 72.46; H, 7.43; N, 9.39. Found: C, 72.63; H, 7.49; N, 9.32.-tbca (NOs),-MeCN-H.0 suitable for X-ray analysis where grown by slow
3HNO; was obtained quantitatively by adding 3 equiv of concen- evaporation of a CKCN/benzene solution of the dihydrate at@.
trated HNQ to an ethanolic solution of tbca. The white precipitate [Cu(tbca),]Cl,. Anal. Calcd for G4Cl,CuHssNsOs: C, 62.99; H,

was separated by filtration, and the monohydrate -®id&lO;-H,O 6.46; N, 8.16. Found: C, 62.90; H, 6.69; N, 8.10. MS (FAB510.1
formed upon exposure to humid air (60% atmospheric moisture, 23 (100, [Cu(tbca)}), 957.4 (8, [Cu(tbca)™), 992.3 (18, [Cu(tbcall]™).
°C). Anal. Calcd for GiHsgNeO1st C, 49.54; H, 5.85; N, 12.84. Crystal Structure Determination. Diffraction Data were collected

Found: C, 49.78; H, 5.76; N, 13.084 NMR (D20, pD 2): 4.00 (, on a Syntex P21 (tmeaHCI-H,0 and [Ni(tbca)](NOz),-MeCN-H,0)
3H,J=3.5Hz), 4.50 (t, 3H] = 3.5 Hz), 4.81 (s, 6H), 7.32 (M, 15H).  or a Picker-Stoe ([Cu(tmcgfNOs); and [Ni(tmca)](NO3)z-4H:0)

'H NMR of the free triamine (CDG): 2.16 (s, br, 6H), 3.12 (t, 3H] four-circle diffractometer at 20C using graphite-monochromated Mo
= 3.8 Hz), 3.70 (t, 3H) = 3.8 Hz), 4.66 (s, 6H), 7.35 (m, 15HyC Ka radiation. The crystallographic data are summarized in Table 1.
NMR (D20, pD 2): 53.7 (CH), 75.6 (CH), 78.5 (G 129.8 (CH), Checking of standard reflections during data collection gave no

130.8 (CH), 131.4 (CH), 139.6 (&). *C NMR of the free triamine indication of crystal decay. The data were corrected for Lorentz and

(CDCl): 52.2, 70.1, 76.1, 127.7, 127.8, 128.5, 138.3. MS (FAB  polarization effects. A face-indexed, numerical absorption correction

448.1 (100, Htbcd). was applied to the data of the two tmca complexes. The structures were
Preparation of Metal Complexes.Complexes of the composition  splved by direct methods (tm&HCI-H,0) or the Patterson method

[M(tmca)](NOs). (M = Cu, Cd, Zn) and [Ni(tmca)(NOs)2-2H,O were (metal complexes) of SHELXS-86 All non-hydrogen atomic positions

prepared by adding aqueous solutions of the metal nitrates (1 equiv)were refined in the anisotropic mode by full-matrix least-squares

to an aqueous solution of tmca (2 equiv). The resulting clear solutions cajculations (SHELXL-93F on F2. The phenyl rings of [Ni(tbca)-

were stirred for an additional 10 min and were then evaporated to (NO,),-MeCN-H,O were treated as rigid groups with constrainee@

dryness. The solid residues were recrystallized from hot ethanol (Cu, pond distances of 1.39 A and-C—C angles of 120 One of the nitrate

Ni) or hot 2-propanol (Zn, Cd) and dried in vacuo. Yields were almost counterions of this compound proved to be disordered and could be

quantitative ¢90%). [Ni(tbca)](NO3)>-2H.0 and [Cu(tbca]Cl. pre- described by a superposition of two different orientations with an
cipitated quantitatively when 6 equiv of aqueous KOH was added to a occupancy of 50% for each of the two sites. Additional disorder was
mixture of 2 equiv of the protonated ligand (tb8BINOz+H0 or thca assumed for the methoxy carbon atoms of [Cu(tajés) particularly

3HCI, respectively) and 1 equiv of the corresponding metal salt, for C(14). The disorder is indicated by the large displacement factors
dissolved in water. The solids were filtered off and dried in vacuo.

[Cu(tmca)z](NOs)2. Anal. Calcd for GsCuHiNsO12: C, 34.53, H, (14) sheldrick, G. M. SHELXS-86Acta Crystallogr.199Q A46, 467.
6.76; N, 17.90. Found: C, 34.60; H, 6.82; N, 17.94. t\s: 640 (15) Sheldrick, G. MSHELXL-93 A Program for the Refinement of X-ray
(33). MS (FAB'): 282.0 (100, [Cu(tmca}), 344.0 (17, [Cu- Structures University of Gatingen: Germany, 1993.
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Table 2. Summarized Bond Lengths (A) and Angles (deg) of
tmca3HCI-H0O

Weber et al.

of tmca3HNG; and of the corresponding metal nitrates. At least two
independent measurements were performed for each titration.
Calculations of Equilibrium Constants. All equilibrium constants

range mean were calculated as concentration constants and pH is definetbgs
c-C 1.524(4)-1.531(4) 1.526 [H*]. The protonation constants of the ligand&s) were evaluated
S_N_ o iﬁé&?}iigggg if{gg using fixed values for g, (=13.79% obtained from several calibration
OTQCH3 1:433(4)_1:445(4) 1438 titrations) and for the total concentrations of the ligand (total L) and
c—c—C 109.0(2)-116.3(2) 112.3 acid (total H). The determingtion (_)f the fqrmation constgnts of metal
N—C—C 108.7(2)-109.9(2) 109.4 complexes was performed with a fixelyp fixed pKa's and fixed total
c-C-0 110.9(2)-111.9(2) 1115 concentrations of M, L, and H. Consistent models were evaluated using
Cc-0-C 113.1(2)-115.2(2) 113.9 the computer program SUPERQUATaNd double checked using the

Table 3. Selected Bond Lengths (A) of [Cu(tmeR),
[Ni(tmca)]?*, and [Ni(tbca)]?" with Esd’s in Parentheses

computer program BES®™. The data were fitted by least squares
calculations, minimizingrpn = [ Y W(PHobs — PHeaid? ¥ WIY2, W = (pHit1
— pHi—1)72 The results are listed in Tables 4 and 5.

distance [Cu(tmca)?* [Ni(tmca)]?* [Ni(tbca)]?" R | 4 Di .

M—N() 2.041(6) 2123(4) esults and Discussion

M—N(3) 2.053(6) 2.117(3) Selective O-Alkylation of taci. The failure of the alkylation
'l\\IAi:N((Sl)l) 2.446(5) 2.134(3) 2.133(3) of taci derivatives having organic protecting groups on the
Ni—N(13) 2:130(3) nitrogen atoms was mainly attributed to the enforced axial
Ni—N(15) 2.116(3) orientation of the hydroxy groups. Greater reactivity was
Ni—N(21) 2.122(3) expected for a compound having the hydroxy groups in the more
Ni—N(23) 2.141(3) reactive equatorial positiol.Such a structure, together with
Ni—N(25) 2.129(3) an effective protection of the amino groups can be achieved by

Table 4. Experimental Potentiometric Data (2&, 0.1 M KNG; or
0.1 M KCI) and Evaluated Acidity ConstantsKy for tmca and
thca

converting taci to an N-bonded metal complex. Moreover, the
presence of a metal center is expected to result in further
activation, since the positive charge of the cation should facilitate
deprotonation of the hydroxy groups, as required for O-alkyla-

ligand tion. A variety of metal cations was tested, with?Njproving

tmed tme© thoe to be the most suitable for this purpde.
solvent HO MeOH/HO 4:1 (viv)  HO [Ni(taci)z]2* was alkylated in DMF in the presence of KOH
[L], mM 1.94 0.99 1.00 and an alkyl halide. Under these conditions, ligand dissociation
evaluated rande 0.0-3.0 0.0-3.5 0.0-3.0 -
no. of data points 61 36 30 was not observed. However, the alkylated ligand could be
pKa values liberated readily by adding aqueous acid to the reaction mixture.
pK® 5.19 4.40 3.55 The product could conveniently be purified by ion exchange
pK® 6.88 6.14 6.40 chromatography, since the triprotonated ligand was retained on
2$3f 8:3827 %"%281 %.‘:)%215 the resin while Ni* and other byproducts were removed by

20.1 M KNGQs. P0.1 M KCI. ¢ A value of 14.066 was used foKp.
9No. of equivalents of titrant per equivalent of ligafkK; =
[Hz-itmca][H][Hs-itmca] ™%, pKi = —log K;, estimated standard devia-
tions <0.01 unless otherwise not€dipn = (SW(PHobs — PHcaicd?/
IW)'2 w = [pHits — pHi-q] 2

and some of the €0 bond distances which are obviously too short.
The C-H hydrogen position of the cyclohexane ring of tnRtdCl-
H,0, the NH-hydrogen positions of [Ni(tmcgf+ and [Cu(tmcay)?*,
and the H-positions of all 0 molecules were obtained from the

elution with diluted hydrochloric acid. Further elution with acid
of higher concentration yielded an analytically pure trihydro-
chloride in excellent yield.

Structure of tmca in Solution and in the Solid State.The
solution structure of taci and of the O-alkylated derivatives are
influenced by a variety of parameters such as the degree of
protonation, the steric bulk of the alkyl substituents and the
corresponding +3-diaxial repulsions, intra- and intermolecular
hydrogen bonding, and solvation effects. The energies of a
variety of different structures, including several chair, boat,

difference Fourier map. All other hydrogen positions were calculated twisted boat, and envelope conformations, have been analyzed

using a riding-model. Atomic coordinates, bond distances and bond

angles are available as Supporting Information. Summarized bond(
lengths and bond angles of tm8&lCI-H,O and selected bond dis-
tances of the metal complexes are listed in Tables 2 and 3, respec-
tively.

Potentiometric Measurements All potentiometric titrations were (
carried out as described previou$lyt 25°C in 0.1 M KNG; or 0.1
M KCI under argon using 50 mL sample solutions with concentrations (
as indicated in Tables 4 and 5. The stability of the electrode was checked
by a calibration titration prior to and after each measurement. A total
of 6 independent titrations were used to establish the acidity constants
(pKa values) of the ligands. Representative data is given in Table 4.
Formation constants of the metal complexes were determined by a series
of alkalimetric and acidimetric titrations (Table 5). The crystalline,
analytically pure solids [M(tmca)(NO3). were used to prepare sample
solutions of the Cu, Ni, Zn, and Cd complexes with a total M/total
tmca molar ratio of 1:2. They were titrated with 0.1 M Hj @Il other
sample solutions were made up by using standardized stock solutions

(16) Kradolfer, T.; Hegetschweiler, Kdelv. Chim. Actal992 75, 2243.

17) Smith, R. M.; Martell, A. E.; Motekaitis, R. J. Critically Selected
Stability Constants of Metal ComplexeNIST Standard Reference
Database 46Version 5.0; NIST Standard Reference Data: Gaithers-
burg, MD 20899, 1998.

18) Gans, P.; Sabatini, A.; Vacca, A.Chem. Soc., Dalton Tran$985
1195.

(19) Motekaitis, R. J.; Martell, A. ECan. J. Chem1982 60, 2403.

20) With regard to the very high inertness and th& charge of [Co-
(taciy]®* (see ref 13), we expected even better reactivity for thi Co
complex. A titration experiment (25C, 1 M KNOgy) established that
the hydroxy groups can be deprotonated even in agueous media. After
addition of more than 2 equiv of base, an orange solid precipitated
which dissolved again upon addition of excess base, indicating the
formation of anionic species of the tentative composition{Eb-
(taci)]®~*, x = 4. The visible spectrum of such a solution (pH14)
showed the expectedA14—1Ty4 transition at 471 nme( = 53),
indicating that the hexaamine-Cochromophore is preserved. The
first pKa value was found to be 11.7& 3. Although such deproto-
nation products seem to form readily, corresponding alkylation
experiments, using a suitable base, excessl @Hd a variety of
different solvents, were not successful. We either observed no reaction
at all, or a complete degradation of the complex.
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Table 5. Potentiometric Data (23C, 0.1 M KNGs) and Evaluated Equilibrium Constafhfer tmca Complexes

Mn2*+ Fert Co?t Ni2+ cut Znzt Cd?+
Experimental Data
[M]¢/[tmca}/[H]: 1:2:6 1:1:3 1:2:6 1:1:3 1:2:6 1:1:3 1:2:0 1:1:3 1:2:0 1:1:3 1:2:0 1:1:3 1:2:0 1:1:3
[tmca}, mM 1.84 1.08 1.84 1.11 1.93 0.97 2.04 1.94 2.00 1.02 2.00 0.96 2.00 0.98
method cont cont cont cont cont cont batch batch cont cont cont cont cont cont
titrant (0.1 M) KOH KOH KOH KOH KOH KOH HNGQ  KOH HNO; KOH HNOs; KOH HNO; KOH

evaluated range 0.1-2.9 0.0-2.6 0.0-2.5 0.6-2.9 0.0-2.4 0.6-2.5 0.:-2.9 0.2-2.8 0.2-3.5 0.0-3.9 0.1-2.6 0.6-2.7 0.:-2.5 0.0-2.8
time per point, min 10 10 10 10 10 10 >5000 =>5000 3.3 3.3 5.3 5.3 5 5
no. of data points 67 15 59 17 24 13 20 16 48 41 34 17 41 18

Equilibrium Constants

log B¢ 6.16(1) 6.18(1) 9.03(1) 9.00(4) 11.50(2) 11.44(3) 14.64(3) 14.61(3) 14.44(1) 14.43(2) 10.80(1) 10.81(1) 8.87(1) 8.84(1)
log B2 10.84(2) 16.14(2) 20.59(4) 25.91(5) 23.63(2) 18.54(1) 15.77(1)

log B12® 28.1(2)

log 222" 16.24(7)

OpHY 0.0074 0.0050 0.0055 0.0162 0.0086 0.0090 0.0087 0.0090 0.0044 0.0058 0.0030 0.0009 0.0036 0.0015

a2 The uncertainties given in parentheses correspond to the standard deviations estimated by SUPERQUAD (ref 18), multiplied with a factor of
3. P Type of titration (continuous or batchwise, see refs 16 and 2dples of titrant added per moles of tmcgs; = [M(tmca)][M] ~[tmca] .
© B121 = [M(tmca)(Htmca)][M] “[tmca] 2[H] L. ' B22.2 = [Mo(tmca)y(OH)I[H] M] ~2[tmca] 2. ¢ ops = [SW(PHobs — PHeacd 7S W] ™2 W = (pHis1 —

pHifl)_z.

for taci and tmca by molecular mechanics and density functional
calculationg! These calculations suggested that the difference
in energy between some of the conformers is rather small. It is
therefore difficult to predict the structure of lowest energy.
However, the available crystal data of té&ktacit, 23 HatacPt,13
its alkylated derivative3}25 and the corresponding metal
complexe&826-31 showed the clear predominance of the two
distinct chair conformations, having either the oxygen or the
nitrogen atoms in axial positions. Only one structure has been
reported for a taci derivative with a twisted boat conformation
of the cyclohexane ring?

In the present investigation, extended NMR experiments have
been performed to examine the structure of the conformers of

taci and tmca in both aqueous and non aqueous solution. The

IH NMR characteristics of taci, exhibiting a AA”"XX'X" spin
system with a significant long-range contributioiz{ = 3.6
Hz, Jaa = 0 Hz,Jxx = 1.2 Hz), has previously been reporéd.

(21) MM calculations: see ref 7. DFT functional calculations were
performed by Eggenschwiler, A. (unpublished work, ETHriZh,
1995). The computer programs SPARTAN and GAUSSIAN 94 were
used. The PM3 method with the Becke3 functional, the 3-21G(d) basis
set, and nonlocal PW91 corrections was used for geometry optimiza-
tion.

(22) Hegetschweiler, K.; Hancock, R. D.; Ghisletta, M.; Kradolfer, T.;
Gramlich, V.; Schmalle, H. Winorg. Chem.1993 32, 5273.

(23) Reiss, G. J.; Hegetschweiler, K.; SandeActa Crystallogr. Sect. C
1999 C55, 126.

(24) Hegetschweiler, K.; Erni, I.; Schneider, W.; SchmalleHdlv. Chim.
Acta199Q 73, 97.

(25) Schmalle, H. W.; Hegetschweiler, Kcta Crystallogr. Sect. @996
C52, 1288.

(26) Hegetschweiler, K.; Gramlich, V.; Ghisletta, M.; Samarasindrg.
Chem.1992 31, 2341.

(27) Hegetschweiler, K.; Ghisletta, M. §gler, T. F.; Nesper, R.; Schmalle,
H. W.; Rihs, G.Inorg. Chem.1993 32, 2032.

(28) (a) Schmalle, H. W.; Hegetschweiler, K.; Ghisletta, Mta Crys-
tallogr., Sect. C1991, C47, 2047. (b) Hegetschweiler, K.; Ghisletta,
M.; Gramlich, V.Inorg. Chem.1993 32, 2699. (c) Hegetschweiler,
K.; Ghisletta, M.; Fasler, T. F.; Nesper, RAngew. Chem., Int. Ed.
Engl. 1993 32, 1426. (d) Hegetschweiler, K.; Raber, T.; Reiss, G. J.;
Frank, W.; Wale, M.; Currao, A.; Nesper, R.; Kradolfer, Angew.
Chem., Int. Ed. Engl1997 36, 1964.

(29) Hegetschweiler, K.; Wte, M.; Meienberger, M. D.; Nesper, R;
Schmalle, H. W.; Hancock, R. Dnorg. Chim. Actal996 250, 35.

(30) Reiss, G. J.; Frank, W.; Hegetschweiler, K.; Kuppert, Axta
Crystallogr., Sect. C1998 C54, 614.

(31) Hedinger, R.; Ghisletta, M.; Hegetschweiler, K.; Toth, E.; Merbach,
A. E.; Sessoli, R.; Gatteschi, D.; Gramlich, Yhorg. Chem.1998
37, 6698-6705.

(32) Kramer, A.; Alberto, R.; Egli, A.; Novak-Hofer, I.; Hegetschweiler,
K.; Abram, U.; Bernhardt P. V.; Schubiger, P.Bioconj. Chem1998
9, 691.

pH
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T T T T

4 5 (opm) 3

Figure 1. pD dependence of th#H NMR resonances of taci @O,
25°C, TSP= 0 ppm). Squares correspond to the experimental values,
the lines are calculated (minimization @fofs — cacd?), assuming a
rapid equilibrium between the speciegt&tit (0 < x < 3) with pKa
values (refined) of 6.07, 7.32, 8.84 (the values ¥©OHO.1 M KClI, 25

°C, are 5.96, 7.42, 8.91).

The pH dependence of the two signals of A and X can be
rationalized in terms of a fast protonation equilibrium of the
four species taci, Htatj Hotac?™, and HtacP™ (Figure 1). In
agreement with the previous assignment, the low-frequency
(=A) signal which corresponds to the HC—N) hydrogen
atoms showed a significantly stronger pH dependent shift. Both
signals remain sharp over the entire pH range. Line broadening
or splitting of the signals, as expected for a sufficiently slow
equilibrium between different conformers, was not observed.
These findings are consistent with the formation of only one
dominant conformer having the same structure, with the oxygen
atoms in axial and the nitrogen atoms in equatorial positions,
regardless of the degree of protonation.

In contrast, tmca exhibited much more complex behavior
(Figure 2). ThetH NMR spectrum of the free base in GON
showed a total of four sharp signals. The two triplets at 3.56
and 2.95 ppm could be assigned to the (@—N) and H-(C—

0) ring protons, respectively. In addition, a singlet at 3.33 ppm
and a signal at 1.75 ppm arose from the methoxy groups and
the NH, protons. It is noteworthy that the chemical shifts of



864 Inorganic Chemistry, Vol. 38, No. 5, 1999 Weber et al.

= related with the findings observed at room temperature in water.
a) CH:-O(A) HONGA) Nevertheless, the results summarized in Figure 3 clearly
demonstrate that the conformer with the three axial amino
H-Cn(A) H-Co(A) groups has a maximal abundance for the monoprotonated
Htmca'. In water at room temperature, the estimated maximum
exceeds 50%. At high acid concentration, however, (p@)
CHy-O(B) where the fully protonated $tmca" is exclusively present, the

conformer with three equatorial ammonium groups is observed
HoN NH, 4G HicO CHs as the only species. It is further noteworthy that the presence
o

HsCO
b) HNOCHs |~ e | M of Na' strongly affects this equilibrium (Figure 2c). After
HsCO. H HoN NH addition of three equivalents of NaOD to a solution afrhica"
2
w B H

b A Cts in D20, the conformer with three axial amino groups could not
be detected. Corresponding effects with lire much less
pronounced. A change in the equilibrium composition was only
observed at very high Kconcentration ¥1 M).

CH3-O(A)
/ H-Co(B) JE-CN(B) The adoption of a structure with three equatorial ammonium
)

groups is understandable fogthhcg®* considering the very high
energy resulting from the steric and electrostatic repulsion
between the three positive ammonium groups. For the free tmca,
on the other hand, the structure with three axial amino groups

=
c) CH3-O(BJ H-ColB) J[CN(B) is stabilized by intramolecularNH---N hydrogen bonds. This
35 3.0 25

H-Cn(A) H-Co(A!

hydrogen bonding is, however, weak (a primary amine is a rather
poor hydrogen dono®} and consequently, this conformer is

T 2'0' T only observed to a significant extent in a non protic solvent

5 (opm) such as acetonitr_ile. In water, intermolecular hydrogen bonding
between the amino groups and water molecules becomes the
Figure 2. 'H NMR spectra of tmca (ambient temperature) (a) in dominant factor, and the equatorial position is again favored
CD4CN, (b) in DO, and (c) in 0.1 M NaCl (BO). The signals of for the amino group&® The observed equilibrium composition
the two conformers, shown in Figure 3b, are assigned by a series ofof about 1:6 indicates that the difference in energy of the two
*H—='H COSY,™C~'H HMQC, and**N—'H HMQC experiments (ref conformers of tmca is only small. For the monoprotonated
éilfz'e:::]ecgzs(')??&e{r‘]trgfetgi;‘g"cgan‘;gmggg;‘fa 'nstng]i‘\j,v?]”i;?ﬁéascéﬁg?n“gmmcah a slight preference for the conformer with three axial
of Figure 2b, where large couplingr?s ogbserved only for a dihedral angle amino groups is observed, evenin wat_er. This must be attrlb_u_ted
of 180 (bold bonds). to the intramolecular hydrogen bonding between the positive
ammonium group (a strong proton donor) and the amino groups.
the H-(C—N) ring protons are more deshielded than the This type of hydrogen bonding is expected to be of significantly
H—(C—O) protons, despite the fact that they are attached to higher energy than the weak interactions between amino groups
the carbon atom with the less electronegative substituent. Thisin the free tmc&* The effect observed upon addition of Na
is different from taci, where the H{C—O) ring protons can readily be explained by complex formation. Obviously; Na
appeared at higher frequency. Obviously, taci and tmca differ (& hard Lewis acid) binds preferentially to the oxygen atoms
in their solution structure. Close inspectiontb—13C, andH— and stabilizes the conformation with three axial methoxy groups.
15\ Jong-range coupling indicated unambiguously that tmca ~ The comparably low affinity for K is in excellent agreement
adopts a chair conformation with three axial amino groups and With some previously performed molecular mechanics calcula-
three equatorial methoxy groups. In@two separate species ~ tions, showing that the binding of large metal cations to the
were found in thelH and 13C NMR spectra. A 2D ExSY  three axial substituents of a taci type ligand is significantly less
experiment showed that these two species interconvert slowly favoredz?-°
on the NMR time scale. At 25C the analysis ofH—13C and The crystal structure of the triply protonateditica®™ is
1H—15N |Ong_range Coup“ng exhibited that the two Species shown in Figure 4. All bond angles and bond |ength3 fall in
correspond to the two chair conformers having either the amino expected ranges (Table 2). The structural analysis confirmed
groups (15%) or the methoxy groups (85%) in axial position. the expected equatorial orientation for the three positive
Addition of small amounts of acid significantly increased the ammonium groups. A similar conformation has already been
proportion of the species with three axial amino groups (Figure observed for related cations such agadP*,' and the triply
3). However, acidification of the solution also led to significant Protonatedall-cis-2,4,6-trimethylcyclohexane-1,3,5-triamine re-
line broadening and in the range<4pD < 10, the Signa|s of ported by Parker and co-worke¥sAs discussed above, the
the two species could not be resolved. The range where theconformation of these fully protonated species, having the
two individual species were observable could be extended to @mmonium groups in axial position would be strongly desta-
pD 7.1 by |owering the temperature to°E. Separate Signa|s bilized. For H;taC?h the structure with three axial hydroxy
could be observed over the entire pD range-go °C using a groups is further stabilized by intramolecular-3 diaxial
CDs0D/D,0 mixture (4:1 v/v) as solvent. It must be emphasized O—H-*+O hydrogen bonding. This is of course not possible for
that the equilibrium of the two conformers is strongly dependent

on the temperature and the nature of the solvent. The results of(34) Jorgensen, W. LCHEMTRACTS: Org. Chen1991 4, 91.
35) Perrin, C. L.; Fabian, M. A.; Rivero, I. Al. Am. Chem. S0d.998

the low temperature experiment thus cannot be directly cor- 120, 1044,
(36) Hancock, R. D.; Hegetschweiler, K.Chem. Soc., Dalton Trank993
(33) (a) Kalinowski, H. O.; Berger, S. Braun, 5C NMR-Spektroskopie 2137.

Georg Thieme Verlag: Stuttgart, 1984 (in German). (b) von Philips- (37) de Angelis, S.; Batsanov, A.; Norman, T. J.; Parker, D.; Senanayake,
born W.; Miler R. Angew. Chem., Int. Ed. Engl986 25, 383. K.; Vepsalainen, JJ. Chem. Soc., Chem. Commu®95 2361.
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Figure 3. pH dependence of the conformational equilibrium of tmca (a) 40 Bt temperatures as indicated and (b) in a 1:4 (v/v) mixture,6f D
and CROD at —40 °C. The amount of the conformer with three axial amino groups is shown and is correlated with the species distribution
calculated from the acidity constants listed in Table 4.

Hatmcat and consequently this molecule is expected to be of C16
some higher energy. The increased repulsion between the three a)

axial methoxy groups of tmca can be visualized by comparing
the mean distances between the axial oxygen positions (Figure
4b) for taci (2.84 A) and ktmca* (3.01 A). For a strain free
cyclohexane derivative the distance between the axial positions
would fall in the range of 2.562.60 A.

The present study clearly shows that taci and tmca have
distinctly different behavior in aqueous media. In their triply
protonated forms, both ligands adopt a chair conformation with
equatorial ammonium groups. However, taci retains this struc-
ture in its partially protonated and deprotonated form, while
for tmca, a strongly solvent- and temperature-dependent equi-
librium is observed between the two different chair conforma-
tions for the partially protonated and the free triamine.

Preparation and Characterization of Metal Complexes.
Crystalline compounds of the composition [M(tmgé)Os).- b)
xH>0O (M = Cu, Ni, Zn, Cd;x = 0 or 2) were readily obtained
in aqueous media by addition of a metal salt to the deprotonated
ligand in a 1:2 molar ratio, followed by evaporation and
recrystallization from hot ethanol or 2-propanol. Compounds
of the composition [Ni(tbca)(NOz)2:2H,0 and [Cu(thcg]Cl», Figure 4. Crystal structure of tmca&*. (a) ORTEP drawing with
which are formed upon addition of base to an aqueous solutionnumbering scheme and vibrational ellipsoids at the 50% probability
of a metal salt and theaHNO; or tbca3HCI, are not soluble level. The_ hydrogen atoms are shown as spheres_of arbitrary size. (b)
in water and precipitate from aqueous solution. All complexes g;perﬁos'?on t(f)1f thi St’“ft”.ret.s oftrhea” a.“dtrt]a‘f'o(dd"’?tet‘ from ref
were fully characterized by elemental analysis and-\¢8B" Hst);n;??w'”g € charactenistic increase in the Istances in
measurements. The visible spectra of the pink [Ni(tajéajpnd '
blue [Cu(tmca)]?" complexes are almost identical with those and the differences in thé11€d—1H and 1111 d-13C
of the corresponding taci complex®s-or both [Zn(tmcay] 2" coupling. By analogy with théH NMR characteristics of the
and [Cd(tmca)]?*, thelH and!3C NMR spectra each contained  free tmca, where a significant shift to higher frequency of the
three signals, indicatin@sq symmetry. The signals could be H—(C—N) protons is observed for the conformer with axial
assigned unambiguously by-El-correlated NMR experiments  amino groups in BO (Figure 2b), the H(C—N) signals in both
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able Jahr-Teller distortion with four short and two long €N
distances of 2.05 and 2.45 A, respectively, similar to that re-
ported for [Cu(tach]?,3%26The structure of [Ni(tbca)(NOz),*
MeCN-H,O also reveals some stacking interactions of the
aromatic rings, caused by hydrophobic interactions (a repre-
sentation of the unit cell is available as Supporting Information).

Protonation Equilibria. The K, values of tmca (5.19, 6.88,
9.30) were determined by a series of pH-metric titration experi-
ments (25°C, 0.1 M KNGs). Measurements in a GOH/H,0
mixture (4:1 v/v) have also been performed (Table 4). The free
tbca, which is more lipophilic than tmca, is not sufficiently
soluble in water and precipitated out after more than 2 equiv of
base was added to an aqueous solutiongihé¢&". Evaluation
of the acidic region of the titration curve revealdd;p= 3.55
and K, = 6.40 for this triamine. For Igs, however, only a
rough estimate of 9.4 0.1 could be obtained.

For the first protonation step, tmca is a slightly stronger base
(pK3 = 9.30) than the unsubstituted taciKgp= 8.90)2° The
reverse order is found foqp and [K;: Htmca" and Htmca&™"
have lower affinity for H than the corresponding protonation
products of taci. This result differs from the observations of
Parker and co-workers who reported th#tcis-2,4,6-trimeth-
ylcyclohexane-1,3,5-triamine has a remarkably Id€g (7.83),
whereas K; and [K; fell in the usual rangé® This unusually

and vibrational ellipsoids at the 50% probability level. The hydrogen low pKsz value was explained in terms of the conformational
atoms are shown as spheres of arbitrary size. An ORTEP drawing of changes in going from L and HL (which adopt an axial
the Cu complex, which adopts virtually the same structure, is provided orientation of the nitrogen atoms) to P+ and HL3*, where

as Supporting Information.

(o] 4
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Figure 6. ORTEP drawing of [Ni(tbca)?" with numbering scheme
and vibrational ellipsoids at the 50% probability level. Hydrogen atoms

are omitted for clarity.

complexes appeared at higher frequencies than the correspondin

H—(C—O0) signals.

The two Ni' complexes [Ni(tmca]?t and [Ni(tbca)]2"
showed a near-octahedral coordination geometry with some

the nitrogen atoms are in equatorial position. As reported above,
NMR spectroscopic measurements provided evidence that tmca
undergoes related changes in conformation during protonation.
It should, however, be noted that the pattern & palues
observed for tmca is in better agreement with such a change in
conformation: The adoption of a structure with axial nitrogen
atoms for the monoprotonated form Himust be interpreted
in terms of a stabilization of this form by hydrogen bonding.
Consequently, this stabilization (better hydrogen bonds) should
result in an increase of basicity of the ligand. This is indeed
found when tmca is compared to taci. In formingLA" and
HsL3" increasing electrostatic and steric repulsion, which finally
enforces the equatorial orientation of the ammonium groups,
should lower the basicity of the partially protonated species.
This is clearly illustrated by comparingpK, values. Forall-
cis-cyclohexane-1,3,5-triamine (taclypK,is 1.50 and 1.49?
for taci, 1.49 and 1.4&° The close agreement of these values
is consistent with an exclusive equatorial orientation of all forms
of these two ligands. For tmca, theK, values are significantly
enlarged (2.42 and 1.69), showing that the uptake of the second
proton is particularly unfavorable. Again, this is consistent with
the increased repulsion that accompanies addition of more than
one proton to the molecule with a triaxial orientation of the
amino groups. Fomll-cis-2,4,6-trimethyl-cyclohexane-1,3,5-
triamine, the ApK, values are only 1.10 and 1.58. The
surprisingly low value of 1.10 actually indicates that the uptake
of thesecondoroton must be regarded as a particularly favorable
grocess, a phenomenon which seems to be incompatible with a
onformational change, enforced by increasing steric and
electrostatic repulsion after uptake of a first proton. It is clear
that other effects such as solvation will also influence the
basicity of these compounds. However, the compilationkqf p

trigonal distortion (Figures 5 and 6), and the Nibtructure
has almost ideaDsy point group symmetry. With respect to
the difference in stability, which is discussed below, the struc-

; ; inati ; (38) Parker, D.; Senanayake, K.; Vepsailainen, J.; Williams, S.; Batsanov,
tur.al dlfferzinces in the coprdlnatlon sphere§ of .[IEI(tral?é) A. S.; Howard, J. A. KJ. Chem. Soc., Perkin Trans.1®97, 1445.
[Ni(tbca)]?*, and the previously reported [Ni(tag}" are not (39) Childers, R. F.; Wentworth, R. A. D.; Zompa, LIdorg. Chem1971,

considered to be significaft[Cu(tmca}]?* exhibited consider- 10, 302.

values for a variety of different taci derivatives, where different
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Table 6. Comparison of Formation Constants (I8g i = tmca
[ML;][M] “Y[L] ") for Representative Triamine Ligarids . log B2
P2+ -+ 2+
Ni cw Zn 05
logBr logp. logpBi logB. logpr logpa

2,2-trpe 10.6 18.6 15.9 20.9 8.8 14.2

3,3-tripe 9.2 12.7 14.2 7.9

tacrbe 13.0 155 262 11.6 20 4
tamed 10.1 17.3 11.0 18.7 6.6 10.9

trapPe 9.5 17.4 19.6 6.5 11.4

tactpe 10.3 16.5 10.7 15.5 6.9

tacPe 124 209 121 188 8.4  13.6 15 4

tmca 14.6 25.9 14.4 23.6 10.8 18.5

a2,2-tri= 1,4,7-triazaheptane; 3,3-tri 1,5,9-triazanonane; taca
1,4,7-triazacyclononane; tame 1,1,1-tris(aminomethyl)ethane; trap 10 4
= 1,2,3-triaminopropane; tach all-cis-cyclohexane-1,3,5-triamine; taci
= 1,3,5-triamino-1,3,5-trideoxgis-inositol; tmca = all-cis-2,4,6-
trimethoxycyclohexane-1,3,5-triaming25 °C, « = 0.1 M. ¢ From ref
17.925°C, u = 0.5 M. ¢ From ref 41.f This work (Table 5). 5 -

substituents were used to vary the lipophilicity over a wide 5 10 aci 15 20
range, did not reveal any comparably low basiéitg.contrast

to Parkers’s observation, the introduction of more lipophilic F/9uré 7. Comparison of formation constants of taci and tmca
complexes in terms of a linear free energy (LFE) relation. The values

; : : 40
substituents resulted in an increaseAgiK. ) of the tmca complexes are taken from Table 5; the values of the taci
Metal Complex Formation of tmca in Aqueous Media. complexes are from ref 6.

The formation constants of a variety of tmca complexes with
divalent metal centers are listed in Table 5. All constants were Of taci are thus less preorganized for metal complex formation.
determined by pH-metric titrations experiments. The titration According to Figure 7, a tmca complex of an N-bonded metal
curves were evaluated in terms of formation of [M(tmg&)] ~ ion is more stable than the corresponding taci complex by 13.8
and [M(tmca)]2*. In the alkaline range, additional species of kJ/mol per coordinated ligand. One could therefore explain the
the tentative composition [Mtmca)(OH)]™ are formed as increased stability of the tmca complexes swnply by assuming
indicated by additional consumption of base after addition of 3 that the energy required to convert the free taci to the conformer
equiv OH to 1 equiv of Htmca". An assignment of the  With three axial amino groups 818 kJ/mol. This model would
accurate nuclearity proved difficult and the range where such account not only for the observat_|on that the increase in stability
species were formed was omitted from the evaluation. As an IS independent of the metal cation (the slopes of eqs 1 and 2
example, a dinuclear species was evaluated for the 1:1 titration@re exactly 1.00) but also for the fact that the effect for the bis
experiment of the Clicomplex. Some additional systematic complexes is twice as large as for the 1:1 complexes. This
deviation in the acidic part of the 1:2 titration curve of thé'Cu explanation is, however, in clear contradiction with our results
complex was interpreted by means of formation of the proto- observed previously for the N-methylated tdci ligand (teci
nated [HCu(tmca)3*. An analogous, protonated [HCHE* 1,3,5-tr|Qeoxy-l,_3,5-tr|s(d|methylamln@js-|_nOS|t(_)I, Scheme
comp|ex has been reported previous|y for &ci. 1)7 If ta(?l and- tdci bOth adopt the conformation with the hydrOXy
Selected formation constants of tmca, the corresponding taci9roups in axial position, these donor groups have an optimal
complexes, and other representative triamine ligands are listedorientation for metal binding in both ligands and comparable
in Table 6. This comparison reveals that the tmca complexes sta_b|l_|t|es are to be expected in complexes with O-coordination.
are of significantly higher stability than the corresponding taci This is not the case. On the contrary, an even more pronounced
complexes. The increase in stability can be described by linearincrease in stability is observed for tdci in such compleXes:
free energy relations as expressed in egs 1 and 2, and visualize#9 Bz for [Al(taci)z]*" is 18.8, but for [Al(tdci}]*" it is 26.3!

in Figure 7. Clearly, this effect cannot be explained in terms of a simple
preorganization of the donor groups. For complexes with related
log 3,(tmca)= 1.00 logp,(taci) + 2.39 1) structures (i.e. N-coordination for tagimca, and O-coordination
) for taci—tdci) an increase in stability is observed in both cases.
log B,(tmca)= 1.00 logp,(taci) + 4.83 (2)  Obviously, the substitution of hydrogen atoms by methyl groups

o ) on the noncoordinating donors generally results in an increase
For free tmca, significant amounts of both chair conformers are in stability. It is tempting to explain this observation as a
found in aqueous media, although the form with equatorial solvation effect. The methyl groups, which are all located on
amino groups is more stable. The energy required to convertthe periphery of the complex, generate a lipophilic surface,
the ligand to the form with three axial amino groupsti¢.3  whereas the hydrophilic part of the molecule is mostly hidden
kJ/mol. For free taci, only the conformation with three axial in the inside, and compared with taci, the tdci and tmca
hydroxy groups is observed in solution (Figure 1) and the complexes may therefore be stabilized by a more favorable
difference in energy between the two conformers is not known. entropy of hydration.
The absence of any significant amount of the conformer with  The crystal structures indicate that methylation of the
three axial amino groups indicates that this difference in energy peripheral donors has no influence on the structural parameters
is even higher (more positive) than for tmca. The amino groups of the coordination sphere. For example, the-® bond

distances are 1.906(2) A for [Al(tdg]$+ 7 and 1.894(2)1.912-

(40) This effect can be understood in terms of a lower energy of solvation 2 A for [Al(taci);]3".27 Similarly the Ni-N distances of [Ni-
which generally results in destabilization of highly charged species. N 14 . a A26 whi
(41) Zimmer, A.; Miler, |.; Reiss, G. J.; Caneschi, A.; Gatteschi, D.; (tacip]** fall in the range of 2.112(3)2.136(5) Az°® while the

Hegetschweiler, KEur. J. Inorg. Chem199§ 2079. corresponding values for [Ni(tmcdj"™ are 2.117(3)2.134(3)
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A. The differences for XM—X and C-X—M angles (X= N, A3t Fe, or G&*. tmca, on the other hand, represents a
O) are generally not significant. In the past few years, molecular selective chelator for late divalent transition metal cations such
mechanics methods have widely been used to interpret theas N#*. This selectivity is mainly based upon the inability of
stability of a complex in terms of strain in the coordination tmca to adopt a zwitterionic structure with deprotonated oxygen
sphere or in the ligand backboh&he results presented here donors rather than an improved preorientation of the amino
provide an illustrative example of some potential problems with groups. As shown in this study, the difference in energy of the
this procedure. The parameters used in such calculations werdgwo chair conformers, having either the oxygen or the nitrogen
usually obtained from solid state structures, and consequentlydonors in axial position, is only small as long as water is used
solvation effects, especially entropic contributions, have not beenas solvent.
taken into consideration. Our study suggests that such effects (iii) Both taci and tmca are effective ligands for late divalent
could easily influence the stability of a complex by several transition metal cations. However, the stability of bis complexes
orders of magnitude. of tmca exceed those of taci by about 5 orders of magnitude,
The O-methylated tmca has almost ideal properties for even though no significant structural differences were observed
binding late divalent transitions metal cations such & Nind within the coordination spheres or the ligand backbones of
the values of the formations constants (Table 6) show that tmcacorresponding structures. Again, this result cannot be assigned
belongs among the most effective chelating triamines. By to an improved preorientation of the amino groups in tmca but
contrast, the N-methylated derivative (tdci) has only a weak must be interpreted in terms of more favorable solvation of the
affinity for such cationg® The present investigation provides a complex. This results underlines the importance of solvation
further example of the way that the coordinating properties of effects and demonstrates that a simple analysis of complex
taci can easily be tuned, simply by adding suitable substituentsstability in terms of steric considerations may not always be
to the donor groups, disabling some of the coordination modes adequate.
on the one hand and thereby increasing the affinity of the
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