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The preparation is described of two modified derivatives of the tripodal tetraamine tren, 2-hydidys(2-
aminoethyl)ethylamine, N}D222, and 2-amind{,N-bis(2-hydroxyethyl)ethylamine, NNf222, in which one and

two primary amines, respectively, have been replaced with hydroxyl groups. The aquectisaasgicand metal

ion (Ni2", Cl#*, Zn?") coordination properties of these two compounds were studied by potentiometric,
spectrophotometric, and NMR titrations. Two and three acidity constants, respectively, were determinedfor NNO
222 and NNO222 by potentiometry. NMR titrations proved that deprotonation of the two OH residues in-NNO
222, and of the one in NXD222, corresponded tdKp > 14. Acidity constants related to deprotonation of the
terminal primary amine functions were similar in both N2 and NNO222 (and to those in the parent
compound tren), whereas deprotonation of the tertiary ammonium N atom had a very different acidity constant
in each of these three compounds. Charge repulsion, polar effects, and intramolecular hydrogen bond formation
are responsible for the discrepancy. Chelated diamine metal complexes for each ligand studied depended only on
the basicity of the corresponding two amines, suggesting that the hydroxyl group interacted with the metal ion
very weakly in acidic or neutral solutions. The KfLspecies further deprotonated to form M{LH)* and M(L

— 2H) complexes, in which the protons are released from the coordinated OH group. A pM vs pH correlation
showed that replacing an NHjroup with a OH group in tren or NidD222 makes the resulting metal complex

less stable. Electronic spectra showed that the Cu(ll) complexes of both228@nd NNO222 adopted a
square pyramidal geometry rather than a trigonal bipyramidal geometry. The X-ray crystal structure analysis of
the zinc complex [Zn(OH)(-NNO,222 — H)Zn(NNO,222)F*, as its [BR]~ salt, shows a dinuclear molecule
containing two zinc ions, each coordinated in a distorted trigonal bipyramid. The coordination environment at
one zinc atom is composed of the four donor groups of a mono-O-deprotonated ligan@2IN&hd a hydroxyl

ion with the central nitrogen atom of the ligand and the hydroxyl ion in equatorial positions. The oxygen atom
of the deprotonated alkoxo group bridges to the second zinc atom, which is coordinated by this atom and one
undeprotonated ligand NN@22.

Introduction Chart 1

complexes of treh(tren = tris(2-aminoethyl)amine, Chart 1)
and analogous tripodal tetraamine ligahidswith varying arm
lengths will vary between trigonal bipyramidal and square
pyramidal. This fact has prompted us to embark on a larger 322 332
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mine which factors influence the geometry and reactivity of aknownamount of NaOH. A plot of mV/(calcd) vs pH gave a working

not only copper complexes but alse?Nf and Zr#™ complexes. slope and intercept so that pH could be read-4sg [H*] directly.
Cuw+ complexes of four symmetric and asymmetric tripodal The value of i, used atl = 0.16 was 13.76:

N, ligands with different combinations of ethylene and propy- _Preparation of the Tripodal Amines (Schemes 1 and 2). 2-Hy-

lene arms (tren, 322, 332, trpn, Chart 1) showed varying degreesdr®Y-N-(cyanomethyl)N-(2-hydroxyethylethylamine (1). Dietha-

f oH-d dent trv int diat bet nolamine (5.26 g, 0.05 mol) was treated at@ with 5.70 g of HCI
of pri-dependent geometry intermediates DewWeen a MmoNno- 3594y T4 this solution was added dropwise &0a solution of KCN

nuclear tetragona_lly distorted trigonal p|pyram|d (trfen, 332, (3.26 g, 0.05 mol) in 10 mL of water. Subsequently, an aqueous 37%

neutral pH) and binuclear square pyramids (all four ligands at formaldehyde solution (4.054 g, 0.05 mol) was added at such a rate

basic pH). that the temperature did not exceed®. The reaction mixture was
Zn(ll) complexes are also promiscuous, changing coordination then warmed to room temperature and stirred for an additional 2 h.

geometries from octahedral to tetrahedrtiis alteration renders ~ The reaction solution was extracted with & for 3 d, and the red

the complexes more easily hydrolyzed tharfZitself.8 Ni(ll) organic phase was subsequently separated and dried with MgSO

complexes are well-known to take on a variety of geometries, Removal of the solvent yielded 5.513 g (76.5%) of a pink ¢l NMR

. CDCl;, 400 MHz): 6 3.68 (s, 2 H, CHCN), 3.66 (t, 4 H, G1,0H),
such as octahedral, square pyramidal, tetrahedral, and squar 37 (s, 2 H, OH), 2.75 (t, 4 H, N&CHy). “C{H} NMR (CDCh,

9
planar: . , 100 MHz): ¢ 115.29 (CN), 59.12 (CKDH), 55.65 (\CH,CH), 42.59
Itis, therefore, most interesting to see whether all three of (cp,cnN).

these metal ions will undergo coordination geometry changes = 2.Amino-N,N-bis(2-hydroxyethyl)ethylamine, NNO:222 (2).Lithium
when complexed with tripodal ligands in which donor group aluminum hydride (4.554 g (0.12 mol) was suspended under Ar in 150
and arm length alterations can be systematically undertaken.mL of dry THF at—5 °C. To this suspension was addeatefully 96%
This takes on particular importance in light of the many H.SQ (6.13 g, 0.06 mol). The reaction mixture was warmed R0

important roles played by R, Ci?*, and Z#* in biological and stirred at this temperature for 1 h. After the reaction mixture
systemg? achieved room temperatur,(5.513 g, 0.038 mol) dissolved in 30

Herein we report on the complexation in aqueous solution mL of dry THF was added dropwise at such a rate that the solvent did

oy - " " not start to boil. The reaction mixture was then stirred at room
of Ni2*, Ce*, and Z1t _by tWQ tren derivatives, NNg222 and temperature overnight. The residual lithium aluminum hydride was
NN?OZ,ZZ (Chart 1), in which the arm lengths h,ave beeﬂ hydrolyzed with 10.2 mL of water, and the resulting suspension was
maintained but the donor atoms have been systematically variedjtered. The solid residue was washed several times with methanol,

from —NH; to —OH. We also report on the crystal structure of  and the combined organic phases were concentrated to yield a yellow

a binuclear Zn complex [Zn(OH)}¢NNO,222 — H)Zn(NNO,- oil. This oil was dried by azeotropic distillation with cyclohexane, and

222)F" as its [BR] ™ salt. finally the oily residue was distilled at 13@40 °C at 0.03 mbar,
yielding 2.7 g (47.9%) of a colorless, strongly hygroscopic oil. Anal.

Experimental Section Calcd (Found) for @H1eN,O, (fw = 148.21): C, 48.63 (47.90); H,

. ) » 10.88 (10.05); N, 18.90 (17.88¥ NMR (CDCls, 400 MHz): ¢ 3.61
Materials. Air-sensitive compounds were prepared and handled (s pr 4 H, OH and Nb), 3.41 (t, 4 H, G4,0H), 2.59 (t, 2 H, NGl,-
under Ar using Schlenk techniques. All solvents used in the synthesesCHzNHZL 2.43 (t+t, 6 H, NCH,CH,OH and G4,NH,). *C{1H} NMR
were rigorously dried (typically, over Na, or Na/K and benzophenone) (CDCls, 100 MHz): 6 58.98 (CHOH), 57.77 (NCH.CH,OH), 56.42
and freshly distilled prior to use. All starting materials used in the (NCH,CH,NH,), 39.13 (CHNH,).
syntheses were commercially available (Aldrich) and were of reagent Synthesis of 2-HydroxyN,N-bis(2-aminoethyl)ethylamine, NN-
grade. Atomic absorption standard solutions of NCU**, and Zrf* 0222 (5), Method A. 2-Chloro-N,N-bis(cyanomethyl)ethylamine (3).

were purchased from Sigma and used directly. The concentration of 2-Chloroethylamine hydrochloride (23.2 g, 0.2 mol) was dissolved in
the titer (1 M NaOH, Fisher) was established with potassium biphthalate 54 m1 of water. and KCN (13.03 g, 0.2 mol) in 25 mL of water was

(Anachemia). Sodium chloride (for controlling solution ionic strength)  4qqed a5 °C. The resulting solution was stirred a6 °C for 30
and hydrochloric acid were also purchased from Fisher. Water was min, after which time an agueous 37% formaldehyde solution (16.22
deionized (Barnstead D8902 and D8904 cartridges), distilled (Corning g, 0.2 mol) was added dropwise so that the temperature of the solution
MP-1 Megapure still), and boiled under Ar for about 30 min to remove g not rise above SC. This solution was stirred at5 °C for 2 h,
CG.. D0, NaOD, and DCI were purchased from Cambridge Isotope g psequently warmed to room temperature, and stirred for another 1
Laboratories. _ h. The reaction mixture was again cooled-6 °C, and 32% aqueous
Instrumentation. UV spectra were recorded with a HP 8453 UV Hc| (22.78 g) was added. A clear solution was obtained to which KCN
vis spectrophotometer. NMR spectra were obtained on a Bruker AC- (13.03 g, 0.2 mol) in 25 mL of water and more aqueous 37%
200 (H 200 MHz), Bruker AM 250 tH 250 MHz,*3C 62.9 MHz), or  formaldehyde solution (16.22 g, 0.2 mol) were added, as described in
JEOL JNM-LA 400 {H 400 MHz, **C 100 MHz) instrument. Mass  the previous reaction step. The resulting reaction mixture was stirred
spectra (FAB or El) were recorded on a Finnigan MAT 711 or Finnigan ¢ 9°C for another 30 min and then at room temperature for 60 min.
MAT 112 spectrometer, respectively. Elemental analyses were per- ypon cooling of the reaction mixture to GC overnight, colorless
formed on a Vario EL elemental analyzer at the Freie UnivarBitalin. — crystals formed; recrystallization from ethanol yielded 16.39 g (52%)
Potentiometric measurements were made with an automatic titration of these crystals. Anal. Calcd (Found) fogHGNsCl (fw = 157.60):

system consisting of a Metrohm 713 pH meter equipped with a ¢ 4573 (45.76); H, 5.12 (5.23); N, 26.66 (26.1.NMR (CDCl,
Metrohm 6.0233.100 electrode, a model 665 Metrohm Dosimat 250 MHz): 6 3.68 (s, 4 H, Gl,CN), 3.57 (t, 2 H, G1,.Cl), 3.07 (t, 2

autoburet, and water-jacketed titration vessels connected to a Julaboy NCH,). 13C{'H} NMR (CDCl;, 62.90 MHz): 6 113.88 (CN), 55.64
UC circulating bath. Both the pH meter and the autoburet were (CH.N), 42.32 CH.CN), 40.61 CH.ClI).

controlled by an IBM-compatible PC, and the titration was controlled 2-AcetoxyN,N-bis(cyanomethyl)ethylamine (4)Potassium acetate
with a locally written QBasic program. The electrode was calibrated (1.22 g, 0.012 mol) and (1.58 g, 0.01 mol) were dissolved in 30 mL
before each titration by titrating a known amount of aqueous HCl with ¢ DMF, and the solution was heated to 80 for 4 h. The residual

solvent was removed by distillation, and the oily residue was dissolved

Eg; gphsl, S Hahn, F;Eé;CFr:ioh, %Ch%rg.llégz ggogg 6, 2193. in CDCl; (25 mL) and filtered to remove KCI. The solvent was
igel, H.; Martin, R. BChem. Soc. » 83. removed, leaving a yellow oil which crystallized &80 °C to yield
(8) 7S‘|31el, R. K. O.; Song, B.; Sigel, Hl. Am. Chem. Sod 997, 119 1.8 g (99%).1H NMR (CDCl;, 250 MHz): & 4.20 (t, 2 H, OCH),
(9) Cotton, F. A.; Wilkinson, G.; Gaus, P. Basic Inorganic Chemistry
2nd ed.; John Wiley & Sons: Toronto, 1987; pp 46&0. (11) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability

(10) Chem. Re. 1996 96, and references contained therein. ConstantsVCH: New York, 1988; p 4.



Replacement of-NH, by —OH in Tripodal Tren

3.67 (s, 4 H, G1,CN), 2.92 (t, 2 H, NCGl1y), 2.06 (s, 3 H, CH). 1°C-
{*H} NMR (CDCls, 62.90 MHz): 6 170.62 (COO), 114.27 (CN), 60.99
(OCH,), 52.31 (CHN), 42.59 CH.CN), 20.84 (CH).
2-Hydroxy-N,N-bis(2-aminoethyl)ethylamine, NNO222 (5).Lithium
aluminum hydride (6.90 g, 0.182 mol) was suspended in 200 mL of
dry THF at—5 °C under Ar. To this suspension waarefully added
96% HSO, (6.82 g, 66.9 mmol). The resulting Abuspension was
stirred at—5 °C for 30 min and then warmed to room temperature. A
solution of4 (3.64 g, 0.02 mol) in 20 mL of THF was added to the
AlH ;3 suspension at room temperature, at a rate such that the THF di

not start to boil. The reaction mixture was stirred at room temperature

overnight. The residual lithium aluminum hydride was carefully
hydrolyzed with 10.7 mL of water, and the suspension was then filtered.

The solid residue was extracted with methanol overnight, and the

combined yellow organic phases were dried with MgS&ter removal
of the solvents in vacuo, the oily residue was distilled at 120and
102 mbar to yield 1.0 g (34%) of a colorless oil which crystallized at
—30°C. H NMR (CDCl;, 250 MHz): 3.62 (t, 2 H, &,0H), 2.79 (t,
4 H, NCH,CH;NH,), 2.63 (m, 6 H, N&i,), 2.19 (s, br, 5 H, Nkland
OH). 3C{*H} NMR (CDCls, 62.90 MHz): 6 60.05 (CHOH), 57.38
(NCH,CH,0H), 56.28 (N\CH,CH,NH>), 39.72 (CHNH,). MS (El, 70
eV): m/e (relative intensity, assignment) 148 (0.21, [N]130 (1.42
[M — H,O]"), 117 (75.71), 74 (57.61), 44 (100), 30 (21.8).
Synthesis of 2-HydroxyN,N-bis(2-aminoethyl)ethylamine, NN-
0222 (5), Method B. 2-Hydroxy-N-(cyanomethyl)ethylamine (6).
Ethanolamine (3.05 g, 0.05 mol) was dissolved in 10 mL of water,
and the solution was cooled te5 °C. To generate the hydrochloride
salt, HCI (5.70 g, 0.05 mol) in water (32%) was added. A solution of
KCN (3.26 g, 0.05 mol) in 10 mL of water was then added. To this
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about 2% neutralization for the equilibrium betweeg(MNO,222¢+

and H(NNQ222)", and about 96% neutralization for the equilibrium
between H(NNG222)" and NNGQ222. For NNO222, the calculation

pH range was 2.0 pH =< 10.6, corresponding to about 35%
neutralization for the equilibrium betweer(NN,0222§" and H(NN,-
0222¥", and about 83% neutralization for the equilibrium between
H(NN0O222)" and NNO222. More than 50 data points were recorded
in each titration and used in the fit. The final results for the acidity
constants given in Table 1 are from the average of more than 10

gindependent titrations in each case (throughout this work, the error limits

are 3 times the standard error of the mean valeg, 3

To prove that deprotonation of the OH group occurs at very high
pH, 'H NMR titrations were undertaken (Table 2). A series of samples
of identical ionic strengths (total 0.16 M, in some combination of NaOD
and NacCl) but different pH values (34 pH* < 13.4) were prepared,;
the pH* (pH meter reading value of the;O solutions) was measured
with the same pH meter and electrode. The pD values were obtained
by adding 0.4 to pH%3 The *H NMR spectrum of each sample was
recorded, and the acidity constants were evaluated by fitting the
chemical shifts of a given signal with the appropriate pD values using
a program similar to that described for treating the potentiometric data.

Determination of Stability Constants. The stability constants of
Ni2*, Cw?*, and Zii* with the two ligands NN@22 and NNO222
were determined under the same conditions outlined above, except that
Na' in the supporting electrolyte was partly replaced by the appropriate
M2* (1 = 0.16 M, 25°C). To prevent the hydrolysis of the metal ions,
[L1ot > [M?*]4otin all experiments ([Lg: and [MP ]y are the total ligand
and total metal ion concentrations in solution, respectively). To evaluate
the importance of Mk complexes, in some experiments {JM 2]t
= 2 was employed. The stability constants were calculated by using a

reaction mixture was added dropwise a 37% formaldehyde solution Newton—Gauss nonlinear least-squares program, as previously men-

(4.06 g, 0.05 mol) at OC, and the resulting mixture was stirred at 0
°C for 60 min; it was allowed to warm to room temperature and was

tioned. All the stability constant determinations were from an average
of at least eight independent titrations (Tables 3 and 4). In tR&/ Ni

stirred at room temperature overnight. Subsequently the reaction solutionNN,0222 system, the kinetics were so slow that about 20 min was
was extracted with dichloromethane for 36 h, and the organic phase required after each addition of NaOH until equilibrium was attained,;

was then separated and dried with MgS@®emoval of the solvent
yielded a white residue which was recrystallized from diethyl ether/
ethyl acetate to yield 4.0 g (80%) of a white powdét.NMR (CDCls,
250 MHz): ¢ 3.67 (t, 2 H, ¢G1,0H), 3.60 (s, 2 H, E,CN), 2.88 (t, 2
H, NCH>), 2.05 (s, br, 2 H, NH and OH}3C{*H} NMR (CDCl, 62.90
MHz): 6 119.09 (CN), 60.77 (CEDH), 50.21 (CHIN), 37.09 CH-
CN).
2-Hydroxy-N,N-bis(cyanomethyl)ethylamine (7).Aqueous 32%
HCI (2.28 g, 0.02 mol) was added &6 °C to 6 (2.0 g, 0.02 mol), and
to the resulting solution were added-ab °C KCN (1.30 g, 0.02 mol)
in 10 mL of water and then an aqueous 37% formaldehyde solution
(1.623 g, 0.02 mol). The reaction mixture was stirred &COfor 60
min and then at room temperature overnight. The yellow reaction
mixture was extracted with dichloromethane for 12 h, and the organic
phase was dried with MgSQOThe solvent was removed to yield 2.51
g (90.2%) of a colorless oitH NMR (CDCls, 400 MHz): 6 3.72 (s+
t, 6 H, CH,OH and GH,CN), 2.82 (t, 2 H, N®i.CH,), 2.54 (s, 1 H,
OH). 23C{H} NMR (CDCls, 100 MHz): 6 114.68 (CN), 59.55 (CH
OH), 55.23 (NCH), 42.69 CH.CN).
2-Hydroxy-N,N-bis(2-aminoethyl)ethylamine, NNO222 (5).The
reduction of the nitrile groups i was achieved as described for the
reduction of4. For the reduction o#t (4.18 g, 0.03 mol), AlH was
generated from lithium aluminum hydride (6.83 g, 0.18 mol) and 96%
H.SO, (6.75 g, 66.2 mmol) to yield 3.02 g &f(68.5%). The analytical
data of5 obtained this way are identical to those ®fobtained by
method A.

Determination of Acidity Constants. The titrations for determining
the acidity constants of NN222 or NNNO222 were carried out by
adding standardized NaOH solution (0.11 M) to 2.6 mM HCI (50 mL)
and NaCl { = 0.16 M, 25°C) in the presence of 04.6 mM
H2(NNO,2227" or Hy(NN,O222F" under N. The constants were
calculated using an IBM-compatible computer with a Pentium I
processor by a curve-fit procedure using a Newt@auss nonlinear
least-squares program similar to that used in other stdéifem. NNO,-
222, the calculation pH range was 33pH < 10.6, corresponding to

for all the other reactions studied, this was not a problem.

Preparation of Zn Complexes. [Zn(OH)@-NNO2222 — H)Zn-
(NNO,222)](BF4),, 8. To a solution of Zn(Bk)>*H.0 (x = 6—7) (382
mg, 1.6 mmol) in 20 mL of methanol was add2d238 mg, 1.61
mmol). The reaction mixture was stirred for 30 min at room temper-
ature. Addition of diethyl ether gave slightly yellow crystals which
were recrystallized from methanol/diethyl ether to yield 534 mg (54%)
of colorless crystals. Anal. Calcd (Found) forB3:B2FsN4OsZn; (fw
=616.79): C, 23.37 (23.55); H, 5.23 (5.38); N, 9.08 (9.14). MS (FAB,
positive ions): m/e (relative intensity, assignment) 423 (12.5, [M
H>0]"), 211 (29.50 [Zn)]™). IR (KBr, cm™): v = 3349, 3335, 3300
(w, v(O—H) andv(N—Hy)), 2967, 2921, 2889 (my(C—H)), 1484 (m,
6(N—Hy)), 1262 (m,»(C—N)), 1059 (s,»(C—0)).

[Zn(NNO,222)(H,O) — H]BF4 (9). A solution of5 (256 mg, 1.74
mmol) in 10 mL of methanol was added dropwise to a solution of
Zn(BF)2:H20 (x = 6—7) (1.74 mmol) in 10 mL of methanol at room
temperature. The solution was stirred at room temperature for 30 min,
over which time the color changed to yellow. Slow diffusion of diethyl
ether into the reaction solution yielded colorless crystals which were
recrystallized from methanol/diethyl ether to yield 266 mg (48.3%) of
colorless crystals of compleX Anal. Calcd (Found) for gH:8BFsNzO»-

Zn (fw = 316.41): C, 22.78 (22.70); H, 5.73 (5.81); N, 13.28 (12.95).
MS (FAB, positive ions):m/e (relative intensity, assignment) 210 (100,
[Zn(5)1%), no further fragments were detected. IR (KBr, ¢n v =

3293 (w,»(0O—H) andv(N—H,)), 2961, 2926, 2881 (m(C—H)), 1473

(m, 6(N—Hy)), 1277 (m(C—N)), 1064 (sp(C—0)). The formulation

of the complex monocation i [Zn(NNO,222)(HO)-H] is arbitrary
since it could not be confirmed which one of the ligand or the
coordinated water molecule was deprotonated; this, however, influences
neither the elemental analysis nor the FAB MS data.

X-ray Structure Analysis. [Zn(OH)u-NNO,222 — H)Zn(NNO,-
222)](BF)2 (8) was crystallized from methanol/diethyl ether at room

(12) Song, B.; Mehrkhodavandi, P.; BuglyB.; Mikata, Y.; Shinohara,
Y.; Yoneda, K.; Yano, S.; Orvig, CJ. Chem. Soc., Dalton Trans
200Q 1325.

(13) Glasoe, P. K.; Long, F. Al. Phys. Cheml196Q 64, 188.
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Scheme 1 Scheme 2
! /\/OH method A method B
on C'e ® OH
H3N/\/Cl HzN/\/
H* / KCN / HoCO
l 1.KCN/H,CO H* /KCN/H,CO
l 2.H*/KCN/H,CO
OH
NC/\N/\>/\ NC— cl NC— OH
OH N/\/ N/\/
1 Ne—" e
3 6
AlH;
l KOAc / DMF l H* /KCN /H,CO
N
) ) N O\ A\ _-OH
(\ HoN NC——/ \|O( NC—/
OH HO 4 7

NNO,222 2

o\
AlH, N ) AlH,
temperature. A suitable specimen with approximate dimensions 0.42 HzN

x 0.14 x 0.14 mm was selected in air and mounted onto a Enraf- OH  H:N
Nonius CAD-4 diffractometer at room temperatuerystallizes with NN,0222 5
one independent molecule in the asymmetric unit, empirical formula
Ci2H3BoFgNsOsZn,, M = 616.78,a = 7.234(3) A,b = 10.990(3) A,
c=15.411(5) A,o. = 99.87(2}, 8 = 92.10(3}, y = 105.58(33, V =
1158.3(7) &, pcaica= 1.768 gcm 3, u(Mo Ka)) = 2.166 mntl, Z =2,
triclinic, space groupPl (no. 2), Mo Ko radiation,A = 0.710 73 AT

= 293(2) K, w-scans, reflection#,£k,+l collected, 2 range 4.5
50.C, 4072 independent and 2352 observed reflections Ro(l)],

299 refined parameters (refinementff), R1= 0.067, wR2= 0.168,
maximum residual electron density 1.080,97) e A3, hydrogen atoms
placed on calculated positions and unrefined. No hydrogen positions

were calculated or identified for hydroxyl groups. The programs used %I\gzlnse to 0n||_)'/( OII"IedI’eSOI"IaI’}:I]CGfIn tHd.NMRf S.peCtruT' (Ir:
were Siemens SHELX-98for structure refinement and MolERfor 5), most likely due to the formation of intramolecular

data reduction. Molecular structure plots were generated with ORTEP. Nydrogen bonds.

X-ray data were also collected for compléxin a rhombohedral A multistep low-yield preparation fob, again making use
space group witle = 15.060(2) A ando. = 114.564(8); however, of ethylene oxide, was published by Vasil'eva etalThis
owing to the site symmetry 3 of the complex cation in the unit cell, a synthesis is similar to another synthesis reported by the same
disorder must exist petween the.three ligand arms. Multiple data sets g, ;thors for the preparation of an unsymmetrical tripodal
did not lead to a satisfactory refinement. tetraaminé? We were unable to repeat either of these two
preparations and therefore employed a new strategy for the
preparation of5. Two pathways for the synthesis &f are

Ligand Synthesis.Our strategy for the synthesis of tripods  conceivable, and both were investigated (Scheme 2). Method
2 and 5 is depicted in Schemes 1 and 2, respectively. A A starts with theextremely toxie® (facile formation of aziridine)
preparation of ligan@ has been reported by Peck et &lheir 2-chloroethylamine hydrochloride, which is doubly cyano-
synthesis involved monoacylation of ethylenediamine, followed methylated in a one-pot synthesis with KCN and formaldehyde
by dialkylation of the remaining amine function with ethylene nder acidic conditions to giv8 in moderate yield® The
oxide, and subsequent reduction of the amide into an amine.chlorine atom in3 is then substituted with acetate to gide
The number of reaction steps, the difficult purification of the ' reduction of the ester and cyano functiongiis best achieved
reaction products, and the poor yield prompted us to develop py freshly prepared Algi?° The moderate yields of ligand
an easier synthesis @& one which in particular avoided the  obtained by method A prompted us to investigate another
use of ethylene oxide. We chose to proceed via a one-potsynthetic route (method B) 6. Method B has two significant
cyanomethylation of diethanolamine, which we have used advantages over method A: 2-chloroethylamine hydrochloride
previously for the preparation of unsymmetrical tripodal tet- js avoided, and the yield and purity 6fobtained by method B
raamines:®* The cyanomethylation of primary or secondary gre improved over those in method A. It is, however, impossible
amines was developed in 1955 by Schwarzenbach*étald o cyanomethylate 2-aminoethanol twice in a one-pot synthesis.
The two cyanomethyl groups must be introduced in two

is best carried out according to the modifications of Knoevenagel
and Bucherer in dilute hydrochloric aci®¥Reduction of the
cyanomethyl group inl is difficult and in our hands gave
acceptable yields only when freshly prepared Alias used

as the reducing agefft.Under these conditions, the formation
of side products was suppressed @dould be isolated in a
satisfactory yield. It is notable that the NH and OH protons

Results and Discussion

(14) Sheldrick, G. M.SHELX-93 Program for the Solution of Crystal
Structures Universita Gottingen: Gitingen, Germany, 1993.
(15) MolEN: Molecular Structure Solution Procedures. Program Descrip-  (19) Kurtz, P. Methoden Org. Chem. (Houb&Weyl), 4th Ed.1952-1958
tion; Enraf-Nonius: Delft, The Netherlands, 1990. VIII, 282.
(16) Johnson, C. KORTEPII Report ORNL-5138; Oak Ridge National (20) Yoon, N. M.; Brown, H. CJ. Am. Chem. S0d.968 90, 2927.
Laboratory: Oak Ridge, TN, 1971. (21) Vasil'eva, V. F.; Lavrova, O. Yu.; Dyatlova, N. M.; Yashunskii, V.
(17) Peck, R. M.; Preston, R. K.; Creech, HJJAm. Chem. Sod.959 G. J. Gen. Chem. USSFO68 38, 468.
81, 3984. (22) Vasil'eva, V. F.; Lavrova, O. Yu.; Dyatlova, N. M.; Yashunskii, V.
(18) Schwarzenbach, G.; Anderegg, D.; Schneider, W.; Senrjet.. G. J. Gen. Chem. USSFO66 36, 688.
Chim. Actal955 132, 1147. (23) Izumi, M. Bull. Pharm. Soc. Jpnl954 2, 275.
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Table 1. Acidity Constants of NNGR222 and NNO222 Measured by Potentiometry and Vafufes Tren and 322 (23C, | = 0.16 M NaCl)

NNO,222 NNO222 tren 322
pKH (HL* = H* + L) 9.78+0.05 9.92+ 0.04 10.14 10.14 0.09
pKE | (HoL2t =H* + L*) 5.04+ 0.02 9.19+ 0.01 9.43 9.72+ 0.06
PR (Hal ¥ = HoL 2" + H7) 2.26+0.05 8.41 8.4G£ 0.04
PKi, (Hal*" = Hsl3" + H*) <2 21+03
Table 2. Chemical Shift Changes\@, ppm) for the'H NMR amine N atom. This means that, as the first step, deprotonation
Signals in NN@222* of the central ammonium is favored.
A6, 7.3  AJ,35=< A6, 7.3< A4, 35< The three acidity constants measured potentiometrically for
signal pD=13.85 pD=<7.3 signal pD=13.85 pD=7.3 NN>0222 in the range 2.8 pH < 11 are listed in Table 1. As
A 0.24 0.78 C 0.43 0.63 per the above discussion, the deprotonation steps occurred at
B 0.21 0.69 D 0.05 0.31 the three ammonium N atoms, and the deprotonation step with

the low K, = 2.26 represents the deprotonation of the tertiary
ammonium N atom. The other two acidity constants for this
Scheme 3 tripod differ by 1¢-72(9.92 — 9.19= 0.73). That this value is
close to, but slightly larger than, the statistical estimatiotf10
indicates that the two deprotonation positions are almost
identical and that there is only a weak interaction between these
two residues. This result proves that the deprotonation steps
correspond to releasing protons from the two terminal am-
monium N atoms (RNkf).

On close inspection of the acidity constants in Table 1, one
can see that the values for deprotonation of the terminal
ammonium N atoms are close to each other @K, < 10.2)
for different ligands. Deprotonation of the central tertiary
ammonium N atom has very different values<5K; to 2 >
pKy) for the ligands listed; i.e., replacing arNH3™ group by
a —OH group makes the Rl group more basic.

aSee Chart 1 for assignments.

OH HO OH
HANNO:222)* H(NNO;222)*

independent reactions to give the desired dinitrievia
compound6. Dinitrile 7 can then be reduced to the diamine
with AlH 3 as described for method A. Again, the OH and NH
protons show only one resonance in th& NMR spectrum,
apparently due to formation of intermolecular or intramolecular
hydrogen bonds.

Acidity Constants. The two acidity constants determined .
potentiometrically for NNG222 in the range 3.2 pH < 10.6 Three factors, polar and charge effects and intramolecular

are listed in Table 1. The two deprotonation reactions can be hydrogen bon+d|ng, contribute to this observation. ern a
assigned to the primary (RNHz") and tertiary (R—NH™) terminal—NHs* exists, the tertla_ry ammonium groups{fH*)
ammonium groups encounters both charge repulsion and polar effects, and these

To confirm these assignments, and to estim#tgvalues of combine to make th_ede group more acidic. A third effect is
any potential further deprotonations (such as from the two the formation of an intramolecular hydrogen bond between the

hydroxyl groups),"H NMR titrations were undertaken. The tertiary amine group BNH" and the terminaI—NHgf group
NMR spectra showed four triplets corresponding to the meth- after the former deprotonates (as shown by .NMR+t|trat|on, vide
ylene protons A, B, C, and D (see Chart 1 for assignments). SUPr@)- In this hydrlggenhbond, the donorﬂ:NH_gd_ agd the
The chemical shifts of each signal varyd) with solution pD,  2¢¢€ptor is BN, making the BN group more acidic because
and a larger chemical shift change indicates that the corre-the prqduct of thg deprotonation Is more stable. On the other
sponding methylene group is closer to the deprotonation centerhand’ N arms with qnly a terminal OH group, the central
(Table 2). Over the entire pD range studied, methylene D had ammonium only experiences the polar effect, which also makes

the smallest\d, indicating that it and the hydroxyl group were the RN group more acidic; however, the_OH QPUD can also
furthest from a deprotonation in the range 35D < 13.85. form an intramolecular hydrogen bond withiNH™ in which

T .
Deprotonation from the OH group did not occur in this pD R,3NHI |shthde dlonor a”ﬁ OH IIS tt?'? aﬁcepﬂér(Thhe fact that
range; therefore, it can be concluded that the deprotonation 0f3|gn<a D had a larger chemical shift change in t e<ranges’3.5
the OH group must take place at pB 13.85. Hence, it is pD = 7.3 (0.31, Table 2) tr_\an in the range E_SpD = 13.85
reasonable to estimate that th€.value for the alcohols must (0.05, Table 2) supports this suggestion.) This effect makes the
be higher than 14 RsNH* proton more stable or, in other words, theNRgroup
Also noteworthy in Table 2 is the slight difference in thé more basic. Therefore, when a primary ammonium group
values of signals A, B, and C in the range 35pD < 7.3; —NHs" is replaced by an OH group, theRgroup should be

signal C has the highe#td value when 7.3< pD < 13.85. more_ bafs'c' ) o )

These observations verify the formation of an intramolecular 1 NiS discussion qualitatively explains why thipralues of
hydrogen bond in the monoprotonated cation H(NRER)" the central amine have the sequence NBE2 > NN,0222>
(Scheme 3). In the 3.5 pD < 7.3 deprotonation of NNO,- tren; however, this result can also bg analyzed quantltatl\_/ely.
2227+, both the reactant and product ammonium N atoms are 1€ Favalues of protonated ethylamine, protonated 2-amino-
almost identical (the only difference being whether the primary €thanol, and diprotonatedt?* (en= 1,2-diaminoethane) are
(RNH,) or the tertiary (RN) amine N is the donor or the = 10.667%9.647>and 7.1%° respectively. Comparing these three
acceptor of the hydrogen bond). Hence, &evalues resulting ~ V&lues, we can calculate that adding a OH group g tbarbon
from this deprotonation step for signals A, B, and C are so close. ©f ethylamine lowers thetf, of the ammonium-NHs"™ by 1.02

In the second deprotonation step, however, signal C has a

iynifi ; ; (24) Hancock, RJ. Chem. Soc., Dalton Tran&98Q 416.
significantly largerAo value than do signals A and B. It is most (25) Bunting, J.- Stefanidis, DI Am. Chem. S0d99q 112 779,

”ke_'y: therefore, that the hydrogen bond d_onor is t_he primary (26) Branca, M.; Micera, G.; Kiss, T.; Sinibaldi, M. Chem. Res., Synop.
amine N atom (RNK) and that the acceptor is the tertiaryskR 199Q 392.
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Table 3. Logarithms of the Stability Constants of NMNZ22 with N#, Cl?t, and Zr#* (25 °C, | = 0.16 M NacCl)

log K
reaction N+ Cuw* Zn?t
M2+ + HL*+ = M(HL)3* <2 <2 <2
M2+ 4+ L = ML2" 6.89+4+ 0.05 10.094+ 0. 05 5.42+0.11
ML2F=M(L — H)* + HF —9.7+ 0.2 —6.914+ 0.05 —7.61+0.09
M(L — H)* = M(L — 2H) + H* —10.9+£0.2 —9.59+ 0.12 —8.88+0.07
M(L — 2H)=M(L — 3H)" + H* —10.8+£0.2

log units (from 10.66 to 9.64), and that adding a second coordinated to the metal ion in the ML complex. Any
ammonium group at thgs carbon lowers the K, of the additional coordination from the other groups in the same ligand
ammonium by 3.47 log units (from 10.66 to 7.19). These values (such as the hydroxyl arms) would increase the stability constant,
reflect all the effects discussed above. For the central ammoniumand the corresponding data point would lie above the corre-
of NNO,222, there are tw-OH groups and ong-NHz* group. sponding reference line. The plot (not shown, available in the
The total effect should be the sum of the three groups; that is, Supporting Information) showed that the data points for tHe Ni
the K, value of the tertiary BNH™ group should be 10.66 and Zr#™ complexes of NN@22 lie on the reference lines,
(2 x 1.02) — 3.47= 5.15. This estimated value is very close and for C4" the point is only slightly above the reference line.
indeed to our experimental value of 5.04 (Table 1). In,NN  We can, therefore, conclude that the hydroxyl groups in BNO
0222, the correspondingKp value should be 10.66- (2 x 222 bind the metal ion in ME" very weakly, or not at all
3.47)— 1.02= 2.70, somewhat higher than the experimental (different from the solid-state result, vide infra); the coordination
result of 2.26 (Table 1), possibly because there is a weak ability of the OH groups in NN@222 is on par with the
interaction between the two terminal ammonium groups. For coordination ability of water at acidic or neutral pH.

tren, the calculated value is 10.66 (3 x 3.47) = 0.25, the

experimental estimation being 2. Although these estimations OH

. . . NH
are quite rough, they at least verify that the experimental results o z
in Table 1 are reasonable. HO NH;
Stability Constants of NNO,222 with Ni¢", Cu?", and HO ©

Zn2*, These are summarized in Table 3. Only 1:1 complexes o

were found for all three metal ions studied. Although it should 1-B-D-Gle-pn

be possible to form ¥I:.L = 1:2 complexes, especially for Ni

and Cd* when [L}o/[M?*]iot > 2, these complexes were not  When the pH is sufficiently high, however, the RiL
detected in the experiments, clearly because the twgOELt complexes deprotonate to M¢: H)* species, which predomi-
OH arms surrounding the central amine group inhibit the nate over significant pH ranges and can themselves further
approach of a second ligand to the MLspecies. Hydrolysis  deprotonate. The deprotonation to form M H)* could

of the metal ion itself, i.e., formation of NOH), (x = 1, 2;y possibly occur at an OH arm of the ligand, or possibly at a
= 1-4), was not important for any of the three metal ions coordinated water molecule. To decide, we have compared our
although hydrolysis reactions, with the known constéhisere results with those of the literature for tren, for similar ligands
included in the data evaluation. (e.g., 18-p-Glc-pn), and for e’:122829 For the Cé@t—tren

The coordination of the central amine only, to form MHL system, a [ value of 9.09 was obtained for deprotonation of
with any of the three metal ions is very weak, with a stability a coordinated kD2 For 15-p-Glc-pn, M(L — H)* species were
constant below 10 The low stability/predominance may have gpserved for neither Ri nor C&+ at pH < 7, and with Z&*,
several causes. First, the surrounding arms might inhibit the 3 stability constant of 4.2= 0.2 for the complex ZnL(OH)

metal ion from reaching the central nitrogen, especially when was determineé? This constant corresponds to the reaction
the terminal amine is protonated. Second, to form MHivould

take energy to break the intramolecular hydrogen bond between ZnL** + OH™ = ZnL(OH)" (1)
two amines. Third, the diamine chelate of the metal ion should
be much more stable; hence, it is very easy for MHto form It can be easily converted into the comparable Kgalue
ML2" species. (related to deprotonation of a coordinateg®l by subtracting
The species distribution diagram (not shown, available in the the K, value of water (under our conditions 15.5); i.e., l&g
Supporting Information) shows that the KiLspecies for Ni* = 4.2 — 15.5= —11.3. Although there are many en studies
and Cd* each predominate in a characteristic pH range, but available?® for few of them have stability constants with OH
that ZnL2" is only >20% in the range 7.5 pH =< 8.5; this can been determined; for example, Jonassen &? eleasured a
be attributed to the lower affinity of 2n for nitrogen donor constant for the reaction
ligands than that of Nit or Cl#+.
In the ML?* species, the metal ion must be coordinated to CuL,”" + OH™ = CuL,(OH)" (2)
both amines, forming a chelate; however, are the hydroxyl
groups in NNQ222 also coordinated? Straight line correlations (log K = 0.73, 25°C, | = 0.50 M KNO3), and the comparable
have been established between stability constantKlagnd value is logk = 0.73— 15.5= —14.8. (The value is so low
ligand acidity constantska, + pKa for Ni#*, Ci#*, and Zr* since it is a bis(ethylenediamine), system and the coordinated
complexes of a series of simple bidentate diamine ligdhtfs.  \ater molecule is on the apical position. We will discuss this

the logK vs pKay + pKaz data point for a similar ligand lies on  effect later.) These are much smaller than the values given in
the straight reference line, there are only two amine groups

(28) IUPAC stability Constants Database, Release 3, Version 3.02,
(27) Baes, C. F., Jr.; Mesmer, R.Ehe Hydrolysis of CationR. E. Krieger Academic Software, Timble, Otley, W. Yorks, U.K., 1998.
Publishing Co.: Malabar, FL, 1986. (29) Jonassen, H.; Reeves, R.; Sogall.lLAm. Chem. So&955 77, 2748.
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Table 4. Logarithms of the Stability Constants of N®222 with N, Ct?*, and Zr#* (25 °C, | = 0.16 M NacCl)

log K
reaction N#* Cuw?t Zn?t
M2+ + HoL 2 = M(H,L)* <2 <2 <2
M?2F 4+ HLT = M(HL)3" 6.27+ 0.15 <8.5 <5
M2F 4 L = ML2" 10.654 0.06 15.28+ 0.06 9.55+ 0.06
ML2F=M(L — H)* + H* —9.03+0.18 —8.70+ 0.06 —8.19+4+ 0.08
M(L — H)* =M(L — 2H) + H* —10.64+ 0.19 —11.0+£0.2

Table 3 for Zn(L— H)*, —7.614 0.09, and for Cu(L— H)*,

For all three metal ions, the fraction of the M{H)** species,

—6.91+ 0.05. This comparison suggests that the deprotonation in which only the central nitrogen coordinated, is always very
of M(NNO2222F+ complexes may not occur at a coordinated low over the whole pH range and only resolvable at low pH;
water molecule, but at the OH group of the ligand (in the solid- therefore, only an upper limit of the corresponding stability
state structure of [ZN(OH¥NNO,222 — H)Zn(NNO,222)F* constants is given. Except for Ni(HE), M(HL)3" species, in
both deprotonations are seen, vide infra). Even the further which two nitrogen atoms chelate the metal ion, also have very

deprotonation to form M(L— 2H) is unlikely to be the
deprotonation of a coordinated® because the corresponding
log K value= —8.884 0.07 for Zr#* is still much higher than
the previously mentioned value for Zn@tp-Glc-pn)(OH)'.
Only the last deprotonation step for Zn(NME22}*, to Zn(L

— 3H)~ with log K = —10.8+ 0.2, is quite close to the value
of Zn(13-p-Glc-pn)(OHY); this final step is likely to be from
a coordinated D molecule. In the case of €4 however,
deprotonation from Cu(NN§22 — H)* has logKk = —9.59+

low predominance; thus, only the Ni stability constant log
<abv>KNiyn <blw> was obtained with a reasonable error
limit (Table 4). Factors similar to those discussed above for
NNO,222 are likely to be operational with N®222. In ML,
the three amine groups coordinate the metal ion with two five-
membered chelate rings. As per the discussion for pR¥Q,
it can be concluded that, in Mit species, the CK¥CH,OH arm
plays only a minor role in the coordination.

Further deprotonation from M(NJD222%" is observed in

0.12, which is lower than the corresponding value in tren, log all three metal ion systems. On the basis of the previous
K = —9.09, so the proton may be, at least partly, from the discussion for the NN&222 system and on the constants listed
coordinated water molecule, i.e., there may be a mixture of M(L in Table 4, it is clear that, for Z, deprotonation occurred at

— H) where one species has a deprotonated coordinated watethe coordinated OH group. The species ZngQig22 — H)™*
molecule (hydroxo complex) and another with an alkoxide donor can be further deprotonated to form Zn(pd222 — 2H), and

after the deprotonation.

the corresponding constantl1.0+ 0.2 is close to the value

Another notable result is obtained from the stability constants of —11.3 obtained for deprotonation from a coordinated water
in Table 3 by comparing the two constants related to deproto- molecule in the Z#~1-3-p-Glc-pn systent? This result

nation from species M+ and M(L — H)* for each metal ion.
The differences between these two constants fér NCwH,
and Zrft are 1.2+ 0.3, 2.68+ 0.13, and 1.27+ 0.11,

indicates that in Zn(N&D222 — H)* the proton was also
released from the coordinated water molecule. In a poor crystal
structure (vide infra), a trigonal bipyramidal [Zn(N§222)-

respectively. Despite the larger error limits, it is clear that the (H20) — H]* cation @) was found as its CI salt, wherein

values for N#™ and Z#* are quite similar, but that for Cti

one of the ligand hydroxyl groups or an axial coordinated water

differs significantly. These results actually shed some light on molecule is deprotonated.
the aqueous coordination geometries of the complexes. Because For Ci#, the situation is less clear; deprotonation from Cu-

of the tripodal structure of NN&222, only two of its three arms

(NN2O222¥" has a slightly larger constant (ldg= —8.70+

can coordinate in the equatorial plane in an octahedral complex,0.06) compared to that for trer-0.09)? whereas releasing a

and the final arm, if coordinated, must be apical. Fot"Nind

proton from Cu(NNO222 — H)* is more difficult, logK =

Zn?*, the apical and equatorial bond lengths should be similar; —10.644 0.19. This result suggests that the first proton released
therefore, the acidity imparted by coordination of the metal ion from Cu(NN;O222§* is from an equatorial coordinated water
on the OH coordinated from either direction should be the same. molecule and the second proton from the apical coordinated

The difference between the first deprotonation, from2¥jland
the second deprotonation, from M(k H)*, reflects the
statistical effect and the charge effect{2n ML?" and only
1+in M(L — H)"). For C&#*, however, the well-known Jakn

hydroxyl group (vide supra).

Comparison across the Series Triethanolamine, NN&22,
NNO222, and Tren. When an—NH3z" moiety in tren is
replaced by a-OH group, the central amine group becomes

Teller distortion means that the equatorial and apical bond more basic, but how are the stability constants affected by this
lengths are different; hence, with an axial elongation, the OH functional group alteration?
group, coordinated in the equatorial plane, might more easily We have already established that a decrease inkhealues

deprotonate than that coordinated from the apical direction. This will decrease the analogous stability constants, and that there
additional factor makes the difference between the two constantsis a linear relationship between ldg and Ka1 + pKaz for a

greater than in the case of Niand Z#*. The result agrees

given metal ion and a series of structurally similar bidentate

with the previous assertion that further deprotonation of Cu- |igands!? It has already been shown that, for the¢NiCu2*,

(NNO2222 — H)* is at the coordinated water molecule, with

and Zr#t~NNO,222 systems, the results for the stability

that water molecule in an equatorial position, and the second constants ME* lie on the logK vs pKa1 + pKaz reference lines
OH group in an apical position. Taken together, these results (Ni2+, Zn2*) or slightly above the reference line (€Y. In the

suggest that the Gt coordination geometry in this case is
square pyramidal rather than trigonal bipyramidal.

Stability Constants of NN,O222 with Ni2*, Cu?*, and
Zn2*, These are listed in Table 4. L1 = 2:1 complexes also
were not observed, even when g{[M 2]t = 2.

case of NNO222, the corresponding stability constant for
MHL 3t should be on the same line. For Ni(HNDR22F", log

K = 6.27+ 0.15 (Table 4) vs the valuekyj + pKj =9.19

+ 2.26=11.45 (Table 1, NMO222) lies on the Ni" reference
line. If we suppose that this relationship holds also fo?'Cu
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Figure 1. pM versus pH for C&—tren, —NN,0222, and—NNO,-
222 systems (see the text).

and Zr#t, the estimated values according to the appropriate
straight lines are 8.58 and 4.89, respectively, quite close to the

estimations (according to the experimental data fitting) in Table Figure 2. ORTEP plot and schematic representation of the [Zn(OH)-

4. We can conclude, therefore, that, for diamine coordination, (-NNO»222— H)Zn(NNO,222)F* dication in8. Hydrogen atoms have
the stability of the complex only depends on the sum of the peen omitted for clarity. Selected bond distances (&) and bond angles
basicity of the two coordinated amine groups. On the basis of (deg): Znt+01 1.976(6), Zn+02 2.072(7) Zr-03 1.968(5), Znt+

this conclusion, we can estimate for Cufién)y the stability N1 2.178(7), ZnEN2 2.051(9), Zn202 1.933(6), Zn204 2.113-
constant, which cannot be measured experimentally. Using the(7), Zn2-05 2.039(7), ZnZN3 2.189(8), Zn2:N4 2.033(9); O

: _ Zn1-02 121.6(3), 0+ Zn1—-03 98.3(3), 0+ Zn1—N1 83.5(3), O
FKavalufsb'.rl‘.tT able lt(s':' }f? 19-;}12) and tSe C’ﬁt.refetr%nce Zn1-N2 117.5(3). 02Zn1-03 90.3(2), 02-Zn1-N1 78.9(3), 02
ine, a stability constant of lo§ = 8.2 can be estimated. 77 N> 115 4(3), 03zn1-N1 168.1(3), 03-Zn1-N2 105.3(3),
It is not possible to compare directly the metal ion coordina- N1—zn1—N2 84.0(3), O+Zn2—04 91.8(3), O+ Zn2—05 94.8(3),

tion strength of the three ligands in Table 1 (excluding 332) by 01-zn2—N3 166.2(3), O+Zn—N4 110.5(3), 04 Zn2—05 122.3-
comparing their stability constants, because the definitions of (3), 04-Zn2—N3 80.3(3), 04 Zn2—N4 113.5(4), 05-Zn2—N3 80.1-
the constants are not consistent (the protonation behaviors(3), O5-Zn2—-N4 117.2(4), N3-Zn2—-N4 83.1(3), Zn+-01-Zn2
varying considerably). Rather, this problem can be solved by 132.9(3).

comparing pM values (where pM — log [M]) at consistent

pH and concentration conditions; stronger binding will give a
larger pM value. Hence, we have examined p¥ - log([M]

+ [M(OH)y]), y = 1—4) vs pH (Figure 1). Instead of just the
free metal ion concentration [M], [M}- [M(OH),] was used
because this sum reflects the total unligated metal ion concen-
tration, including that which has hydrolyzed.

For CW*, the pM/pH plot is given in Figure 1; clearly,
replacing an NH group with a OH group lowers the ligand’s
coordination affinity for C&". This also obtains for Ni and
Zn?* (similar plots are not shown). This result is quite different
from the conclusion drawn above for diamine coordination
where, because of the repulsion of the protonated ammonium
residue, the s.tability. of the complex ipcreases V\(ith the number effect. Because OH is a poorer ligand than s likely to
of OH groups in the I|gand._The re_sult is not surprising, however_, be energetically favorable for complexes of mixed OHAH
because when the ammonium residue deprotonates, the repUIS'Oﬁgands to take on a square pyramidal geometry with OH on

between. positive charges no longer exist;, and concor.nitantlythe apical position; hence, both the CUNNO,222 and Cu-

the stab|_l|ty of the complex INCreases. This eoncurs with the (I —NN20222 complexes may be square pyramidal structures.
observation that the NHgroup has a higher affinity for Cu Changes in the absorption spectra as a function of pH were
than does OH. also used to calculate the stability constants for th& €dIN,-

NTg:%cl:_iorngrehensa/ el’_l‘ive found (l:onstants.for trﬁthanol_amlne 0222 system, and the results (not shown) agreed well with those
(N(CH,CH,OH)s) wit (central ammonium N, s = obtained from the potentiometric titrations.

30 NJj2 — 3 = 3
7'%9)’ Ni" (log Ky = 2'.76)’1 Cue* (log Kq ._.4'07)’1 and_ Molecular Structures of Complexes 8 and 9.The zinc
Zn _(Iog K1 = 2.05)3 1t is clea}r that the aC|d|ty.constant is complexes ([Zn(OH)(u-NNO,222 — H)Zn(NNO,222)](BFx)2)
consistent ywth tre Ppa \t/)alue(s) dlscusseorl] above; |I.e., yvhen an ,ndo (IZN(NNO,222)(H,0) — H](BF4)) were crystallized; the
NH moiety is replaced by a OH group, the central amine group X-ray structure analysis o8 revealed a dicationic binuclear

becomes more baSiC: Howg_ver, wher_1 all three arms arg CH complex with two trigonal bipyramidal coordinated zinc atoms
QHZOH, the coordination aplllty of the ligand for all three metal (Figure 2). The charges at the ligand atoms were assigned on
|or§ lbepomgs very weaf\kt:ndceéedl.l c | A seri f the basis of the following considerations. The dinuclear complex
_Solution Geometry of the u(ll) Complexes.A series 0 is a dication based on the two [BF]anions in the asymmetric
visible spectra of the CU(H')NNOZZZZ and Cu(ll}-NN,0222 unit. Oxygen atoms O1 and O3 show short-Zh distances
systems were recorded in the range<3pH =< 10. In the (1.976(6) and 1.968(5) A, respectively) and were assigned as
anionic, while the other ©Zn separations fall in the range well
above 2.0 A, which under these conditions indicates them to
be neutral OH. That oxygen atom O1 is definitely in the

wavelength range 456900 nm, only a broad peak atax =

660 nm was found, and the spectra were almost invariant with
pH, suggesting square pyramidal coordination and that the
geometry was invariant for the diverse protonated species. This
is quite different from the situation observed with the tetraamine
ligands of varying arm lengths where the coordination geometry
changed with increasing pH toward a more trigonal bipyramidal
structure? In tren, the four amine groups, providing they are
not protonated to ammonium moieties, all have similar affinities
for Cu?*. Trigonal bipyramidal geometry would allow all four
Cu—N bonds to have similar lengths, but in a square pyramidal
geometry, one of these four bonds must be apical. This bond
would be longer than the others, because of the Jakefer

(30) Kim, J.; Dobrogowska, C.; Hepler, L. @an. J. Chem1987, 65,
1726.
(31) Hancock R. D.; Nakani, B..S. Coord. Chem1984 13, 309.
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data showed the formation of complex [Zn(NM22)(HO) —
H](BF4) (9). Zn and the central nitrogen atom of the ligand
reside on a 3-fold axis in the rhombohedral unit cell, leading to
a disorder of the three ligand arms. While it was established
that the zinc complex is a monocation, the site of deprotonation
(axial water or equatorial OH) could not be established,;
therefore, the complex cation @ can be formulated in two
ways, as depicted in Figure 3.

Figure 3. Schematic representation of the two possible complex cations
in 9.
Conclusions

deprotonated/anionic state is witnessed by the distances Znl  peprotonation of NNO,222¢+ was in the order of tertiary
01, Zn2-01, and Zn+-03, all of which are close in length.  amine first and primary amine second, and there was an

Zinc complexes with an N,O coordination environment made intramolecular hydrogen bond in the species H(NRZ2)".
up by triethanolamine and monodentate coligands have beenreleasing a proton from the OH group in the ligand has a very
described? They show zinc in the center of a trigonal high pKa value (14). The first proton released frompIN,-
bipyramid, with the central nitrogen atom of the triethanolamine 02227+ was also from the tertiary amine group, and there was
and a monodentate coligand in axial positions. Complexes with only a weak interaction between the other two terminal amine
unsymmetrical tripodal N,O ligands have, to our knowledge, groups. Replacing arrNHs" group by a—OH group in tren
not yet been described. As found in these triethanolamine makes the BN group more basic because of the decreasing
complexes of zinc2, which shows the same topology but not  charge repulsion and polar effects, and intramolecular hydrogen
the same donor set as triethanolamine, also forms trigonal ponding. In M(NNQ222F" or M(NN,0O222Ft at acidic or
bipyramidal complexes with zinc. The dication [Zn(Of)(  neutral pH, the hydroxyl group in the ligand coordinated the
NNO2222 — H)Zn(NNO,222)F" contains two zinc atoms ina  metal ions very weakly, whereas at basic pH, M{LH)* and
trigonal bipyramidal coordination environment £ 0.77 for M(L — 2H) formed for both ligands and deprotonation occurred
Znl andr = 0.73 for Zn2)* The two zinc atoms are bridged  mainly at the coordinated OH. Replacing an Ngtoup with a
by atom O1, which occupies an equatorial position at Znl and OH group in tren or NMO222 makes the metal ion complex
an axial one at Zn2. The central nitrogen atoms of the tripod |ess stable. The Cti complexes maintain a square pyramidal
always reside in axial positions, and for Zn2 the second axial geometry rather than a trigona| bipyramida| geometry when an
position is occupied by the hydroxyl group O3. The angles NH, group is replaced with a OH group in tren.
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The molecular structure of compl@kcould not be unequivo- s i Inf tion Available: An X al hic fi
cally established. The determination of the crystal structure . upporting Information Avartable. - An ~-ray crystafiographic e
in CIF format for the structure determination & the species

failed, even after collection of m“'“p'e data sets_, owing t(_) a gistribution diagrams for the two studied ligands and three metal ions
severe disorder. Crystallographic, as well as microanalytical, (i.e., NP+, Zr?*, and C@"), and a plot of logku. VS Par + pKaz for

1,2-diamine ligand systems. This material is available free of charge
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