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Polydentate Ligand Chemistry of Group 13 Metals: Effects of the Size and Donor Selectivity of
Metal Ions on the Structures and Properties of Aluminum, Gallium, and Indium Complexes with
Potentially Heptadentate (N4O3) Amine Phenol Ligands

Introduction
We are interested in the polydentate coordination chemistry
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The aluminum, gallium and indium complexes of potentially heptadentate (N,O5) tripodal amine phenol ligands
(H;L1 = tris(2’-hydroxybenzylaminoethyl)amine, H;L2 = tris(5’-chloro-2’-hydroxybenzylaminoethyl)amine, and
H,;L3 = tris(5’-bromo-2’-hydroxybenzylaminoethyl)amine) have been prepared and characterized. The spectral
(IR, FAB-MS, and !H NMR) properties of these complexes are reported. The reaction of A’* or Ga3* with N,O;
amine phenols in presence of 3 equiv of a base (acetate or hydroxide) afforded cationic complexes, [M(HL)]X (M
=AlLL=L1L2,L3 X=ClO/;M=Ga,L=L1, L3 X =NO;, Cl), while neutral In complexes [In(L)] (L
= L1, L2, L3) were obtained from similar reactions. The molecular structures of [Al(HL2)]Cl042CH,0H, [Ga-
(HL3)]CI-:CHCl;, and Na[In(L1)](NO,)(H,0)(C,HsOH)-2.65H,0 were determined by X-ray methods. Crystals
of [AI(HL2)](Cl10,)-2CH;OH are triclinic, P1,a =9.2567 (9) A, b= 11.6025 (9) A, ¢ = 8.9471 (6) A, a = 109.251
(6)°, 8=96.952 (8)°, v = 71.452 (7)°, V= 859.9 (1) A3, and Z = 1; those of [Ga(HL3)]Cl-CHCl, are monoclinic,
P2,/n,a=11.390 (3) A, b = 14.306 (2) A, c = 21.700 (2) A, 8 = 92.29 (1)°, ¥ = 3533 (1) A% and Z = 4; and
those of Na[In(L1)](NQ;)(H,0)(C,HsOH)-2.65H,0 are tetragonal, I4;/a,a = 18.974 (2) A, c = 39.255 (3) A,
V = 14133 (2) A%, and Z = 16. The three structures were refined to R = 0.037, 0.052, and 0.043 and R, = 0.045,
0.061, and 0.053 for 3471, 4979, and 4903 observed reflections with I = 3a(]), for the Al, Ga, and In complexes,
respectively. The Al atom in [Al(HL2)]Cl0,2CH;O0H is coordinated by an N;O; donor set from the N,O; amine
phenol ligand in a distorted octahedral coordination geometry with one (N(4)) of the three secondary amine N atoms
being protonated and uncoordinated. The Ga atom in [Ga(HL3)]CI.CHCI, is bonded by six (N4O,) donor atoms
of the N4O; amine phenol ligand in a distorted octahedral geometry with one phenol oxygen being protonated and
uncoordinated. InNa[In(L1)](NO;)}(H,0)(C.HsOH)-2.65H,0, all seven (N,O3) donors coordinate to the In atom
in a monocapped distorted octahedral arrangement. The structural differences among these complexes are discussed
in terms of the donor atom selectivity and the size of the metal ions. Variable-temperature 'H NMR spectral data
revealed rigid solution structures for both the aluminum and gallium complexes. These complexes remained very
rigid at solution temperatures higher than 120 °C. Stereochemical changes in the indium complexes were observed
at room temperature, and they undergo an intramolecular dissociative inversion at the coordinated N atoms at
elevated temperatures. The !H NMR spectral properties of aluminum, gallium, and indium complexes are discussed
in relation to their structural differences.

solution reactions of these elements to acidic media,® !0 leaving
less well developed the study of aluminum, gallium, and indium

of aluminum, gallium, and indium as it may pertain to the roles
played by group 13 metal ions in the genesis and diagnosis of
disease. We have been studying their tris(ligand) complexes
containing bidentate monobasic ligands.2¢ Unique combinations
of properties (water solubility, hydrolytic stability, and lipophi-
licity) have led to the wide use of tris(maltolato)aluminum in
the study of Al neurotoxicity’ and the potential application of a
§7Ga complex for heart imaging.?

The extensive complicated hydrolysis chemistries of aluminum,
gallium, and indium have limited most quantitative studies of
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Polydentate Ligand Chemistry

Polydentate ligands with intrinsically three-dimensional cavities
are of particular interest because of the high stability of their
metal complexes, the substantial selectivity in their binding by
enforcing a specific spatial arrangement of donor atoms or by
introducing different donor atoms, and their preorganized
frameworks. Recently, we reported three potentially heptadentate
(N,4O;) tripodal amine phenols (H;L1, H;L2,and H;L3), in which
three chelating arms are bridged by a tertiary nitrogen atom.?!
These ligands form very stable mononuclear [Ln(H;L)(NO;);]
and dinuclear [Ln(L)], lanthanide complexes depending on the
conditions of preparation. A structural study revealed the first
example, [Gd(L1)]2CHCl;, of a homodinuclear lanthanide
complex, [Ln(L)],, with a heptadentate (N,O; amine phenol)
ligand only. Furthering this study, we now present the synthesis,
structures and characterization of aluminum, gallium, and indium
complexes of these three amine phenols and the subtle structural
differences in coordinating properties depending on the metal ion
involved.

Experimental Section

Caution! Perchlorate salts of metal complexes are potentially
explosive and should be handled with care and only in small amounts.

Materials. Hydrated metal salts were obtained from Aldrich or Alfa
and were used without further purification. The amine phenols, tris-
(2’-hydroxybenzylaminoethyl)amine (H;L1), tris(5’-chloro-2’-hydroxy-
benzylaminoethyl)amine (H3L2), and tris(5’-bromo-2’-hydroxybenzyl-
aminoethyl)amine (H3L3), were prepared according to previously reported
methods.2!

Instrumentation. NMR spectra (200 Mz and 300 Mz) were recorded
on Bruker AC-200E (!H-'H COSY and APT !3C NMR) and Varian
XL 300 (VT '"H NMR) spectrometers, respectively, with & relative to
TMS. Mass spectra were obtained with an AET MS-9 instrument (fast
atom bombardment ionization, FAB). Infrared spectra were recorded
as KBr disks in the range 4000—400 cm™! on a Perkin-Elmer PE783
spectrophotometer and were referenced to polystyrene. Melting points
were measured on a Mel-Temp apparatus and are uncorrected. Analyses
for C, H, and N were performed by Mr. Peter Borda in this department.

Tris(5'-bromo-2’-hydroxybenzylaminoethyl)amine Trihydrochloride
Monohydrate (H;L3-3HCI-H;0). Theligand H;L3 asits trihydrochloride
salt was prepared according to the previously reported method (for the
free base) with some modification.?! To a suspension of the Schiff base
Hj(Brsaltren) (3.98 g, 5.0 mmol) in hot methanol (200 mL) was added
KBH, (1.06 g, 20 mmol) in small portions over 30 min. After addition
the reaction mixture was refluxed for an hour. The solvent was removed
on a rotary evaporator, and to the residue was added NH.Cl (10 g) in
water (100 mL). The mixture was extracted with chloroform (3 X 150
mL). Theorganic fractions were combined and taken todryness to afford
a white solid. The solid was dried under vacuum overnight. Yield was
3.2 g (79%), mp 150-153 °C. Anal. Calcd (found) for Cy7HagBr3-
CI3N4O4: C,39.13(38.99); H,4.62(4.73);N,6.76 (6.73). Massspectrum
(FAB): m/z =703 (M + 1, [C;7H34Br;N,03]*). IR (cm™!, KBr disk):
3600-2000 (br, vo-nand vn-y); 1605 and 1590 (s, on-4). NMR (DMSO-
ds, chemical shift § relative to TMS, assignments based on those for the
free base?!): 13C, 156.1 (C.), 133.8 (C;), 132.6 (Cy), 121.4 (Cy), 117.8
(Cy), 109.8 (Cp), 56.1 (Cy), 50.1 (Co), 45.1 (C,); H, 7.65 (s, 3H, H)),

(21) Liu, S.; Gelmini, L.; Rettig, S. J.; Thompson, R. C.; Orvig, C. J. Am.
Chem. Soc. 1992, 114, 6081.
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7.36 (d, 3H, 3J = 6.7 Hz, Hy), 7.25 (bs, OH and NH), 6.98 (d, 3H, 3/
= 6.8 Hz, Hy), 4.14 (s, 6H, H,), 3.00 (bs, 6H, Hy), 2.70 (bs, 6H, H,).

[AI(HL1)}C10,1.5H;0. To a solution of Al(C104);:9H20 (487 mg,
1.0 mmol) in methanol (20 mL) was added H3L1 (480 mg, 1.03 mmol)
in chloroform (10 mL). After addition of NaOAc-3H,0 (420 mg, 3.0
mmol) in methanol (10 mL), the mixture was filtered immediately and
the filtrate was kept standing at room temperature until pink crystals
were deposited. These were collected by filtration, washed with water
(3 mL) and ethanol, and dried in air. Yield was 350 mg (57%). Anal.
Caled (found) for C27H37A1C1N40g,5: C, 52.64 (52.97); H, 6.05 (5.77);
N, 9.09 (8.78). Mass spectrum (FAB): m/z = 489 (M, [C27H3q-
AIN,4051%). IR (cm™!, KBrdisk): 3650-2300 (br, »o-n); 3140 (s, vn-n);
1600 and 1570 (S, 6N—H)§ 1120-1050 (bS, Vc]o‘—); 625 (S, Vc]o‘-).

[AI(HL2))C10,-2CH3;0H. The complex was prepared similarly using
Al(C104)3:9H,0 (244 mg, 0.5 mmol), H;L2 (420 mg, 0.53 mmol), and
NaOAc-3H;O (280 mg, 2.0 mmol). Pink crystals suitable for X-ray
diffraction study were isolated from the reaction mixture. Yield was 260
mg(72%). Anal. Calcd (found) for C39H39AICI4N4Oq: C,46.02 (45.68);
H, 5.20 (5.10); N, 7.41 (7.25). Mass spectrum (FAB): m/z = 590 (M,
[C27H31A1C13N403]+). IR (cm", KBr disk): 3400 (bl‘, VQ_H); 3240,
3220 (m, VN-H); 1596 (S, 6N—H); 1120-1050 (bs, Vc]o‘—); 625 (S, Vc|o‘-).

[AI(HL3)}C1042.5H;0. The complex was prepared similarly to [Al-
(HL1)]Cl1041.5H,0 using Al(C104);-9H,0 (244 mg, 0.5 mmol), H3L3
(350 mg, 0.5 mmol), and NaOAc-3H,0 (280 mg, 2.0 mmol). Pink
microcrystals were isolated. Yield was 292 mg (66%). Anal. Caled
(found) for C37H36A1Br;CIN,Oy 5. C, 37.24 (37.31); H, 4.17 (4.00); N,
6.43 (6.40). Mass spectrum (FAB): m/z = 725 (M, [Cy;Hy-
AIBr3N405]*. IR (cm™!, KBr disk): 3400 (br, vo-u); 3240, 3220 (m,
VN—H); 1590 (S, 6N-H) 1130-1050 (bS, Vc|o‘—); 625 (S, Vc|o‘—).

[Ga(HL1)J(NO;). To a solution of Ga(NO3)39H,0 (209 mg, 0.5
mmol) in methanol (20 mL) was added H3;L1 (240 mg, 0.52 mmol) in
the same solvent (10 mL). After addition of NaOAc-3H,0 (280 mg, 2.0
mmol) in methanol (10 mL), the mixture was filtered immediately. Slow
evaporation of solvent at room temperature afforded pink microcrystals,
which were collected by filtration, washed with cold ethanol and diethyl
ether, and dried in air. Yield was 200 mg (67%). Anal. Calcd (found)
for C27H34GaN506: C, 54.57 (54.45); H, 5.77 (5.52); N, 11.78 (1 1.89).
Mass spectrum (FAB): m/z = 531 (M, [C:7H34GaN,405]*). IR (cm™!,
KBr disk): 3650-2300 (br, vo-n); 3140 (s, »n-y); 1600 and 1570 (s,
dn-H); 1380and 1280 (vs, »no,-). The product prepared from the reaction
of Ga(NO;);9H,0 with H;L1 in the presence of 3 equiv of sodium
hydroxide was shown by IR, NMR, FAB-MS, and elemental analysis to
be identical to that obtained by the method above.

[Ga(HL3)]JC)-CHCls. To a solution of Ga(NO;)3-9H,0 (209 mg, 0.5
mmol) in methanol (20 mL) was added H3L3-3HCI-H;0 (415 mg, 0.5
mmol) in a mixture of chloroform (20 mL) and methanol (10 mL). Upon
addition of 2 M NaOH solution (3 mL, 6.0 mmol) dropwise, the cloudy
solution became clear, and it was filtered. The filtrate was kept standing
atroom temperature; slow evaporation afforded pink crystals suitable for
X-ray diffraction. These were collected by filtration, washed with cold
ethanol and diethyl ether, and dried in air. Yield was 340 mg (45%).
Anal. Calcd (found) for C3sH3,GaBr;CIiN4Os: C, 36.40 (36.28); H,
3.49 (3.56); N, 6.06 (6.38). Mass spectrum (FAB): m/z = 769 (M,
[C27H31GaBr;N4O;1%). IR (em™!, KBr disk): 3420 (br, vo-y); 3200
(bm, »N-n); 1589 (m, oN-n).

[In(L1)}-0.5H;0. A procedure similar to that for [Ga(HL1)](NO3)
was employed using In(NO3)35H,0 (195 mg, 0.5 mmol), H;L1 (240
mg, 0.52 mmol), and NaOAc-3H,0. Colorless microcrystals were
isolated. Yield was 280 mg (86%). Anal. Calcd (found) for
C27H3,InN4O3 50 C,55.40(55.47); H, 5.85(5.71); N, 9.57 (9.59). Mass
spectrum (FAB): m/z = 576 (M, [C;7H33InN40;]%). IR (cm™!, KBr
disk): 3600-3000 (bm, vo-y); 3240 (m, yN-y); 1595 and 1565 (s or m,
ON-H).

Na[In(L1))(NO;)(H;0)(ROH)-3H;0 (R = CH3, C;Hs). Toasolution
of In(NO3)3:5H,0 (391 mg, 1.0 mmol) in methanol (30 mL) was added
H;L1 (480 mg, 1.05 mmol) in chloroform (10 mL) followed by 1.5 mL
of a 2 M NaOH solution (3.0 mmol). The mixture was filtered
immediately, and the filtrate was left standing at room temperature until
colorless crystals weredeposited. They wereisolated by filtration, washed
with ethanol and diethyl ether, and dried in air. Yield was 395 mg (57%
based on In). These crystals became opaque and amorphous after
separation from the mother liquor. Anal. Calcd (found) for CgHas-
InN;s;NaOy; (R = CHj;): C,43.93(43.86);H, 5.93(5.90); N,9.15 (9.13).
The filtrate above was kept in a flask overnight to give colorless crystals.
They were separated by filtration, washed with ethanol and diethyl ether,
and dried in air, suitable crystals were selected for an X-ray diffraction
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Table I. Selected Crystallographic Data for
[AI(HL2)]Cl042CH;0H, [Ga(HL3)]CI-CHCIl; and
Na[In(L1)](NO;)(H;0)(C;HsOH)-2.65H,0

Na[In(Ll)l]_l(N03)-
[Al(HLZgClOc [Ga(HL3)]Cl.  (H,0)(C,H;OH)-
2CH;0H CHCl; 2.65H,0

formula ngH;gAlCla- Cst;zBl’;ChGﬂ- ngHnll’le-
49 4U3 Na03-2.65H20

fw 756.44 923.83 773.22

cryst syst triclinic monoclinic tetragonal

space group Pl P2\ /n 14, /a

a, 9.2567 (9) 11.390 (3) 18.974 (2)

b A 11.6025 (9) 14.306 (2) 18.974 (2)

¢ A 8.9471 (6) 21.700 (2) 39.255 (3)

a, deg 109.251 (6) 90 90

B, deg 96.952 (8) 9229 (1) 90

v, deg 71.452(7) 90 90

Vv 859.9 (1) 3533 (1) 14133 (2)

z 1 4 16

por g/cm? 1.461 1.737 1.453

T,°C 21 21 21

radiation (A, A) Cu (1.541 78) Cu (1.541 78) Cu (1.54178)

u(Cu Ka), em-!  39.22 82.38 60.83

transm factors  0.86-1.00 0.37-1.00 0.54-1.00

R 0.037 0.052 0.043

R, 0.045 0.061 0.053

study. Yield was 150 mg (22% based on In). Anal. Calcd (found) for
C»H4InNsNaO;; (R = C2Hs): C, 44.68 (44.65); H, 6.08 (5.79); N,
8.98 (8.84). IR (cm™!,KBrdisk): 3600-3000 (bs, »o-n); 3240 (m, vn-n);
1595 and 1565 (s or m, én-n); 1380 and 1280 (vs, »no;)-

In(L2))-3.8H;0. The complex was prepared similarly to [Ga(HL3)]-
CI:CHCI; using In(NO;)»»5H;0 (195 mg, 0.5 mmol) in methanol (20
mL), H;L2 (290 mg, 0.5 mml) in dichloromethane (20 mL), and 1.0 mL
of a 2 M NaOH solution (2.0 mmol). White crystals were obtained.
Yield was 255 mg (69%). Anal. Caled (found) for C37H37C13InN4Og 50
C,43.66 (43.61); H, 5.02 (5.05); N, 7.54 (7.41). Mass spectrum (FAB):
m/z = 679 ([C7H30Cl3InN4O5]*). IR (cm™!, KBr disk): 3600-2700
(bs, ¥n-g); 3200 (br, yn-y); 1590 and 1560 (s or w, dn-H).

[In(L3)}-2H;0. The complex was obtained as a white crystalline solid
in a manner similar to the preparation of [Ga(HL3)]CI-CHCl; using
In(NO;);5H;0 (195 mg, 0.5 mmol) in methanol (20 mL), H;L3:1.5H,0
(365 mg, 0.5 mmol) in CHCl; (10 mL) and 2M NaOH (1.0 mL) solution
(2.0 mmol). Yield was 350 mg (82%). Anal. Calcd (found) for
C»HyBr3InN,Os: C, 38.19 (38.19); H, 4.04 (4.15); N, 6.30 (6.23).
Mass spectrum (FAB): m/z =816 (M, [Cy7H30Br;InN,0,]*). IR (cm™,
KBr disk); 3600-3000 (br, »o-y); 3240 (m, ¥vn-11); 1590 and 1562 (s or
m, 6N-H)-

X-ray Crystallographic Analyses. Selected crystallographic data for
the three compounds appear in Table I. The final unit cell parameters
were obtained by least-squares methods on the setting angles for 25
reflections with 26 = 55.7-79.3° for [AI(HL2)](Cl10,)-2CH;,0H, 79.3-
99.8° for [Ga(HL3)]JCI-CHCl;, and 92.2-97.7° for Na[In(L1)]-
(NO3)(H;0)(C;HsOH)-2.65H;0. The intensities of three standard
reflections, measured every 200 or 250 reflections throughout the data
collections, decayed uniformly by 4.4% for {Ga(HL3)]CI-CHCl;, and
were essentially constant for [AlI(HL2)](ClO4)-2CH3;0H and Na[lIn-
(L1)]I(NO3)(H,0)(C;HsOH)-2.65H,0. The data were processed and
corrected for Lorentz and polarization effects, decay (for [Ga(HL3)]-
CI-CHCl;), and absorption (empirical, based on azimuthalscans for three
reflections).2?

The structure of the aluminum complex [AI(HL2)](C10,)-2CH;0H
was solved by direct methods and those of the gallium and indium
complexes were solved by conventional heavy-atom methods, the coor-
dinates of the heavy atoms being determined from the Patterson functions
and those of the remaining non-hydrogen atoms from subsequent difference
Fourier syntheses. The structure analysis of [Al(HL2)](ClO,4)-2CHs-
OH was initiated in the noncentrosymmetric space group P1, based on
E statistics and the fact that there is only one formula unit in the unit
cell; this choice was confirmed by the subsequent successful solution and
refinement of the structure. The asymmetric unit of [AlL(HL2)]-
(Cl0,4)-2CH;0H (the entire unit cell) contains two solvate molecules of

(22) TEXSAN/TEXRAY structure analysis package, whichincludes versions
of the following: DIRDIF, direct methods for difference structures, by
P.T. Beurskens; ORFLS, full-matrix least-squares, and OR FFE, function
and errors, by W. R. Busing, K. O. Martin, and H. A, Levy, ORTEP
II, illustrations, by C. K. Johnson.
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Table II.  Selected Bond Lengths (A) and Bond Angles (deg) in
[AI(HL2)]Cl042CH,0OH

Bond Lengths
Al(1)-0(1) 1.838 (3) Al(1)-N(1) 2,207 (3)
Al(1)-0(2) 1.824 (3) Al(1)-N(2) 2.095 (4)
Al(1)-0(3) 1.819 (3) Al(1)-NQ3) 2.056 (3)
Bond Angles
O(1)-Al(1)-0(2) 96.1 (1)  O(2)-Al(1)-N(3) 90.8 (1)
O(1)-Al(1)-0(3) 90.3 (1)  O3)-Al(1)-N(1) 89.3 (1)
O(1)-Al(1)~-N(1) 91.2(1)  O(3)-Al(1)-N(2) 168.6 (1)
O(1)-Al(1)-N(2) 88.3 (1) O(3)-Al(1)-N(@3) 88.3 (1)
O(1)-Al(1)-N(3) 173.2(1)  N(1)-AI(1)-N(2) 79.4 (1)
0O(2)-Al(1)-0(3) 110.1 (1)  N(1)-AI(1)-N(3) 82.1(1)
O(2)-AI(1)-N(1) 167.3(1)  N(2)-AI(1)-N(3) 91.7 (1)
O(2)-Al(1)-N(2) 90.3 (1)

methanol in addition to the complex cation and the perchlorate anion.
Theasymmetric unit of [Ga(HL3)]Cl-CHCI; contains the complex cation,
a chloride anion, and one molecule of chloroform. The Clatoms of the
chloroform solvate in [Ga(HL3)]CI-CHClI,; are disordered over two sets
of positions related by a rotation about the C-H bond. Thesite occupancy
for C1(4) was refined while constrained to be equal to those of the other
two high-occupancy Cl atoms (C1(2) and CI(3)). The site occupancy
factors for the minor component Cl atoms (CI(2B), CI(3B), and CI(4B))
were constrained to be one minus that of the major component. In the
asymmetric unit of the indium complex Na[In(L1)](NO;)(H,0)(C,H;-
OH)-2.65H,0 there are 2.65 molecules of water disordered over seven
different sites. Thesite occupancy factor for O(15), the highest-occupancy
site, was successfully refined while occupancy factors for the remaining
sites could not be refined and were adjusted to give approximately equal
thermal parameters. The carbon atoms of the ethanol ligand were also
found to be disordered, the a- and 8-carbon atoms being refined as 2-fold
and 3-fold disordered, respectively. As for the water molecules, attempted
simultaneous refinement of the site occupancy factors and thermal
parameters was not successful. The occupancy factors were once again
adjusted to result in approximately equal thermal parameters. The
structure of Na[In(L1)](NO;)(H;0)(C,HsOH)-2.65H;0 contains cav-
ities occupied by the disordered water molecules. The portions of the
complex molecule that project into these cavities (the nitrate, ethanol,
and water ligands of Na) all display, in addition to the disorder of the
cthanol ligand, a high degree of thermal motion. This aspect of the
structure is entirely consistent with the rapid deterioration of the crystals
of this material when removed from the mother liquor.

Al non-hydrogen atoms with the exception of the low-occupancy Cl
atoms in [Ga(HL3)]CI-CHCI;, the disordered ethanol carbon atoms in
Na[In(LD]J(NO3)(H20)(C;HsOH)-2.65H,0, and the water oxygen
atoms having site occupancies of less than 0.5 in Na[In(L1)](NO»)-
(H20)(C;HsOH)-2.65H,0 were refined with anisotropic thermal pa-
rameters. The hydrogenatoms in [AI(HL2)](C104)-2CH;0H and [Ga-
(HL3)]CI-CHCI;, and those associated with the heptadentate ligand in
Na[In(L1)}(NO;)(H,0)(C,HsOH)-2.65H,0 were fixed in idealized
positions (based on difference map positions whereappropriate, d(c n,0)-H
= 0.98 A, By = 1.2Boonded atom). Hydrogen atoms associated with the
disordered ethanol ligand and disordered water moleculesin Na[In(L1)]-
[NO;)(H,0)(C;HsOH)-2.65H;0 were not included in the model.
Secondary extinction corrections were applied in all three cases, the final
values of the extinction coefficient being 4.76 X 1075, 572 X 1078, and
6.16 X 1078, respectively for [AI(HL2)](C104)-2CH;0H, {Ga(HL3)]-
CI-CHCI3, and Na[In(L1)](NO3)(H20)(C,HsOH)-2.65H,0. Neutral
atom scattering factors for all atoms and anomalous dispersion corrections
for the non-hydrogen atoms were taken from ref 23. For the noncen-
trosymmetric structure [Al(HL2)](Cl0,4)-2CH;0H, a parallel refinement
of the mirror-image structure was carried out in order to determine the
absolute configuration (for the particular crystal employed for data
collection). Theresiduals for the mirror-image structure were significantly
higher, the R and R, ratios being 1.176 and 1.179, respectively.

Selected bond lengths and bond angles for the three structures appear
in Tables II-IV. Completetables of crystallographicdata, bond distances,
bond angles, hydrogen atom parameters, anisotropic thermal parameters,
torsion angles, intermolecular contacts, least-squares planes, and final
atomic coordinates and equivalent isotropic thermal parameters for the

(23) International Tables for X-Ray Crystallograhy; Kynoch Press: Bir-
mingham, U.K. (present distributor Kluwer Academic Publishers:
Dordrecht, The Netherlands), 1974; Vol. IV, pp 99-102 and 149.
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Table III. Selected Bond Lengths (A) and Bond Angles (deg) in
[Ga(HL3)]Cl.CHCl,

Bond Lengths
Ga(1)-0(1) 1.897 (4) Ga(1)-N(2) 2.099 (5)
Ga(1)-0(3) 1.906 (4) Ga(1)-N(3) 2.115(4)
Ga(1)-N(1) 2.147 (5) Ga(1)-N(4) 2.090 (4)
Bond Angles
O(1)-Ga(1)-0(3) 95.5(2) O(3)-Ga(l)-N(4) 92.0 (2)
O(1)-Ga(1)-N(1) 91.7(2) N(1)-Ga(1)-N(2) 81.7(2)
O(1)-Ga(1)-N(2) 89.1(2) N(1)-Ga(1)-N(3) 82.8 (2)
O(1)-Ga(1)-N(3) 80.0(2) N(1)-Ga(l1)-N@4) 80.9 (2)
O(1)-Ga(1)-N(4) 171.3(2) N(2)-Ga(1)-N(3) 160.7(2)
O(3)-Ga(1)-N(1) 172.7(2) N(2)-Ga(1)-N(4) 94,3 (2)
0(3)-Ga(1)-N(2) 97.3(2) N(3)-Ga(1)-N(4) 94.4 (2)
0(3)-Ga(1)-N(3) 99.5 (2)

Table IV. Selected Bond Lengths (A) and Bond Angles (deg) in
Na[In(L1)](NO;)(H;0)(C;H;OH)-2.65H,0O

Bond Lengths

In(1)-0(1) 2177 (3) In(1)-N(1) 2,752 (4)

In(1)-0(2) 2.174 (3) In(1)-N(2) 2333 4)

In(1)-0(3) 2.155 (4) In(1)-NQ3) 2.324 (4)

In(1)-N(4) 2333 (4)

Na(1)-0(3) 2.449 (5) Na(1)-0(1) 2.434 (5)

Na(1)-0(5) 2.542 (9) Na(1)-0(4) 2.43(1)

Na(1)-0(8) 2.419 (8) Na(1)-0(7) 2.415(8)

Bond Angles

O(1)-In(1)-0(2) 85.3(1) O(3)-In(1)-N(1) 129.7 (1)
O(1)-In(1)-0(3) 82.3(1) OQ3)-In(1)-N(2) 82.0(1)
O(1)-In(1)-N(1) 130.7 (1)  O(3)-In(1)-N(3) 162.2(2)
O(1)-In(1)-N(2) 84.7(1) O(3)-In(1)-N(4) 84.8 (2)
O(1)-In(1)-N(3) 82.2(1) N(1)-In(1)-N(2) 67.8 (1)
O(1)-In(1)-N(4) 161.5(1)  N(1)-In(1)-N(3) 67.8 (1)
0O(2)-In(1)-0(3) 85.4 (1) N(1)-In(1)-N(4) 67.7 (1)
O(2)-In(1)-N(1) 127.2(1)  N(2)-In(1)-N(3) 105.3 (1)
O(2)-In(1)-N(2) 1649 (2) N(2)-In(1)-N@4) 106.5 (1)
O(2)-In(1)-N(3) 84.6 (2) N(3)-In(1)-N(4) 107.9 (1)
O(2)-In(1)-N(4) 80.5 (1)
O(1)-Na(1)-0(3) 714 (1) O(3)-Na(1)-O(8) 167.7(3)
O(1)-Na(1)-0(4) 156.6 (3)  O(4)-Na(1)-0(5) 50.4 (3)
O(1)-Na(1)-O(5) 107.4(2) O(4)-Na(1)-O(7) 104.4(3)
O(1)-Na(1)-0(7) 96.4 (2) O(4)-Na(1)-0(8) 93.9 (4)
O(1)-Na(1)-0(8) 96.8 (3) O(5)-Na(1)-O(7) 154.2(3)
0O(3)-Na(1)-0(4) 98.3(3) O(5)-Na(1)-0(8) 97.2(3)
0O(3)-Na(1)-0(5) 90.0 (2) O(7)-Na(1)-0O(8) 89.5 (3)
0O(3)-Na(1)-0(7) 88.3 (2)

three structures are included as supplementary material (see paragraph
at the end of the paper).

Results

Ligand Synthesis. H;L3 was readily prepared by a slight
modification of the previously reported method.2! The white
trihydrochloride salt was isolated by adding a large excess of
NH,CI to the reduction mixture. The analytical and spectral
data are consistent with the proposed formulation. The presence
of HCI was confirmed by the X-ray structure determination of
the complex {Ga(HL3)]Cl.CHCIl;, which was obtained by the
reaction of gallium(III) nitrate with H3L3-3HCI-H,O in the
presence of excess sodium hydroxide.

Aluminum Complexes. All three ligands form easily isolable
aluminum complexes [AI(HL)]ClO, (L =1.1,L2,L3). Chelation
of the metal ion proceeds in the presence of acetic acid, which
is produced during the reaction of Al3* with the ligand in the
presence of sodium acetate trihydrate. As a result, one of the
four nitrogen atoms of the amine phenol ligand is protonated and
the complexes were isolated as perchlorate salts. All three
complexes are soluble in DMSO and slightly soluble in methanol
and acetone and are stable to air and moisture.

The FAB mass spectra of the aluminum complexes exhibit the
expected peaks corresponding to [AI(HL)]* (L = L1, L2, L3).
The compounds all show IR bands at 3270-3140 cm~! from N-H
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Figure 1. ORTEP drawing of [AI(HL2)]* in [AI(HL2)]Cl0O42CHj-
OH.

stretches of the coordinated secondary amine groups and at 1600~
1550 cm™! from N-H bending vibrations. Upon coordination to
the metal ion, the N-H bends undergo a general bathochromic
shift (~20 cm-!). Broad bands in the region 3650~3000 cm™!
dueto O—H stretches suggest hydrogen bonding in the complexes.
The splitting of the bands at about 1100 cm™ is indicative of the
hydrogen-bonded perchlorate anion in complexes [AI(HL)]C10,
(L = L1, L2, L3). New bands appear below 600 cm™! in the
spectrum of each coordinated ligand, and they are most likely
¥M-0 Or ¥M-N; however, exact assignments of these bands are
difficult.

An ORTEP drawing of [AI(HL2)]* is illustrated in Figure 1.
The selected bond lengths and bond angles are listed in Table II.
There is only one asymmetric complex cation [Al(HL2)]*, a
perchlorate anion, and two hydrogen-bonded methanols in each
triclinic unit cell. The Al atom is coordinated by an N3O, donor
set from the N,O; amine phenol ligand leaving N(4) uncoor-
dinated. The coordination geometry is distorted octahedral with
all three phenolate O atoms, and three (N(1), N(2), and N(3))
of the four N atoms, each trio facially coordinating to the Al
atom. Eachofthethreechelatingarms of the N4O; amine phenol
ligand binds to the metal center differently. The N(4)-O(3)
arm is monodentate with N(4) protonated and O(3) coordinating
to the AI’* jon. The remaining two arms adopt different
configurations with N (1), N(2), and O(1) facially coordinating,
while the N(1), N(3), and O(2) arm binds meridionally, to the
Alatom. The hydrogen atom at N(3) points toward the opposite
side of the molecule to the O(3) atom. The Al-O distances in
[AI(HL2)]* are 1.838, 1.824, and 1.819 A for Al(1)-O(1), Al-
(1)-0(2),and Al(1)-O(3), respectively, with an average of 1.827
A while the Al-N bond lengths are 2.207, 2.095, and 2.056 A
for A1(1)-N(1), Al(1)-N(2), and Al(1)-N(3), respectively. All
three trans N-Al-O angles are approximately 170° due, in part,
to the intrinsically small bite angles of the adjacent S-membered
chelate rings AINCH,CH,NH and, in part, to the constraints
imparted by the protonated N(4) atom. This is consistent with
thelong Al(1)-N(1) distance (2.207 A). Examples of structurally
characterized Al complexes of hexadentate ligands are quite rare;
to our knowledge, only three such examples have been re-
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Figure 2, '"H NMR spectra of H;L2 (top) in CDCl; at room temperature
(500 MHz) and of [AI(HL2)ClO4+2CH;0H in DMSO-ds at room
temperature (bottom) and 120 °C (middle) (300 MHz).

ported.#26 One is [Al(edta)]-,2* another is alumichrome A2
(Al substituting for Fe in ferrichrome A), and the third is (tren)-
Al[(CH;3;)CN(CH,)CN];,2¢ which is the reaction product of
trimethylaluminum with tris(2-aminoethyl)amine and acetoni-
trile.

The 'H NMR spectra of the three aluminum complexes in
DMSO-d; were all very similar except in the aromatic region.
One example ([Al(HL2)]*) is shown in Figure 2. Due to the
complexity of these spectra, detailed assignments were not made.
In the uncomplexed amine phenol (Figure 2), all three chelating
arms are equivalent; upon coordination to the metal center,
however, these three arms become nonequivalent due to the
asymmetric binding of the ligand to Al**. The amine phenol
signals are split into three groups in the spectrum of the complex
inDMSO-d;. Thesignals (singletat ~4.0 ppm) from hydrogens
on C, and those from hydrogens on C, and C, (an A;B; pattern
at ~2.5 ppm) in the spectrum of the uncomplexed amine phenol
ligand are split into several overlapped muitiplets in the region
of 2.0-5.6 ppm in the spectrum of the aluminum complex. These
stay asmultiplets to 120 °C (Figure 2). These observations clearly
demonstrate that the rigid structure of this complex in DMSO
is consistent with thestructure of [AI(HL2)]* by X-raydiffraction
methods. This conclusion is also supported by the !3C spectra
of the Al complex, which shows 27 distinct resonance signals
from 27 different carbon atoms of the coordinated amine phenol
ligand. Ifthecomplex were fluxional,only ninecarbonresonance
signals would beexpected (as in the spectrum of the uncomplexed
amine phenol?!). Variable-temperature (21-120 °C) 'H NMR
spectra were obtained for all three aluminum complexes to
examine fluxionality in DMSO solution. There is no significant
change in each set of spectra except that there were some slight
shifts of all the hydrogen signals; these shifts are probably caused
by the thermal viprations of the coordinated ligand framework.

Gallium Complexes. Reactionsof H;L1 with Ga(NO,;)39H,0
inthe presence of sodium acetate trihydrate or sodium hydroxide
produces the identical product, [Ga(HL1)]NO;, as shown by
IR,NMR, FAB-MS, and elemental analysis. The complex [Ga-
(HL3)]CI-CHCI; was isolated as pale pink crystals from the

(24) Polynova, T. N,; Bel'skaya, N. P.; Tyurk de Garia Banas, D.; Porai-
Koshits, M. A.; Martyrenko, L. I. Zh. Strukt. Khim. 1970, 11, 164,

(25) van der Helm, D.; Baker, J. R; Loghry, R. A.; Ekstand, J. D. Acta
Crystallogr. 1981, B37, 323.

(26) Moise, F.; Pennington, W. T.; Robinson, G. H. J. Coord. Chem. 1991,
24, 93.
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Figure 3. ORTEP drawing of [Ga(HL3)]* in [Ga(HL3)}CI.CHCl,.

reaction of H3L3.3HCI-H,O with Ga(NO;);:9H,0 in presence
of 6 equiv of sodium hydroxide. Attemptstoisolatean analytically
pure gallium complex of L2 failed. The IR spectrum of [Ga-
(HL1)]NO; is similar to that of the aluminum complex except
that the absorptions from hydrogen-bonded perchlorate anion
arereplaced by those of nitrateat 1380and 1280cm-!. The FAB
mass spectra of both gallium complexes exhibit the expected peaks
corresponding to [Ga(HL)]* (L = L1 and L3). Like those of
their aluminum analogs, the '!H NMR spectra of [Ga(HL1)]*
and {Ga(HL3)]* in DMSO-d; both show rigid structures in
DMSO solution, and they remain rigid at temperatures higher
than 120 °C as demonstrated by variable-temperature ‘H NMR
experiments.

An ORTEP drawing of [Ga(HL3)]CI.CHClI, is illustrated in
Figure 3; selected bond lengths and bond angles are listed in
Table III. There are four chloroform-solvated [Ga(HL3)]Cl
molecules inthe monoclinic unit cell, e.g. two pairs of enantiomers.
The complex is cationic with Cl- as the counterion; Cl- bridges
two nearest neighbor cations by forming hydrogen bonds with
H(4) (CI(1)- - -H(4) = 2.31 &) of one [Ga(HL3)]* and H(2)-
(CI(1)- - -H(2) = 2.30 A) of another. Hydrogen bonding is also
observed between the C1- counterion and the chloroform hydrogen
(CI(1)- - -H(32) = 2.49 A). Unlike the Al atomin [AI(HL2)]*,
the Ga atom is coordinated by an N4O, donor set from the N,O;
amine phenol ligand, with one of three phenolate O atoms
remaining uncoordinated and protonated (O(2)). The coordi-
nation geometry is distorted octahedral with N(1), N(2), and
N(4) occupying one face of the octahedron and N(3), O(1), and
O(2) occupying the other. The complex cation is chiral because
of the ligand coordination to the metal center. One arm (N(1),
N(2),and O(1)) facially coordinates to the Ga atom whileanother
(N(1),N(4),and O(3)) meridionally binds to the Ga atom. N(3)
and hydrogen H(4) on nitrogen N(4) are on the same side of the
molecule. The Ga(1)-O(1)and Ga(1)-O(3) distancesare 1.897
and 1.906 A, respectively, close to the range 1.900-1.996 A found
in [Ga(TX-TACN)H*]¢ and Ga[(5-MeO-sal);tame].2’” The

(27) Green, M. A,; Welch, M. J.; Huffman, J. C. J. Am. Chem. Soc. 1984,
106, 3689.
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Figure 4. ORTEP drawing of Na[In(L1)](NO)(H;0)-(C;HsOH).

Ga-N bond lengths range from 2.090 to 2.147 A with an average
of 2.113 A, which compares well with those (2.097-2.221 A) in
Ga complexes of the N;O;1920 and N3S;4 ligands.

Thethree transangles, N(1)-Ga(1)-0(3), N(2)-Ga(1)-N(3),
and N(4)-Ga(1)-0O(1),are 172.7,160.7,and 171.3°, respectively.
The largest deviation from 180° (N(2)-Ga(1)-N(3)) is caused
by theintrinsically small bite angle of two 5-membered GaNCH),-
CH;NH chelate rings.!® The N-Ga-N angles within the
S-membered chelate rings are approximately 81.5° while those
between different chelate rings are larger (N(2)-Ga(1)-N(4) =
94.3°;N(3)-Ga(1)-N(4) =94.4°). Mostof the N-Ga—O angles
are larger than 90° with the exception of N(3)-Ga(1)-0(1),
which is probably lowered to 80.0° by the hydrogen bonding
between H(3) and O(1)(O(1)- - -H(3) = 2.19 A).

Indium Complexes. Unlike AI’* and Ga3*, In* forms neutral
complexes, [In(L)] (L = L1, L2 and L3), with these N,O; amine
phenol ligands in the presence of a base (hydroxide or acetate).
In Na[In(L1)](NO;)(H,0)(C,;H;OH)-2.65H,0, sodium nitrate
cocrystallizes with the complex. All the indium complexes are
stable toair and moisture. They are allsolublein DMSO, slightly
soluble in methanol and acetone, and insoluble in water. The
analytical data of these complexes are consistent with the proposed
formulations.

The FAB mass spectra of the three indium complexes show
peaks corresponding to [In(L)]* and to [Iny(L)]* ([M + In]*).
In Na[In(L1)](NO;), a peak at m/z = 599 ([M + Na]*) was
alsoobserved, indicating the presence of NaNO;. This conclusion
is supported by the IR spectra data, which show IR bandsat 1380
and 1280 c¢m™! due to the bidentate nitrate anion coordinating
Na+. The bidentate nature of nitrate anion was confirmed by
the X-ray structure determination of Na[In(L1)]-
(NO;)(H,0)(C,H;OH)-2.65H,0.

An ORTEP drawing of Na[In(L1)](NO;)(H,0)(C,H;-
OH)-2.65H;0 is illustrated in Figure 4. In each tetragonal unit
cell thereare 16 Na[In(L1)](NO;)(H,0)(C,HsOH) molecules,
e.g. eight pairs of enantiomers (A and 4A), and many partially
occupied waters of the hydration. Every molecule in the unit cell
is essentially independent. The complex is neutral with the In
atom completely enclosed by the triply deprotonated N4O3 amine
phenol ligand. Two phenolate O atoms (O(1) and O(3)) bridge
the In and Na atoms (Na(1)-O(1) = 2.434 &; Na(1)-0(3) =
2.449 A); in addition, the Na atom is coordinated by two O atoms
(Na(1)-0(4) = 2.43 A; Na(1)-O(5) = 2.542 A) of a bidentate
nitrate anion, one water O atom (Na(1)-O(8) = 2.419 A), and
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an ethanolic O atom (Na(1)-O(7) =2.415 A). Neglecting the
phenolate-bridged Na atom and its donor atoms, the complex
[In(L1)] has a 3-fold axis (the N1-In vector).

There are three geometries available to the coordinated
heptadentate N,O; amine phenolligand: a trigonal prism capped
on a triangular face, a trigonal prism capped on a square face,
or a monocapped octahedron;?® the coordination geometry around
the In atom is a monocapped distorted octahedron. Trigonal
prismatic coordination is obviated because the three chelating
arms of the N,O; amine phenol ligand would leave the apical
N(1) atom far removed from the metal center. The apical nitrogen
(In(1)-N(1) = 2.752 A) caps the triangular face formed by the
other three coordinating nitrogen atoms. Thisleads toa spreading
of the Nj face (N(2)-In(1)-N(3) = 105.3°; N(2)-In(1)-N(4)
=106.5°; N(3)-In(1)-N(4) = 107.9°) and a pinching of the O,
face (O(1)-In(1)-0O(2) = 85.3° O(1)-In(1)-O(3) = 82.3°;
0(2)~-In(1)-0(3) = 85.4°) of the octahedron. Thetrans N-In-O
angles and O-In-O angles average 162.9 and 84.3°, respectively,
while the N-In—-N angles (excluding N(1)) average 106.6°. The
chelate N-In-O and N(1)-In-N angles average, respectively,
84.7 and 67.8°. These are very close to those in a related seven-
coordinate complex [Yb(trac)]?® except that the apical nitrogen
atom in [In(L1)] binds weakly to the metal center while in [Yb-
(trac)] it strongly binds to the Ybatom (Yb-N = 2.43 A). This
is probably due to the smaller size of In’* relative to that of Yb3*.
The In-O distances are 2.177, 2.174, and 2.155 A for In(1)-
O(1), In(1)-0(2), and In(1)-O(3), respectively. The average
In—secondary N bond lengths is 2.330 A while the In-N(tertiary)
distance is 2.752 A. These values compare well to those found
in two indium complexes of tricarboxylatotetraazamacrocycles
(average In-Nbondlengths: 2.36and 2.42 A),% with coordination
geometries which are trigonal prisms capped on a square face.
Unlike the aluminum and gallium complexes, the heptadenticity
of the N4O; amine phenol ligand in the indium complex [In(L1)]
has been accomplished without imparting too much strain on the
coordinated ligand framework. Furthermore, the indium complex
in this study represents one of relatively few examples of a
structurally characterized seven-coordinated metal complex
containing only heptadentate ligands.2%-32

The 'H NMR spectra of the complexes [In(L)] (L = L1, L2,
L3) in DMSO-d; are very similar (except for small differences
in the aromatic hydrogen region 6.5-7.5 ppm), and only the
spectrum (Figure 5) of [In(L1)] isdiscussed indetail. Thespectra
of all three [In(L)] complexes are much simpler than those of
their aluminum and gallium analogues in the same solvent.
Assignments (Table V) were carried out using 'H-'H COSY
spectra and those of the uncomplexed amine phenol ligands.?!
The hydrogens H. and Hyof the coordinated amine phenol ligand
were distinguished by the fact that ring hydrogens in pseudoaxial
environments are usually more shielded than those in pseu-
doequatorial environments.?

In the uncomplexed amine phenol, two hydrogen atoms H,
and H; are equivalent and the same is true for the pairs H,, H,
and H,, Hy. There is only a singlet at 3.8 ppm from hydrogens
H., H, and an A,B,; pattern at 2.5 ppm from hydrogens H,, Hy,
H., Hyin the H spectrum (CDCl;) of H;L1.2! Upon coordination
to the metal center, the singlet at 3.8 ppm is split into two broad
doublets at 5.1 and 3.4 ppm in the spectrum of [In(L1)] while
the other part of the spectrum remains relatively unchanged (an
A,B; multiplet at ~2.5 ppm). The doublet at ~3.4 ppm is

(28) Kepert, D. L. Prog. Inorg. Chem. 1979, 25, 41.

(29) Berg, D. J.; Rettig, S. J.; Orvig, C. J. Am. Chem. Soc. 1991, 113, 2528.

(30) Riesen, A.; Kaden, T. A,; Ritter, W.; Micke, H. R. J. Chem. Soc.,
Chem. Commun. 1989, 460.

(31) Mathieu, F.; Weiss, R. J. Chem. Soc., Chem. Commun. 1973, 816.

(32) Drew, M.G.B.; Nelson, J.; Nelson, S. M. J. Chem. Soc., Dalton Trans.
1981, 168S5.

(33) Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric
Identification of Organic Compounds, 4th ed.; John Wiley & Sons:
New York, 1981; p 189.
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Figure 5. '"H NMR spectra of H;L1 (top) in CDClI; at room temperature
(500 MHz) and of [In(L1)] in DMSO-d; at varying temperatures (300
MHz).

Table V. 'H NMR Spectra Data for Indium Complexes with
Amine Phenols (DMSO-dq, & in ppm from TMS)*

Y
H! E
H, :;n
H
_R H, _ 3
Hy
[In(L1)] [In(L2)} [In(L3)]
(R=H) (R=Cl (R =Br) assignt
2.40 (m) 2.45 (m) 2.45 (m) H,, Hy, H;, Hy
3.40 (bd) 3.45 (bd) 3.48 (bd) H.
5.10 (bd) 4.86 (bd) 4,86 (bd) H;
6.58 (d) 6.40 (d) 6.38 (d) H,
7.05 (1) 6.96 (d) 7.08 (d) H;
6.40 (1) H;
6.95 (d) 6.93 (s) 7.04 (s) H;

aNote: 2Jy-y = 13.6 Hz; 3Jy-n = 6.8-7.0 Hz.

overlapped with the signals of the H;O and CH;0H solvate
molecules in DMSO-d;. The Na* ion bridged by two phenolate
O atoms in NafIn(L1)(NO;)(H,0)(C:HsOH)-2.65H,0O is
dissociated in DMSO to give a symmetrical (C;), presumably
still seven-coordinated, species [In(L)]. The C; symmetry is also
supported by 1*C NMR data of the complex, which, unlike its
aluminum and gallium analogs, shows nine distinct resonance
signalsinits 1*Cspectrum. The observation of two broad doublets
for H. and Hyis significant; this suggests that at room temperature
all three chelating arms are equivalent even though they have
been shown to be nonequivalent in the solid state (Figure 4). The
complex in solution is relatively rigid and no inversion at the
coordinated N atoms is taking place. If inversion at the
coordinated N atoms took place, it would interchange the two
hydrogens on each methylene carbon atom and a singlet from
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hydrogens H, and Hy would be expected as found in the spectrum
of H;L1.2! Inaddition, the small changes in the ethylene region
(2.5-3.0 ppm) suggest that the interaction between the central
nitrogen N(1) and the In atom is weak and that the three NCH,-
CH,N units remain relatively flexible. This is consistent with
the solid-state structural findings in Na[In(L1)](NO,)-
(H,0)(C,HsOH)-2.65H:0.

At elevated temperatures (>30 °C) the doublet at 5.1 ppm
and the multiplet at ~2.5 ppm both become very broad singlets.
At 120 °C (Figure 5), the broad singlet at 5.1 ppm starts to
merge withtheoneat about 3.3 ppm. Higher temperature spectra
of the complex were not obtained, but these two broad singlets
are expected to become a singlet at temperatures above 120 °C,
The collapse of the doublet at about 5.1 ppm is significant; it
clearly shows that at high temperatures inversion at the coor-
dinated N atoms occur. This contrasts with the high rigidity of
the aluminum-and gallium-amine phenol complexes, which have
distorted octahedral coordination geometriesand strained ligands.

Discussion

Previously, these three potentially heptadentate (N,O;) tripodal
amine phenols were found to form lanthanide complexes of two
types [Ln(H3;L)](NO;); and {Ln(L)],, depending on the con-
ditions of preparation.2! For large lanthanide ions (ionic radii
in six coordination: 1.03 A for La3* to 0.86 A for Lu?+),34 the
cavity of the N4O; amine phenol ligand is too small to completely
enclose the metal ion. This is, at least partially, responsible for
the formation of dinuclear lanthanide complexes [Ln(L)], (Ln
= La, Nd, Pr, Gd, Dy; L = L1, L2, L3).2! The structural data
from the present study clearly show that the cavity of the N,O,
amine phenol ligand is too large for all seven donor atoms to
coordinate to Al** (0.53 A) or Ga’* (0.62 A); therefore, cationic
aluminum and gallium complexes were isolated. In the crystal
structure of [AI(HL2)]ClO4+2CH;3;0H, the Al atom is bonded to
an N30; donor set with N(4) of the amine phenol ligand being
protonated and uncoordinated, while the Ga atom in {Ga(HL3)]-
CI-CHCl; is coordinated by four amine N and two phenolate O
donor atoms with the remaining phenolate O atom being
protonated and uncoordinated. Inboth cases, the uncoordinated
donor atoms impart certain steric constraints on the coordinated
ligand framework, this, in turn, lowers the stability of the metal
complexes. The cavity of the N,O; amine phenol ligand seems
to match In3* (0.80 A) best. Reaction of H;L1 with In3* in
presence of a base such as sodium hydroxide produces a neutral
indium complex Na[In(L1)]{NO3)(H,0)(C,HsOH), in which
the In atom is coordinated by all seven (N4O;) donor atoms in
a face-capped distorted octahedral coordination geometry without
significant constraints on the coordinated framework.

It is notable that the Al atom in [AI(HL2)]* is coordinated
byan N;0;donor set, while the Ga atom in [Ga(HL3)]* is bonded
to four amine N and two phenolate O atoms from the amine
phenol ligand. This is related to the selectivity of Al** for
negatively charged hard O donors over neutral N donors. Ga3*,
which also has a very strong affinity for phenolate O donors, also
binds well with saturated amine N donors.?S Thus, under the
constraints imposed by the tripodal framework of the N4O; amine
phenol ligand, the Gaatomin [Ga(HL3)]CI-CHCl;is coordinated
by an N4O, donor set. Like Ga3*, In3* also has a strong affinity
for both phenolate O donors and saturated amine N donors.
Because of the larger size of In3*, the coordination of all seven
donor atoms is observed.

The octahedron is usually rather rigid, and fluxional rear-
rangements often occur in octahedral complexes with metal-
ligand bond breaking. The aluminum and gallium complexes
reported here have distorted octahedral coordination geometries.

(34) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.
(35) Duma, T. W,; Marsicano, F.; Hancock, R. D. J. Coord. Chem. 1991,
23, 221.
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It is not surprising that these complexes remain very rigid in
DMSO solution at temperatures higher than 120 °C. For the
In complexes, however, the larger size makes it possible for all
seven (N4O;) donor atoms to coordinate to the In atom to give
a face-capped octahedral coordination geometry. The stereo-
chemical nonrigidity is characteristic of seven-coordinate com-
plexes, in which the energy difference between different stere-
ochemistries (capped trigonal prism and monocapped octahedron)
isverysmall.’¢ Thus, all three chelating arms become equivalent
in solution at room temperature although they have been shown
to be nonequivalent in the solid state. This is presumably caused
by interconversion of different stereochemistries. This conclusion
is consistent with fact that the signals from the hydrogens of the
three ethylene groups appear asan A;B; patternat 2.5 ppm instead
of an ABCD spectrum as expected for a rigid five-membered
chelate ring, MNCH,CH;N.*7 At higher temperatures, the two
broad doublets collapse and are expected to give a singlet at the
high-temperaturelimit. The only way for this to occur is through
a dissociative inversion at the coordinated secondary amine N
atoms because the interconversion of stereochemistries does not
change the chirality of the coordinated pyramidal N atoms. For
NH; and other simple noncyclic amines, the rate of inversion at
N is extremely high (e.g., 2.4 X 10! s-! for NH;).3¥ When the
polydentate ligand binds to the metal ion, inversion at a
coordinated N atom becomes very difficult unless metal-ligand
bond breaking is involved. In the aluminum and gallium
complexes, the coordinated amine phenol ligands are so rigid
that any movement of the framework has to overcome a very high
energy barrier. In the indium complexes, the larger size of In3*
makes it possible for N1 to move around and take turns with the
three secondary N atoms in bonding to the metal center to give
a six-coordinate intermediate, [In(N3;05)]. Therefore, an in-
tramolecular dissociative inversion at the coordinated N atoms
in indium complexes occurs at temperatures higher than 120 °C,
where the Al and Ga complexes remain rigid.

(36) Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements; Pergamon
Press: Toronto, 1984; p 1074.

(37) Liu, S.; Rettig, S. J.; Orvig, C. Inorg. Chem. 1991, 30, 4915.

(38) Rauk, A.; Allen, L. C.; Mislow, K. Angew. Chem., Int. Ed. Engl. 1970,
9, 400.
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Conclusions

The coordination behavior of tripodal N;O; amine phenols is
largely dependent on the size of the coordinated metal ions, For
large lanthanide ions, they form homodinuclear complexes, [Ln-
(L)}», under basic conditions. For the smaller group 13 metal
jons (ionic radii 0.53 A for Al’* and 0.62 A for Ga3+), cationic
complexes [M(HL)]X (M = Aland Ga) were formed. The donor
atoms in these complexes are dependent on the donor atom
selectivity of the metal ion. Shortening of one of the three
chelating arms or changing the tertiary N-bridged framework to
a C-bridged framework (based on 1,1,1-tris(aminomethyl)ethane,
1,2,3-triaminopropane, or 1,2,3-triamino-2-methylpropane) will
release the constraints imposed by the uncoordinated donor atoms
and should produce potentially hexadentate N3O; amine phenol
ligands better tailored for six-coordinate neutral aluminum,
gallium, and indium complexes. This prediction has been verified
by initial structural studies of aluminum and gallium complexes
with 1,1,1-tris(aminomethyl)ethane-based and 1,2,3-triamino-
propane-based N3O; amine phenol ligands.?® The cavity of the
N4O; amine phenols seems to match best the size of In3* (0.80
A) and should form six- or seven-coordinate complexes of other
trivalent metal ions, with ionic radii of about 0.80 A.
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