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ABSTRACT: A higher yield synthesis of N,N'-bis(2-pyridyl-
methyl)-1,3-diaminopropane-N,N'-diacetic acid (H,bppd) and
its complexation of trivalent metal ions (AI(III), Ga(IIl),
In(II1)) and selected lanthanides (Ln(III)) are reported.
H,bppd and the metal—bppd®>~ complexes, isolated as
hexafluorophosphate salts, were characterized by elemental
analysis, mass spectrometry, IR, and 'H and *C NMR
spectroscopy. [Ga(bppd)]PF, [Ga(C,yH,,N,O,)]PF,, was
crystallized as colorless needles by slow evaporation from
anhydrous methanol; its molecular structure was solved by
direct X-ray crystallography methods. The compound crystal-
lized in the monoclinic space group P2,/c, with a = 9.6134(2)
A, b=202505(4) A, c=11.6483(3) A, f=97.520(1)°, and Z =
4. Ga is coordinated in a distorted octahedral geometry
provided by a N,O, donor atom set with cis-monodentate acetate groups and cis-2-pyridylmethyl N atoms. Quantum
mechanical calculations were performed for the three possible geometric isomers of a pseudo-octahedral metal—bppd®~ complex
with five different metal ions. The results indicate, that in aqueous solution, the stability of the trans-O,O isomer is similar to that
of the cis-O,0; cis-N,,,,N,,, isomer but is greater than that of the trans-N,,N,, isomer. Calculations for a six-coordinate La(II1)-

Py
bppd®~ complex converge to a structure with a very large N, ~La—N,, bond angle (146.4°), a high metal charge (2.28 au), and a

high solvation free energy (—79.4 kcal/mol). The most stable geometric arrangement for bppd”>~ around the larger La(III) is best
described as an open nestlike structure with space available for additional ligands. IR spectroscopy was used to investigate the
nature of the H,bppd—metal complexes isolated in the solid state and the binding modes of the carboxylate functionalities. The
spectra indicate that fully deprotonated [M(bppd)]* complexes as well as partially protonated complexes [M(Hbppd)Cl]* were
isolated. The 'H and "*C assignments for H,bppd and metal—bppd®~ complexes were made on the basis of 2D COSY, NOESY,
and '"H-"*C HSQC experiments, which were used to differentiate among the cis (C, symmetry) and the two trans (C,
symmetry) isomers.

B INTRODUCTION reagent for trivalent lanthanide—actinide (Ln(III)—An(III))

The interaction of polyaminocarboxylate ligands with f-element
metal ions is an active area of research.' Polyaminocarboxylic
acids find use in the TALSPEAK process, which employs
DTPA, diethylenetriaminepentaacetic acid, as an effective hold
back reagent for lanthanide(III)—actinide(III) separation;
however, DTPA’s efficacy requires high lactic acid concen-
trations to prevent precipitation and improve extraction
kinetics.” Derivatives of polyaminocarboxylic acids are also of
interest as potential solvent extraction reagents for spent
nuclear fuel reprocessing, as magnetic resonance imaging agents
when coordinated to lanthanides, and in nuclear medicine
when coordinated to radioactive Group 13 nuclides.>””
N,N’-Bis(2-pyridylmethyl)-1,3-diaminopropane-N,N’-diac-
etic acid, H,bppd, is a symmetrically disubstituted diamino-
carboxylic acid with a propylene backbone. Our interest in
H,bppd resides in its potential for use as a complexation
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separations. This chemical separation is one of the more
difficult challenges in spent nuclear fuel reprocessing because of
the very similar physiochemical properties of Ln(III) and
An(III) ions. It has been shown that donor atoms softer than
oxygen make this difficult separation more selective but at the
cost of complex stability.*’
containing softer aromatic nitrogen donors and harder oxygen
donors, have been shown to provide good metal ion selectivity
with adequate complex stability.’ The H,bppd molecule
contains softer 2-pyridylmethyl substituents to provide
selectivity and harder acetate functionalities to improve
stability. The propylene chain of the diamine backbone
provides flexibility and the ability to form a 6-membered

Polyaminocarboxylic acids,
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chelate ring. Hancock has suggested a rule for ligand design that
an “increase of chelate ring size from five membered to six
membered in a complex will increase the stability of smaller
relative to larger metal ions”.!®'! Indeed, the increase in
complex stability for polyamine ligands containing pyridyl and
saturated nitrogen atoms as donor groups that was observed
upon changing chelate size from five- to six-membered rings
supports this rule.'> Further, it has been suggested that this
strategy could be employed in designing ligands that show size
selectivity for Al(1I)."

H,bppd was previously prepared as part of a study of
vanadium(III) coordination stereochemistry with hexadentate
ligands.'* In the present study, H,bppd was synthesized by a
facile, two-step procedure using simple starting materials that
employs bromoacetic acid, a strong alkylating agent, to provide
higher yields. Syntheses for the related N,N’-bis(2-pyridyl-
methyl)-1,2-diaminoethane-N,N’-diacetic acid, H,bped, by
alternative routes have been reported."

Very little structural information is available for H,bppd and
its metal complexes because of the difficulty in obtaining
crystals suitable for X-ray crystallographic analysis. As has been
previously noted, this difficulty likely arises from the flexibility
of the ligand species and the many geometric and coordination
isomers that are possible when a metal-ligand complex
forms.*'®'” A structure is available for a bridged dinuclear
vanadium complex of a derivative of H,bppd, which has a
hydrox?rl substituent in the 2-position of the propylene
unit.'"®" There are three structural reports of the related
cobalt(III)-N,N’-bis(2-pyridylmethyl)-1,2-diaminoethane-N,N'-
diacetato complex [Co(bped)]* with different counterions, that
is, ClO,~, BF,™, and PFé_,3’16’17 and an ethyl ester version of
the bped®~ ligand with Mn(I).>> We previously reported a
structure for the cobalt(IIT)-bppd®*~ compound [Co(bppd)]-
PF¢*' The Co(Ill)~bppd®*~ and Co(Ill)—bped*~ complexes
have the acetate O atoms in a trans orientation. In the
[Ga(bppd)]PF; structure reported here, the acetate O atoms
are cis with respect to each other. A third possible [M(bppd)]*
isomer with trans-N,,N,, pyridine groups has not been
observed for any metal ion, Figure 1.
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Figure 1. Coordination geometry for trans-O,0 [Co(bppd)]* and cis-
0,05 cis-N,, Ny, [Ga(bppd)]*. The third possible geometric isomer,
trans-N,,,N,,, [M(bppd)]*, has not yet been structurally characterized.

The present investigation is devoted to exploring correlations
between the spectral features of [M(bppd)]* complexes and
their structure to establish criteria that differentiate among
different types of carboxylate bonding and cis and trans
geometric isomers. Correlations of this type become partic-
ularly useful for compounds where no X-ray data are available.
Although several groups, particularly Caravan and co-work-
ers,”* have directed considerable effort at X-ray structural
characterization of 2-pyridylmethyl-substituted polyaminocar-
boxylate complexes, it is clear that the time and effort involved
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in these studies makes development of efficient alternative
determinative techniques desirable. Further, to gain insight into
the complexation process, the energies of the three possible
geometric isomers for pseudo-octahedral trivalent metal
complexes, [M(bpad)]*, relative to the trans-O,0 isomer,
have been obtained by quantum mechanical calculations for
diamines with different alkyl chains () and six trivalent metal
ions.

B EXPERIMENTAL SECTION

Reagents. Reagent grade aluminum chloride hexahydrate, cobalt
chloride hexahydrate, dysprosium nitrate hexahydrate, lanthanum
nitrate hexahydrate, neodymium nitrate hexahydrate, samarium nitrate
hexahydrate, indium nitrate hydrate, and gallium nitrate hydrate
obtained from Fisher Scientific, were used as received. Reagent grade
sodium hexafluorophosphate, potassium hydrogen phthalate (KHP),
1,2-diaminoethane, 1,3-diaminopropane, anyhydrous methanol, 2-
pyridinecarboxaldyde, bromoacetic acid, 30% by weight hydrogen
peroxide, chloroform-d (CDCl,), sodium borohydride, and deuterium
oxide (D,0), obtained from Sigma Aldrich Chemical Co., were used
without further purification. [Co(bppd)]PFs was prepared as
previously reported.*’ Dowex SOW-X8 (100—200 mesh) cation
exchange resin was obtained from Fischer Scientific and prepared by
washing with a solution of 30% by weight H,0, (33 mL) in 1.79 M
NaOH (67 mL) followed by a second wash with copious amounts of
deionized water. The resin was swollen in the column by eluting with 6
M HCI and washed again with copious amounts of deionized water.

Methods. Combustion analyses were done by Galbraith Labo-
ratories, Inc., Knoxville, TN using GLI Procedure ME-14. Equivalent
weight titrations with 0.02 M NaOH, standardized against KHP, were
conducted in a 50 mL glass flow through cell using phenolphthalein as
the indicator. 'H and "*C NMR spectra referenced to internal TMS for
CDClI; solutions were recorded on a Varian Unity INOVA 500 MHz
spectrometer; for labeling see Figure 2. 'H and *C NMR spectra

Figure 2. Thermal displacement plot (50%) of the [Ga(bppd)]*
cation. H atoms are shown as circles of arbitrary size.

recorded for samples in D,0O were referenced to residual solvent™” and
external DSS, respectively. The 'H COSY and 'H NOESY correlation
spectra were recorded on a Varian Inova 500 MHz spectrometer. The
"H—"C-detected heteronuclear single-quantum coherence (HSQC)
experiments were performed on a Aglient DD2 500 MHz
spectrometer. Mass spectra were obtained with an Agilent 6460
Triple Quad LC/MS instrument in full scan mode by direct infusion
using an aqueous 70% by mass ethanol solution. Intensity data for
solving the [Ga(bppd)]PFy structure were collected on a Bruker
SMART Apex 2 diffractometer. Infrared spectra were obtained on a
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Thermo Nicolet Nexus 470 FTIR spectrometer calibrated in the
4000—400 cm™' spectral range using polystyrene. Samples were
prepared as KBr pellets and run with air as the background. The
spectra were checked as nujol and/or fluorolube mulls. Routine
spectra were recorded collecting 32 scans at 4 cm™ resolution.
Synthesis of Ligands. The syntheses of the 2-pyridylmethyl-
substituted diamines and their subsequent elaboration to the diacetic
acids were achieved using the same procedures that are given here in
detail only for the 1,3-diaminopropane derivatives.
Caution: Bromoacetic acid is a very reactive and toxic, strong alkylating
agent that should be used in a hood while wearing gloves.
N,N’-Bis(2-pyridylmethyl)-1,3-diaminopropane, bpmdap. A
solution of 1,3-diaminopropane (1.12 g, 15.0 mmol) in anhydrous
methanol (25 mL) was allowed to stir under a N, atmosphere in the
presence of freshly activated 3 A molecular sieves (5.0 g) for 15 min. A
solution of 2-pyridinecarboxaldehyde (3.25 g 30.0 mmol) in
anhydrous methanol (25 mL) was then slowly added dropwise with
continuous stirring. After the addition was complete, the reaction was
refluxed for 3 h, and the resulting yellow-orange mixture was filtered to
remove the molecular sieves. The filtrate was returned to the original
reaction vessel, cooled to 0 °C, and solid NaBH, (1.32 g, 35.0 mmol)
slowly added with efficient stirring. The reaction mixture was warmed
to room temperature and refluxed for an additional 2 h. After the
reaction mixture cooled to room temperature, a solution of NaOH
(5.0 gin 17 mL H,0) was added and the resulting red-orange solution
was extracted with methylene chloride (4 X 20 mL portions). The
CH,CIl, was dried over anhydrous potassium carbonate, filtered, and
the diamine product isolated as a viscous oil by evaporation under
reduced pressure at 60 °C. Yield: 4.10 g (13.7 mmol, 91%). '"H NMR
(ppm, CDCly): 1.59 (p, 2H, NHCH,CH,CH,NH, ] = 7.6 Hz), 2.42 (t,
4H, NHCH,CH,CH,NH, J = 7.5 Hz), 3.66 (s, 4H, NHCH,py), 7.19
(t, 2H, NCCHCHCHCH, J = 6.8 Hz), 7.25 (d, 2H,
NCCHCHCHCH, J = 8.5 Hz), 7.68 (t, 2H, NCCHCHCHCH, | =
8.0 Hz, 1.5 Hz), and 8.32 (d, 2H, NCCHCHCHCH. ] = 5.2 Hz).
N,N’-Bis(2-pyridylmethyl)-1,2-diaminoethane, bpmdae.
Yield: 3.53 g (14.7 mmol, 98%). '"H NMR (ppm, CDCL): 2.83 (s,
4H, NHCH,CH,NH), 3.92 (s, 4H, NHCH,py), 7.14 (td, 2H,
NCCHCHCHCH, ] = 6.2 Hz, 0.6 Hz), 7.30 (d, 2H,
NCCHCHCHCH, ] = 7.8 Hz), 7.62 (td, 2H, NCCHCHCHCH, | =
7.7 Hz, 1.9 Hz), and 8.54 (d, 2H, NCCHCHCHCH, | = 4.8 Hz).
N,N’-Bis(2-pyridylmethyl)-1,3-diaminopropane-N,N’-diac-
etic acid trihydrochloride, H,bppd-3HCI. A solution of bpmdap
(3.48 g, 13.7 mmol) in 40 mL of cold deionized water was placed in an
ice bath and stirred under N, for 15 min. A solution of bromoacetic
acid (4.17 g, 30.0 mmol, in 9.0 mL of H,0) was neutralized with
NaOH (1.20 g in 17 mL of H,0, 30.0 mmol) and slowly added
dropwise to the cold bpmdap solution. After the addition was
complete, a second aliquot of NaOH (1.10 g in 15 mL of H,0, 27.4
mmol) was added to the yellow-brown reaction mixture and stirred
overnight at room temperature. The strongly basic reaction mixture
was extracted with methylene chloride, CH,Cl,, (4 X 20 mL portions)
to remove unreacted amine and neutral organic impurities. The crude
product was isolated from the aqueous phase by evaporation under
reduced pressure at 60 °C. The isolated solid was dissolved in a
minimal amount of deionized water, loaded onto a Dowex S0W-X8
cation exchange column (10 g, 20 mm X 38 cm, resin height 12 cm),
and washed with 3 column volumes of water followed by 6 column
volumes of 1.0 M HCl to remove Na* ions. The pure H,bppd product
was eluted as the trihydrochloride salt using 6 column volumes of 3.0
M HCL (H,bppd elutes more rapidly at higher HCI concentrations,
but a lower purity product may be obtained.) The diacetic acid was
obtained as a white, hygroscopic solid by evaporation of the 3.0 M
HCI eluent under reduced pressure at 60 °C and dried in vacuo
overnight at 60 °C. Yield: 4.40 g (8.22 mmol, 60%). The bulk material
was obtained as a trihydrate. Anal. obs. (calcd) for C;4H,,N,0,-3HCI-
3H,0: C, 42.07 (42.59); H, 5.77 (6.20); N, 9.99 (10.45). IR (v(cm™),
fluorolube): 3356—2495 (s, b, O—H, N—H" str), 1727 (s, C=0 str),
1609 (m, O—H, N—H" def), 1549 (m, py str), 1524 (m, py str), 1461
(m, CH, def), 1404 (m, C—O str). Equiv. Wt: obs. 103 g/eq.y,; calcd
107 g/eq.p,-

3406

N,N’-Bis(2-pyridylmethyl)-1,2-diaminoethane-N,N’-diacetic
Acid Tetrahydrochloride, H,bped-4HCI. Yield: 5.30 g (11.4 mmol,
77%). Anal. obs. (caled) for C,;4H,,N,0,4HCI-H,0: C, 40.85
(41.40); H, 5.06 (5.40); N, 10.52 (10.73). 'H NMR (ppm, D,0):
341 (s, 4H, NCH,CH,N), 3.73 (s, 4H, NCH,py), 449 (s, 4H,
NCH,COOH), 7.83 (td, 2H, NCCHCHCHCH, | = 6.9 Hz, 0.6 Hz),
792 (d, 2H, NCCHCHCHCH, | = 7.5 Hz), 835 (td, 2H,
NCCHCHCHCH, | = 7.9 Hz, 1.8 Hz), and 8.66 (d, 2H,
NCCHCHCHCH, ] = 5.7 Hz). IR (v(cm™), fluorolube): 3384—
2495 (s, b, O—H, N—H" str), 1727 (s, C=0 str), 1609 (m, O—H,
N—H" def), 1542 (m, py str), 1524 (m, py str), 1461 (m, CH, def),
1405 (m, C—O str). Equiv. Wt: obs. 89 g/eq.yy,; calcd 87 g/eq.py,.

Synthesis of Metal Complexes. The synthetic procedures for the
Group 13 metal complexes, [M(bppd)]PF and [M(Hbppd)CI]PF
were similar in all cases. One representative synthesis is given for each
unique procedure. The Ln[bppd]PFs compounds were prepare at
room temperature in a similar manner, but the chloride salts were used
for the lighter lanthanides, La(III) and Nd(III), to avoid inclusion of
inorganic salts.*

Na,bppd. H,bppd-3HCI-3H,0 (48 mg, 0.10 mmol) was dissolved
in 5.0 mL of deionized water and neutralized with NaOH (18 mg in
237 uL of H,0, 0.45 mmol). The solution was allowed to stir for 30
min and a white solid was collected by evaporation at 60 °C under
reduced pressure. Yield: 35 mg, (0.090 mmol, 90%). IR (v(cm™),
fluorolube): 3080 (s, b, O—H str), 3030 (m, C—H aryl str), 2934 (m,
CH, str), 2807 (m, CH, str), 1588 (s, COO" str), 1474 (w, py str),
1433 (m, CH, def), 1405 (s, COO™ str).

[Al(bppd)IPF¢. A solution of AlCl;-6H,0 (84 mg, 0.34 mmol) in
anhydrous methanol (25 mL) was added dropwise with efficient
stirring to a solution of H,bppd-3HCI-3H,0 (180 mg, 0.34 mmol) in
anhydrous methanol (25 mL) under a N, atmosphere. After the
addition was complete, sodium acetate (139 mg, 1.70 mmol) was
added as a dry solid to the colorless solution. The reaction was
refluxed for 30 min and allowed to cool to room temperature. The
solution was filtered; sodium hexafluorophosphate (59 mg, 0.3S
mmol) was added to the reaction mixture, and the mixture was
allowed to stir for 15 min. The reaction mixture was filtered and allow
to stand overnight at room temperature. The crude product that
formed was collected by suction filtration, dissolved in a minimal
amount of hot methanol (~15 mL), and stirred for 1S min. The
mixture was filtered warm, and the filtrate was collected in a 50 mL
beaker. A white solid precipitated from the filtrate upon standing
overnight. The solid was washed with cold methanol (3 X 5.0 mL),
acetone (3 X 5.0 mL), and dried in vacuo overnight at 65 °C. Yield
140 mg (026 mmol, 77%). MS (+ESI): m/z 3972 ([*’All",
[AIC,4H,,N,0,]%). IR (v(cm™), KBr): 3057 (m, b, C—H aryl str),
2955 (m, b, CH, str), 2850 (m, b, CH, str), 1670 (s, b, COO™ str),
1617 (s, py str), 1577 (w, py str), 1466 (m, CH, def), 1442 (m, CH,
def), 1385 (m, COO").

[Ga(bppd)IPFg. After bulk synthesis as above, crystals suitable for
X-ray diffraction studies were obtained by slow evaporation of a
methanol solution at 16 °C. The colorless needles were collected and
washed with cold methanol and acetone (3 X 2.0 mL portions each).
Analyses were conducted on the crystalline material used in the X-ray
diffraction studies. Yield: 120 mg (0.20 mmol, 60%). Anal. obs. (calcd)
for GaC,yH,,N,O,PF: C, 39.00 (38.82); H, 3.79 (3.89); N, 9.58
(9.18). MS (+ESI): m/z 4392 and 4412 ([®Ga]* and ["'Gal*,
[GaC oH,N,0,]%). IR (v(ecm™), KBr): 3124 (m, b, C—H aryl str),
3074 (m, b, C—H aryl str), 3044 (m, b, C—H aryl str), 2984 (m, b,
CH, str), 2956 (m, b, CH, str), 2903 (m, b, CH, str), 1683 (vs,
COO" str), 1610 (m, py str), 1574 (w, py str), 1492 (w, py str), 1475
(m, py str), 1451 (m, CH, def), 1437 (m, CH, def), 1348 (s, COO~
str).
[In(bppd)]PF. Yield: 5§ mg (0.10 mmol, 29%). Anal. obs. (calcd)
for InC,H,,N,O,PFs: C, 36.12 (36.21); H, 4.12 (3.52); N, 8.56
(8.89). MS (+ESI): m/z 4852 (['*In]*, [InC,,H,,N,0,]*). IR
(v(em™), KBr): 3063 (m, C—H aryl str), 2925 (m, CH, str), 2854
(m, CH, str), 1644 (vs, COO~ str), 1607 (s, py str), 1485 (w, py str),
1444 (m, CH, def), 1384 (s, COO™ str).
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[Al(Hbppd)CIIPF,. A solution of H,bppd-3HCI-3H,0 (270 mg,
0.50 mmol) in anhydrous methanol (25 mL), neutralized with 3
equivalents of sodium acetate (120 mg, 1.5 mmol), was added
dropwise to a stirred solution of AICl;-6H,0 (120 mg, 0.50 mmol) in
anhydrous methanol (20 mL) under a N, atmosphere. The reaction
mixture was heated to reflux and solid sodium hexafluorophosphate
(59 mg, 0.35 mmol) slowly added after the heating was stopped. The
reaction mixture was stirred for 20 min and filtered hot. The filtrate
was collected, cooled, and [Al(Hbped)CI]PF, formed as a white solid
upon standing overnight at room temperature. The product was
collected by suction filtration, washed with cold methanol (2 X 5.0 mL
portions) and ether (2 X 5.0 mL portions) and dried in vacuo
overnight at 65 °C. Yield 61 mg (0.11 mmol, 22%). MS (+ESI): m/z
433.2 and 435.2 ([*Al and *°Cl]* and [*’Al and °’CI]",
[AIC,,H,;N,0,CI]*). IR (v(cm™), fluorolube): 3230 (s, b, O—H
str), 3067 (s, C—H aryl str), 3007 (s, CH, str), 2957 (s, CH, str),
1735 (m, C=0 str), 1636 (s, COO~ str), 1618 (s, py str), 1546 (w,
py str), 1395 (s, COO™).

[Ga(Hbppd)CIIPF. Yield: 54 mg (0.13 mmol, 26%). MS (+ESI):
m/z 4752 and 4772 ([®Ga and *ClI]* and ['Ga and 3Cl],
[GaC;oH,3N,0,CI1%). IR (v(cm™), KBr): 3434 (s, b, O—H str), 2961
(m, CH, str), 1734 (s, C=0 str), 1653 (vs, COO~ str), 1616 (s, py
str), 1577 (w, py str), 1488 (w, py str), 1448 (m, CH, def), 1384 (s,
COO0).

[In(Hbppd)CIIPFg. Yield: 170 mg (0.29 mmol, 58%). MS (+ESI):
m/z 521.1 and 523.1 (["In and *CI]* and ["In and ¥CI]*,
[InC,H,;N,0,CI]*). IR (v(cm™), KBr): 3486 (s, b, O—H str), 3067
(m, C—H aryl str), 2952 (m, CH, str), 1731 (s, C=O0 str), 1608 (vs,
COO~ str), 1542 (m, py str), 1484 (w, py str), 1445 (s, CH, def),
1384 (s, COO").

[La(bppd)IPF¢2H,0. Yield: 120 mg (0.18 mmol, 53%). Anal. obs.
(caled) for LaC gH,N,O,PF,-2H,0: C, 32.85 (33.05); H, 3.42
(3.79); N, 8.36 (8.12). MS (+ESI): m/z 509.2 ([**°Lal*
[LaC,H,,N,0,]*). IR (v(cm™), fluorolube): 3382 (m, b, O—H
str), 3060 (m, C—H aryl str), 2963 (m, CH, str), 2855 (m, CH, str),
1601 (vs, b, COO~ str), 1443 (s, CH, def), 1413 (s, COO" str).

[Nd(bppd)]PF4-3H,0. Yield: 220 mg (0.30 mmol, 88%). Anal. obs.
(caled) for NdC,¢H,,N,0,PF-3H,0: C, 31.75 (31.97); H, 3.89
(3.95); N, 8.12 (7.86). MS (+ESI): m/z 5122 ([**'Nd]%
[NdC,,H,,N,0,]"). 'H NMR (ppm, D,0): 2.00 (s, 2H,
NCH,CH,CH,N), 3.16 (s, 4H, NCH,CH,CH,N), 3.98 (s, 4H,
NCH,COO), 441 (s, 4H, NCH,py), 7.60 (s, 4H, NCCHCHCHCH
and NCCHCHCHCH), 7.99 (s, 2H, NCCHCHCHCH), and 8.85 (s,
vb, 2H, NCCHCHCHCH). C NMR (ppm, D,0): 22.98, C(10);
51.78, C(9); 54.79, C(7); 61.05, C(6); 128.22, C(4); 128.55, C(2);
142.50, C(3); 151.26, C(1); 152.09, C(5); 173.08, C(8). IR (v(cm™),
fluorolube): 3381 (m, b, O—H str), 3063 (m, C—H aryl str), 2961 (m,
CH, str), 2850 (m, CH, str), 1603 (vs, b, COO~ str), 1487 (m, py
str), 1444 (s, CH, def), 1414 (s, COO str).

[Sm(bppd)]PF4-3H,0. Yield: 200 mg (0.28 mmol, 82%). Anal.
obs. (caled) for SmC,,H,,N,0,PF¢3H,0: C, 31.19 (31.70); H, 3.74
(3.92); N, 7.99 (7.78). MS (+ESI): m/z 5222 (['*’Sm]*
[SmC,yH,,N,0,]*). '"H NMR (ppm, D,0): 2.18 (s, 2H,
NCH,CH,CH,N), 327 (s, 4H, NCH,CH,CH,N), 3.78 (s, 4H,
NCH,COO), 4.50 (s, 4H, NCH,py), 7.57 (s, 4, NCCHCHCHCH
and NCCHCHCHCH), 8.01 (s, 2H, NCCHCHCHCH), and 8.67 (s,
2H, NCCHCHCHCH). *C NMR (ppm, D,0): 22.83, C(10); 55.02,
C(9); 59.06, C(7); 60.99, C(6); 127.87, C(4); 12821, C(2); 142.51,
C(3); 151.17, C(1); 152.19, C(5); 173.95, C(8). IR (v(cm™),
fluorolube): 3392 (m, b, O—H str), 3030 (m, C—H aryl str), 2961 (m,
CH, str), 2855 (m, CH, str), 1603 (vs, b, COO~ str), 1487 (m, py
str), 1444 (s, CH, def), 1414 (s, COO~ str).

[Dy(bppd)IPF4-2H,0. Yield: 240 mg (0.33 mmol, 97%). Anal. obs.
(caled) for DyC,oH,,N,O,PF2H,0: C, 31.64 (31.96); H, 3.68
(3.67); N, 821 (7.85). MS (+ESI): m/z 5342 (['**Dyl",
[DyC;sH,,N,0,]%). IR (v(cm™), fluorolube): 3392 (m, b, O—H
str), 2930 (m, CH, str), 2850 (m, CH, str), 1605 (vs, b, COO" str),
1487 (m, py str), 1446 (s, CH, def), 1414 (s, COO~ str).

[Co(bpmdap)Cl,]PF¢-2H,0. A methanol solution of bpmdap (120
mg in 8.0 mL, 0.46 mmol) was added dropwise to a stirred solution of
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CoCl,-6H,0 (120 mg, 0.50 mmol) in anhydrous methanol (8.0 mL).
The dark brown reaction mixture was aerated in the presence of
activated charcoal and allowed to stir overnight at room temperature.
The resulting reddish brown solution was filtered and sodium
hexafluorophosphate (84 mg, 0.50 mmol) added to the filtrate with
stirring. A red-brown solid precipitated from solution upon standing at
room temperature for 48 h. The isolated solid was collected by suction
filtration, washed with cold methanol (3 X 5.0 mL portions), and dried
overnight at 75 °C. Yield: 110 mg (0.20 mmol, 43%). Anal. obs.
(caled) for CoC,H,¢N,CLPF¢2H,0: C, 31.76 (31.88); H, 3.65
(3.21). IR (v(ecm™), KBr): 3439 (s, b, O—H, N—H str), 3100 (m, C—
H aryl str), 2925 (m, CH, str), 2855 (m, CH, str), 1612 (s, py str),
1483 (m, py str), 1447 (s, CH, def), 1424 (m, CH, def), 1294 (m),
841 (vs, N—H def), 558 (m).

X-ray Crystallography. Intensity data were collected for single
crystals of [Ga(bppd)]PF4 at 23 °C on a Bruker SMART Apex 2
diffractometer equipped with a CCD area detector using graphite
monochromated Mo Ka radiation. Data were reduced and corrected
for absorption using the SAINT+ Software Suite.”® Structure solutions
were obtained by direct methods and were refined on F* with the use
of full-matrix least-squares techniques.”* All non-hydrogen atoms were
refined anisotropically and hydrogen atoms were refined with a riding
model. Selected crystallographic details are shown in Table 1. More
extensive crystallographic details are included in the Supporting
Information, Figure S1.

Table 1. Crystallographic Parameters for [Ga(bppd)]PF,

empirical formula CoH,,FsGaN,O,P

moiety formula CoH,,GaN,O,, PFq

formula weight 585.1
temperature (K) 296(2)

1 (A) 0.71073
crystal system Monoclinic
space group P2,/c

a (A) 9.6134(2)
b (A) 20.2505(4)
¢ (A) 11.6483(3)
B (deg) 97.520(1)
Vv (A%) 2248.14(9)
VA 4

Deyea (Mg m™) 1.729

u (mm™) 1.38
F(000) 1184

R, [I > 206(1)]° 0.029

R, [I > 26(D)]® 0.078
GOF on P 1.07

“R, = Z||F,| — IF|I/SIF,. PR, = {E[w(F,> — F2)*/Zw(F) ]} w
1/[6*(F,}) + (0.0393P)* + 1.5954P], where P = (F,> + 2F2)/3.

Quantum Mechanical Calculations. The geometries for pseudo-
octahedral [M(bppd)]* five trivalent metal ions have been optimized
in the gas phase using ab initio Hartree—Fock (HF) HF/6-31G* and
HF/SDD methods.>® These calculation were also performed for the
[Co(bped)]* complex ion. The HF/SDD method combines Stuttgart
effective core potential for core electrons with Dunning’s D9S basis set
for valence electrons.**™> The electron correlation energy was
evaluated at the MP2/6-31G*//HF/6-31G* and MP2/SDD//HF/
SDD levels.*® The solvation free energies were calculated using the
polarized continuum model (PCM) and dielectric constant of water (&
= 78.5)30 for the HF/6-31G* and HF/SDD wave functions. All
quantum mechanical calculations were carried out using the Gaussian
03 program.31

B RESULTS

Syntheses. N,N’-Bis(2-pyridylmethyl)-1,3-diaminopro-
pane-N,N’-diacetic acid was previously prepared by Kanamori
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Scheme 1. General Synthetic Procedure for Preparing H,bppd
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and co-workers using concentrated perchloric acid to isolate the
compound as a HCIO, solvate."* This synthetic procedure
introduces the acetic acid functionalities to the pyridylmethyl-
substituted diamine using chloroacetic acid. The product was
obtained in relatively low yield (40%) and characterized by
elemental analysis and infrared spectroscopy.

The reactions successfully carried out in the present study are
summarized in Schemes 1 and 2.

Scheme 2. Synthetic Procedure for Preparing Metal—bppd®~
Compounds
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Scheme 1 shows the facile, two-step procedure for the
synthesis of H,bppd using simple starting reagents that
employs bromoacetic acid, a strong alkylating agent, to provide
improved yields. Step 1 of the synthesis is a sequential, one pot
preparation of the 2-pyridylmethyl-substituted diamine,
bpmdap, that builds upon earlier synthetic work reported by
Nash and co-workers.” In the synthesis of the precursor
diamine, activated molecular sieves are used to drive the
reaction to completion by scavenging the water produced
during formation of the diimine. Reduction of the diimine to
the diamine is nearly quantitative and the di-2-methylpyridyl-
substituted product, bpmdap, is obtained in high purity. Step 2
of the synthesis involves elaboration of the diamine to the
diacetic acid using two equivalents of bromoacetic acid.
Reaction of the diamine with bromoacetic acid leads cleanly
to the desired diacetic acid product in good yield (60%). The
use of bromoacetic acid results in higher yields than those
obtained using chloroacetic acid as the alkylating agent.'* This
two-step synthetic procedure is readily extended to diamines
with different backbones, for example, H,bped (yield 77%).
The ion exchange chromatography used to remove the sodium
halide byproducts of the alkylation reaction results in the
diamine product being isolated as a hydrochloride, which is

hygroscopic.
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H,bppd was characterized by elemental analysis, equivalent
weight titration, infrared spectroscopy, and 'H and *C NMR
spectroscopy. The infrared spectrum of H,bppd shows a strong,
very broad band in the 3400—2500 cm ™' region characteristic
of strongly hydrogen bonded —OH and —NH' functionalities.
Bands indicative of carboxylic acid and pyridyl groups are also
present. The 'H NMR spectrum of H,bppd shows eight
resonances with the expected relative intensities and splitting
patterns at chemical shift values characteristic of a poly-
aminocarboxylic acid with aromatic substituents. These signals
appear at decreasing field strength as a pentuplet, a triplet, a
singlet, a singlet, a triplet, a doublet, a triplet of doublets, and a
doublet of triplets. Ten resonances are observed in the *C
NMR spectrum in the expected regions. These resonances were
assigned on the basis of COSY and HSQC experiments.

Scheme 2 shows the synthesis for Group 13 trivalent metal
complexes with the fully deprotonated ligand. This synthesis,
which is carried out in anhydrous methanol, starts by
neutralizing the five acidic hydrogen atoms of the isolated
H,bppd-3HCI with sodium acetate. In this case, the reaction is
carried out under reflux conditions to improve the kinetics of
metal complexation. The complex ion, [M(bppd)]*, precip-
itates out of solution upon addition of the PF¢~ counterion.
The syntheses of the monoprotonated metal—ligand complex
ions, [M(Hbppd)Cl]*, are conducted in an analogous fashion
employing the stoichiometric amount of sodium acetate that
only neutralizes the HCI solvate.

The Ln[bppd]” salts were prepared in a similar manner with
the reaction carried out at room temperature to prevent the
inclusion of inorganic salts.* No crystalline samples of the
lanthanide compounds suitable for X-ray crystallography
analysis could be prepared despite trying a variety of different
solvents (H,O, MeOH, EtOH, PrOH, and CH,CN), solvent
mixtures (n-BuOH/H,0, CH;CN/H,0), and crystal growth
techniques (slow evaporation, slow cooling, vapor diffusion,
and liquid—liquid interface diffusion). A Co(III)-bppd*~
compound, [Co(bppd)]PF,, was also prepared as previously
described for use as an aid to differentiate among different types
of carboxylate bonding and cis and trans geometric isomers.>!
The [M(bppd)]PFs compounds were characterized by
elemental analysis, mass spectrometry, infrared spectroscopy,
and 'H and "*C NMR spectroscopy. All of these complexes
gave acceptable elemental analysis except for the [Al(bppd)]-
PFy, which is hygroscopic. The [M(Hbppd)Cl]PF4 compounds
were characterized by mass spectrometry and infrared spec-
troscopy.

Mass Spectra. The mass spectra of the Group 13 metal
compounds [M(bppd)]PF, give strong peaks identified as the
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parent molecular ion at m/e values with the isotope distribution
and relative intensity patterns expected for metal complexes of
the stated stoichiometry. For these compounds, this is the most
intense signal in the mass spectrum. For the lanthanide
compounds [Ln(bppd)]PFs and [Al(Hbppd)Cl]PF, the
intensity of the signal at the m/e value for the parent molecular
ion is very weak. The most intense signal in the spectra of these
compounds is at the m/e value of 373.3 (H,bppd + 1), which
suggests weaker metal—bppd®~ bonding. The mass spectra of
the gallium and indium compounds containing a monoproto-
nated acetate group, [M(Hbppd)CI]PF, for M = Ga, In, show
peaks at m/e values for the parent molecular ion with the
expected isotope distribution patterns as well as peaks at m/e
values identified as the fully deprotonated complex ion
[M(bppd)]*. No signals were observed in the mass spectra of
these compounds at m/e values corresponding to uncoordi-
nated ligand.

Infrared Spectra. The infrared spectra of the isolated
metal-bppd*~ compounds are all very similar without obvious
features that might be used to discriminate between cis and
trans isomers. All compounds exhibit absorption bands in
regions characteristic of aromatic and aliphatic stretching,
bending, and deformation modes, carboxylate stretching
modes, and frequencies associated with the PF,~ anion, that
is, ~915, 840, and 555 cm™1.>* The IR spectra of the cis-O,0;
cis-N,,, N, [Ga(bppd)]" complex and the trans-O,0 [Co-
(bppd)]* complex are nearly identical. The spectrum of the cis-
0,0; cis-N,, N, [Ga(bppd)]* ion shows a shoulder at ~1363
cm™ that is not apparent in the trans-O,0 [Co(bppd)]*
complex, Supporting Information Figure S2. In both cases,
however, the antisymmetric COO™ stretching mode appears as
a very strong, broad, featureless band in the 1685—1660 cm™!
region. Thus, the band splitting that might be expected for a
lower symmetry cis complex is not observed. The infrared
spectra of the monoprotonated Hbppd™ complexes of AI(III),
Ga(11I), and In(III), [M(Hbppd)]**, show an additional strong
band in the —O—H stretching region (~3500 cm™') and
another in the C=O stretching region (~1730 cm™).
Complexes isolated as hydrates also exhibit absorption bands
in regions characteristic of water of hydration that is best
observed in the mull spectra.

Frequencies and tentative assignments of the absorption
bands in the 3500—1300 cm™ region of the IR spectra are
given in the Experimental Section with the characterization data
for each compound isolated. In metal complexes of simple
amino acids, the carboxylate stretching bands can often be
assigned empirically without difficulty. Carboxylate stretching
modes also give rise to the bands most sensitive to the effect of
metal jon complexation. This is especially true for the
antisymmetric COO™ stretching mode, v,. The symmetric
COO stretching mode, v, is less sensitive to complexation and
its assignment can be problematic. To alleviate the uncertainty
associated with identifying the symmetric COO™ stretching
mode, bands assignable to this mode were identified empirically
by comparison of the spectrum of [Co(bppd)]* and all other
metal—bppd*~ complexes with the spectrum of the Co(III)
complex ion of the precursor diamine bpmdap, [Co(bpmdap)-
Cl,]*. No bands in 1400—1300 cm™" region, where a symmetric
COO" stretching mode is expected to occur, appear in the
infrared spectrum of [Co(bpmdap)CL,]*. This allows explicit
identification and assignment of the symmetric COO~
stretching band in the [M(bppd)]* and [M(Hbppd)Cl]*
complexes. Carboxylate stretching frequencies along with the
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difference between the antisymmetric and symmetric stretching
bands, Av = ,(COO™) — v,(COO™), for the isolated metal
compounds are given in Table 2.

Table 2. Carboxylate Stretching Frequencies, v, and Av
Values for Selected [M(bppd)]* and [M(Hbppd)CI]*

Complexes

metal jon v(C=0) 1,(CO007) ¢(CO0) Av(cm™)
Na,bppd 1588 1405 183
[Al(bppd)]* 1670 1385 285
[Ga(bppd)]* 1683 1348 335
[In(bppd)]* 1644 1384 260
[Al(Hbppd)CI]* 1735 1636 1395 241
[Ga(Hbppd)CI]* 1734 1653 1384 269
[In(Hbppd)CI]* 1731 1608 1384 224
[La(bppd)]* 1601 1413 188
[Nd(bppd)]* 1603 1414 189
[Sm(bppd)]* 1603 1414 189
[Dy(bppd)]* 1605 1414 191

X-ray Structure. X-ray quality crystals of [Ga(bppd)]PFq
were grown by slow evaporation of a supersaturated methanol
solution in air at 16 °C. The compound crystallized in the
monoclinic space group P2,/c with one molecule in the
asymmetric unit and four asymmetric units per unit cell. The
cation and anion are well resolved in the structure, although
some disorder is noted in the anion. Relevant crystallographic
information is shown in Table 1 and in the Supporting
Information. A displacement ellipsoid plot of the [Ga(bppd)]*
cation is shown in Figure 2. The Ga atom is surrounded by the
ligand in an approximately octahedral environment of general
formula GaN,O,. The coordination environment can be
described as cis-O,0; cis-N,,,N,, with the acetate groups
coordinated in a monodentate fashion. Selected bond distances
and angles are shown in Table 3.

Table 3. Selected Bond Distances (A) and Angles (deg) for
(Ga(bppd)]PFq

Gal-01 1.9459 (15) 01-Gal-03 91.83 (7)
Gal-03 1.8956 (14) 01-Gal—-Nl1 99.41 (7)
Gal-N1 2.0156 (17) 01-Gal-N2 83.59 (7)
Gal-N2 2.0673 (16) 01-Gal-N4 89.28 (7)
Gal—-N3 2.1377 (17) N1-Gal-N3 90.80 (6)
Gal-N4 2.1061 (17) N1-Gal—-N4 170.74 (6)
C8-01 1286 (3) N2—Gal—-N4 96.47 (7)
C8=02 1211 (3) 02=C8-01 125.0 (3)
C19-03 1287 (3) 04=C19-03 123.5 (2)
C19=04 1.208 (3) C8—01-Gal 117.81 (15)
C19-03—Gal 114.77 (14)

Quantum Mechanical Calculations. To examine struc-
ture—property relationships involved in metal—ligand selectiv-
ity, the gas-phase and aqueous solution energetics were
calculated for the three geometric isomers possible for a
pseudo-octahedral [M(bppd)]* complex ion with six different
trivalent cations. The results of the calculations relative to the
trans-O,0 isomer are given in Table 4 along with the results for
the [Co(bped)]* cation.

The solvation free energies (kcal/mol), AGy, that are
presented in Table 4 are defined as the standard free energy of
transfer of 1.0 M solute from the gas-phase to water.”> These
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Table 4. Calculated Energies (kcal/mol), Charges (au), Distances (A), and Angles (deg) for [M(bpad)]* Cations

[Co(bped)]* [Co(bppd)]* [Al(bppd)]* [Ga(bppd)]* [Ga(bppd)]*  [In(bppd)]"  [La(bppd)]*
property HF/6-31G* HF/6-31G* HF/6-31G* HF/6-31G* HF/SDD HF/SDD HF/SDD
trans-0,0 AG,,, —52.7 —513 —492 —499 —57.8 —59.4 794
ch;[lge of 1.66 1.69 1.63 1.80 1.74 1.62 2.28
M-0O 1.853 1.850 1.807 1.865 1.884 2.013 2.240
M—NPy 2.012 2.012 2.068 2.076 2.088 2.194 2.672
M-N 1.978 2.005 2.097 2.129 2.170 2.283 2.729
N-M-N 108.6 100.4 104.1 103.9 105.6 111.3 146.5
angle
650,05 ciss  AGuy —59.4 -559 —529 —54.8 —6138 —63.0 —82.6
NpyNpy AAG© —-67 —46 -37 —49 —40 -36 -32
AEgs 127 63 5.1 68 60 64 6.1
AE° -18 -05 -16 23 29 -31 -1.0
AG in 42 1.2 —-0.2 —0.4 —-0.9 —-0.3 1.9
solution”
charge 1.67 1.70 1.67 1.77 1.75 1.63 2.26
of M*
M—O3d 1.836 1.834 1.788 1.870 1.860 1.987 2.242
M—Old 1.847 1.844 1.811 1.879 1.895 2.013 2.237
M—N3d 2.049 2.047 2.171 2.096 2.188 2.284 2.682
M—Nld 1.979 1.972 2.015 2.025 2.027 2.166 2.702
M—de 1.973 2.032 2.121 2.148 2.193 2.307 2.762
M—N4d 2.007 2.011 2.096 2.118 2.155 2272 2.738
N-M-0 103.9 94.5 98.3 97.9 100.0 108.4 143.4
angle
trans:N,, N, AGy, 576 ~569 ~53.0 —542 -603 -60.5 ~76.1
AAGS —49 -56 -338 —43 -25 -11 33
ABg 16.1 125 7.4 107 7.7 38 7.9
AE.* -03 03 -11 -36 -17 -12 —02
AG in 109 7.2 2.5 2.8 3.5 1.3 11.0
solution®
charge 1.70 1.73 1.67 1.77 1.78 1.64 2.25
of M*
M-0 1.862 1.850 1.759 1.876 1.870 1.997 2.265
M—pr 2.002 2.002 2.074 2.075 2.091 2.203 2.648
M-N 2.020 2.051 2.182 2.172 2.273 2.359 2.764
O0-M-0 106.9 97.1 106.8 105.2 112.5 120.7 149.6
angle

“Mulliken charge calculated for the complex in the gas-phase. “X—M—Y describes the open angle formed by donor atoms trans to the N atoms of
the diamine, where X = N, or O and Y = N,, or O. “Relative to the trans-O,0 isomer (eq 1). 9For labeling, see Figure 2.

free energies can be effectively combined with ab initio gas-
phase energetics to predict equilibrium or rate constants for
chemical reactions in aqueous solution.>* The difference
between the solvation free energy for a trans-N,,,N, (or cis-
0,0; cis-NPy,pr) isomer and AG,, values of the trans-O,0
isomer gives AAG,,, that is, the solvation free energy of that
isomer relative to the trans-O,0 isomer. AAG,,, is used to
calculate AG in solution for the indicated isomer relative to the
trans-O,0 isomer, eq 1.

AG in solution = AAG (1)

where AAG,, is the relative solvation free energy calculated at
the PCM level, AEgy. is the relative self-consistent field energy
calculated at the HF level, and AE_, is the relative electron
correlation energy calculated at the MP2 level.

The calculated metal charges (au), metal-ligand bond
distances (A), and the open bond angle (deg) formed by the
O or N,,, donor atoms trans to the N atoms of the diamine, the
X—M-Y angle, for the [M(bppd)]* and [Co(bped)]* complex
ions are also given in Table 4. These physical parameters are
useful for testing the validity of assumed coordination numbers
as well as providing insight into the nature of metal—ligand

+ AEg; + AE,

solv corr
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bonding. For these considerations, it is important to note that
the HF method tends to systematically overestimate M—O
distances by about 0.03 A compared to the more accurate MP2
method.*®

NMR Spectroscopy. The 'H and "C assignments for
H,bppd and the trivalent metal—bppd®~ complexes were made
on the basis of 2D COSY, NOESY, and HSQC experiments.
The COSY and HSQC experiments established the detected
'"H-'H and 'H-"C correlations (Supporting Information
Figures S3—S6), whereas the 2D NOESY experiments
established the spatial proximity of the hydrogen atoms within
the complexes (Supporting Information Figures S7 and S8).
The 'H and “C NMR data obtained for H,bppd and the
Co(11I), AI(T1I), In(IIT), La(III), and Ga(III) complexes in D,O
at 25.0 °C are presented in Table 5 and Supporting
Information Table S1. H,bppd shows 8 resonances in the 'H
NMR spectrum and 10 of the possible 19 resonances in the *C
NMR spectrum. The AI(III) and La(Ill) complexes show 8
resonances in the 'H spectrum, while the Co(III) and In(III)
complexes show 11 and 10 'H resonances, respectively. Each of
these complex ions also displays 10 of the possible 19
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Table 5. '"H NMR (500 MHz) Spectral Data (ppm)®? for H,bppd and Its Co(III), Al(III), In(III), La(III), and Ga(III)
Complexes in D,0 at 25 °C

H,bppd-3HCI [Co(bppd)]* [Al(bppd)]* [In(bppd)]* [La(bppd)]* [Ga(bppd)]*
H(1) 8.75 (5.7, 0.8) 8.79 (5.5) 8.61 (4.5) 8.94 (5.5) 8.63 8.89 (5.5)
H(2) 7.92 (6.8) 7.87 (6.5) 7.56 (6.5) 7.75 (6.5) 7.57 8.04 (6.3)
H(3) 8.44 (7.8, 2.5) 8.32 (7.8, 1.3) 8.00 (7.8, 1.8) 8.20 (8.0, 1.5) 8.02 8.50 (8.0, 1.5)
H(4) 7.97 (8.1) 7.94 (8.0) 7.61 (8.0) 7.70 (8.0) 7.62 (7.5) 7.98 (8.0)
H(6a) 4.53 4.94 (16) 4.54 441 (16) 4.52 4.65 (19)
H(6b) 4.62 (16) 4.14 (16) 429 (19)
H(7a) 3.88 3.58 (20) 3.77 3.69 (18) 3.76 421 (17)
H(7b) 3.54 (20) 3.35 (18) 3.68 (17)
H(9a) 3.14 (7.5)° 3.16 (15) 3.32 (7.5)° 3.16 (5.3)° 329 3.50 (8.5)
H(9b) 3.08 (15) 2.80 (8.5)
H(10) 2.00 (7.6) 2.77 (4.9) 221 (7.0) 2.16 (5.0) 220 2.38 (6.5)
H(11a) 3.79 (9.0)
H(11b) 3.25 (8.0)
H(12) 7.34 (5.5)
H(13) 7.55 (6.5)
H(14) 827 (7.8, 1.5)
H(15) 7.82 (8.5)
H(17a) 5.13 (19)
H(17b) 4.70 (19)
H(18a) 4.04 (17)
H(18b) 3.93 (17)

For labeling, see Figure 2. Resonances of the ProR and ProS diastereotopic protons are differentiated in the labeling as a and b, respectively.
“Numbers in parentheses refer to (*Jiy, *Ji) coupling for H(1—4, 10, 12—15) and (¥yyy) coupling for H(6—9, 11, 17—18) in Hz. “Coupling for

H(9a) is reported as (*Jyy;y) coupling.

resonances in its "*C NMR spectrum. The Ga(IIl) complex,
which adopts a cis-O,0; cis-N,,,N,, geometry with only the
identity symmetry element present, shows 21 'H and 19 BC
resonances. In the case of the Co(IIl), In(III), and Ga(III)
complexes, the individual hydrogen atoms at the methylene
positions, H(6), H(7), and H(9), are nonequivalent diaster-
eotopic protons that experience geminal coupling (*Jyyy), see
Figure 2 for labeling. All resonances observed in each complex
ion show the expected splitting patterns, intensities, and
chemical shifts characteristic of a polyaminocarboxylate ligand
bearing the 2-methylpyridyl functionality. The 'H and "C
spectra for [Sm(bppd)]* and [Nd(bppd)]* are very similar to
that of [La(bppd)]*, suggesting similar structures, but with
increased line broadening due to the paramagnetic nature of
these metal ions. The NMR spectral data for these [Ln-
(bppd)]* complex ions are given in the Experimental Section.
NMR spectra were not attainable for [Dy(bppd)]* because the
H 5/, ground state for Dy(III) makes this complex ion very
strongly paramagnetic.

B DISCUSSION

X-ray Structure. Crystals grown under three different sets
of conditions with subtly different habits (needles vs blocks)
were all examined via X-ray diffraction and afforded the same
unit cell reported here (data not shown). The Ga atom is
surrounded by the ligand in a distorted octahedral geometry
provided by a N,O, donor set. Selected bond distances and
angles are shown in Table 3. The Ga—O distances of 1.8956
(14) and 1.9459 (15) A are slightly shorter than the 1.945 A
average for the 56 reported GaN4O2 structures in the
Cambridge Structural Database.’® They are, however, well
within the 1.823—2.475 A range typical for the other 1205
structures with reported Ga—O distances, which is the same
range as the 822 reported Ga—O carboxylate distances. The
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Ga—N distances are 2.0673 (16) and 2.1061 (17) A for the
diamine and 2.0156 (17) and 2.1377 (17) A for the pyridyl
units. These values are typical for GaN,O, structures (1.852—
2.194 A) and for the vast majority of the 1594 structures with
reported Ga—N distances (1.701—2.434 A) in the Cambridge
Structural Database. All but one of the bonds in the database
for the 662 reported Ga—N,,,, distances fall in the range 1.819—
2434 A and all but one of the 3708 Ga—NR, bond lengths lie
in the range 1.816—2.686 A. Many of the angles of the N,O,
coordination sphere around Ga deviate significantly from ideal
octahedral values. For example in Table 3, although the O1—
Gal—03 and the pyridyl N1—Gal—N3 angles are close to
ideal, the deviation for the diamine N2—Gal—N4 angle is much
larger and the O1—Gal—N2 angle is much smaller than ideal.

Although we previously reported a structure for [Co(bppd)]-
PEg,' there is little other structural data available for bppd*~
complexes to which the [Ga(bppd)]PFy structure can be
compared. In the cobalt complex, the Co has a distorted
octahedral coordination geometry provided by a N,O, donor
atom set with the bppd®~ ligand chelating in a trans-O,0
configuration, Figure 1. In the present case, the N,O, donor
atom set of bppd®~ chelates Ga in a cis-O,0; cis- N,,,N,,, fashion
with a somewhat more distorted octahedral coordmatlon
geometry than in the Co(bppd)* cation.

Quantum Mechanical Calculations. The results of the
quantum mechanical calculations indicate that in gas-phase the
trans-0,0 isomer (C, symmetry) is the most stable of the three
possible isomers. In aqueous solution, the stability of the trans-
0,0 isomer becomes fairly similar to the cis-O,0; cis-N,,N,,,
isomer (C, symmetry), while remaining more stable than the
trans-N, N, isomer (C, symmetry) for all of the metal
complexes hsted in Table 4. The AG in solution values, eq 1,
for the [Co(bped)]*, [Co(bppd)]*, and [Ga(bppd)]*

plexes correctly predict the lowest energy isomer as the isomer

com-
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observed by X-ray crystallography, that is, the trans-O,0, trans-
0,0, and cis-O,0; cis-N,,,N,,, isomers, respectively. The M—O
and M—N bond distances and X—M—-Y angles calculated for
these geometries are very similar to observed values.'®'”**
These results indicate that the systematic errors in the
calculated free energies for complexes with different metal
ions and different geometries are similar. Specifically, the errors
involve the use of gas-phase geometries, energetics at 0 K, and a
simplified description of the solvent, as well as wave function
and electron correlation.

Unfortunately, the experimental validation of the PCM/
MP2/6-31G*//HF/6-31G* methodology is not directly
applicable to the calculations for the In(III) and La(III)
complexes that were performed using a smaller SDD basis set.
The SDD basis set lacks polarization functions and
approximates core electrons simply by using an effective core
potential. This methodological change was necessary because
the 6-31G™ basis set is available only for elements in the first
four periods of the periodic table. The calculations were
performed for the [Ga(bppd)]* complex using both HF/6-
31G* and HF/SDD basis sets to establish a seamless transition
from one basis set to the other. Although the MP2 energy is
usually the physical parameter most sensitive to basis set
deficiencies, the MP2/6-31G* and MP2/SDD methods yield
similar AE_,, values, —2.3 and —2.9 kcal/mol, respectively, for
the relative correlation energy of the cis-O,0; cis-N,,,N,,
[Ga(bppd)]* isomer. Since the effect of the basis set on the
sum of AAG,,, and AEgcg is negligible in this case, methods
utilizing either basis set correctly predict the observed all cis
geometry for [Ga(bppd)]*. The AG in solution value obtained
by the PCM/MP2/6-31G*//HF/6-31G* method, however, is
somewhat less favorable (—0.4 kcal/mol) than that obtained by
the PCM/MP2/SDD//HF/SDD method (—0.9 kcal/mol).
This dual calculation approach provides a means of correcting
for systematic errors introduced in AG values for [In(bppd)]*
and [La(bppd)]* when using the HF/SDD method, which is
necessitated by the large number of core electrons. The
correction for [In(bppd)]* and [La(bppd)]" makes AG 0.5
kcal/mol more positive than those obtained directly from the
HF/SDD calculations. While this has no effect on the
prediction of a trans-O,0 geometry for [La(bppd)]*, the
correction makes the calculated AG in solution value for the all
cis[In(bppd)]* isomer less favorable than the trans-O,0 isomer
by 0.2 kcal/mol. Parenthetically, the '"H and >C NMR spectra
of the isolated [In(bppd)]PFs compound indicate that the
cation in solution has C, symmetry, which is consistent with
this correction.

Calculations for a six-coordinate [La(bppd)]® complex
converge to a trans-O,0 structure with a very large N, —La—
N,, bond angle (146.4°), a high metal charge (2.28 aui and a
high solvation free energy (—79.4 kcal/mol). It is evident that
the pendant arms of the attached acetate and pyridylmethyl
groups are not long enough to encapsulate the larger La(III)
ion at the center of a pseudo-octahedral arrangement of donor
atoms. The geometric arrangement of the bppd”~ ligand around
La in this configuration is best described as a nestlike structure
with a large open space in La’s coordination sphere available for
additional ligands, for example, two H,O molecules, Figure 3.
This allows the La to achieve a more preferred coordination
number. This structure is consistent with the stoichiometry of
the isolated La salt, [La(bppd)]PF42H,0, the IR and mass
spectrometry data, and the 'H and *C NMR spectra, which
indicate a La—bppd®~ species in solution of C, symmetry.
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Figure 3. Two structures of the [La(bppd)]* complex that were fully
optimized by HF/SDD calculation in the absence and explicit presence
of two H,0 molecules. The open X—M—Y angle for the trans-O,0
[La(bppd)]* complex (left) and the nestlike structure that allows the
larger La(III) ion to achieve the more preferred coordination number
of 8 in [La(bppd)(H,0),]* (right).

The QM results for [Al(bppd)]* show the calculated
solvation free energies, AG,,, for the three geometric isomers
possible for a pseudo-octahedral Al(III) complex ion to be the
least energetically favorable of the six trivalent cations
investigated. The cis-O,0; cis-N,,,N,, isomer is predicted to
be more stable (—0.2 kcal/mol) than the trans-O,0 isomer,
whereas the 'H and '*C NMR spectra suggest a single, higher
symmetry species in solution. The calculated Al-O distances
for all three isomers are in the expected range (1.516—2.736 A)
and close to the expected mean value (1.824 A).3® The AI-N
distances are in the expected range (1.657—2.891 A), but ~0.1
A larger than the expected mean (1.957 A).*® The average of
the calculated AI-N distances for the trans-O,0, and trans-N,N
isomers are 2.083, 2.101, and 2.128 A, respectively. All of the
[Al(bppd)]* isomers have relatively large steric repulsions
between the aromatic rings of the coordinated 2-pyridylmethyl
groups because of Al(III)’s small size. These steric repulsion are
evident in the crystal structures of [Co(bped)]*,* [Co-
(bppd)]*,*" and [Ga(bppd)]* through the pitch and position
of the pyridine rings. In fact, repulsions between the pyridine
rings are present in the trans-O,0 and cis-O,0; cis-N,,,, N,
isomers for all 6 complexes investigated; however, they are
greatest for the [Al(bppd)]* isomers. The ring repulsions in the
gas-phase geometry of the trans-O,0 [Al(bppd)]* isomer are
~1 kcal/mol greater than for the cis-O,0; cis-N,,,N, isomer
and this energy difference is carried forward into AG in
solution. Thus, a factor that must be considered when using the
energies calculated for different [Al(bppd)]* geometries is the
relatively larger steric repulsion in complexes with the smaller,
oxophilic AI(IIT) ion. The 2-pyridylmethyl groups are the
substituents most likely to be displaced in aqueous solution as
the affinity of Al for neutral nitrogen donor groups is known to
be low.”” Indeed, the QM calculations indicate that exchange of
two pyridine donor groups for two water molecules, Figure 4
(right), is favored in aqueous solution by 0.7 kcal/mol. This
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Figure 4. A comparison of the structures for six-coordinated trans-O,0
[Al(bppd)]* complexes with direct pyridine-Al(III) bonding (left) and
with both pyridine groups replaced by H,O (right).
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Figure 6. 'H and "°C spectra, A and B, respectively, of trans-O,0 [Co(bppd)]PF; stacked above cis-O,0; cis-N,,,N,, [Ga(bppd)]PFy in D,O at 25

°C. See Figure 2 for labeling.

favorable free energy is driven by a favorable relative gas-phase
energy (AEgcr = —3.9 keal/mol), a favorable relative electron
correlation energy (AE.,, = —9.4 kcal/mol) because of the
replacement of the AI-N bonds by Al-O bonds, and favorable
intramolecular pyridine—water hydrogen-bonding interactions
that is opposed by the desolvation of two water molecules
(AAG,y, = 12.6 kcal/mol). Thus, a plausible explanation of the
NMR results is that in solution the coordinated 2-pyridylmethyl
groups are replaced by two water molecules, Figure 4. This
ligand exchange leads to a lower overall energy and a trans-O,0
isomer with C, symmetry.

Infrared Spectra. The mid-infrared spectra of [M(bppd)]*
complexes are too similar to be used to distinguish between
trans-0,0 (C, symmetry) and cis-O,0; cis-Npy, Ny, (¢
symmetry) isomers. For soluble metal-bppd®~ compounds,
the best spectroscopic method to discriminate between cis and
trans isomers appears to be 'H and '*C NMR spectroscopy
(vide infra).> For insoluble salts, it might be possible to develop
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a vibrational criterion based on symmetry arguments regarding
the number of metal—nitrogen and metal—oxygen stretching
absorptions appearing in the far-infrared region to make this
distinction as reported for copper—amino acid complexes.*®
Three idealized, symmetric types of carboxylate binding for a
coordinated acetate group, monodentate, bidentate, and
bridging, are shown in Figure 5 along with stylized ionic
bonding. Monodentate coordination removes the equivalence
of the two O atoms in an acetate ion. This should increase the
antisymmetric stretching frequency, decrease the symmetric
stretching frequency, and increase the separation between these
two bands, Av = 1,(COO™) — ,(COO"), relative to an ionic
acetate. Symmetrical bridging or chelation should shift both
stretching frequencies in the same direction and decrease the
separation between the bands.*® This type of analysis can be
used to rationalize the empirical correlation between the
magnitude of Ay and different types of COO™ binding

modes.** The assignment of the antisymmetric and symmetric
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Table 6. Spatial Proximity of Definitive Hydrogen Atoms for the trans-O,0 and trans-N

N,, Isomers of [Co(bppd)]* and

+a Py’
[In(bppd)]

[M(bppd)]* complex H(7)-H(10) H(6)—H(10)  H(1)—H(18)

- * (e} [e]
trans-0,0 [Co(bppd)] 2.39 438 5.93 )\\'8 7/[4
trans-0,0 [In(bppd)]” 251 438 6.35 o N\~ o
trans-NyyNpy [Co(bppd)]”  4.45 2.14 2.88 1 ¢

. Z N N7

trans-Np, Npy [In(bppd)]”  4.42 220 3.62 g I

“Nonbonding H-H distances (A) were determined from the atomic coordinates obtained from the HF/6-31G* calculations.

stretching bands in spectra of [M(bppd)]* and [M(Hbppd)-
Cl]* complexes was achieved by comparison with the spectrum
of the [Co(bpmdap)Cl]* complex in the carboxylate
stretching region.

Monodentate coordination of a single acetate oxygen atom is
expected to result in an increase in the magnitude of Av
compared to that for ionic salts and other types of acetate
complexation. The IR results in Table 2 for AI(III), Ga(IIl),
and In(III) [M(bppd)]* complexes show significant increases
in the antisymmetric stretching frequency and large Av values
(335—224 cm™') that demonstrate this behavior. The [M-
(Hbppd)CI]PF4 compounds of AI(III), Ga(Ill), and In(III)
also show this behavior. Monoprotonated complexes were first
detected in solution as the [Ga(Hbped)]** cation, which exists
in two or three isomeric forms with a noncoordinated
carboxylic acid functionality.® In the present case, monodentate
coordination is clearly indicated for the deprotonated acetate
group. The appearance of a C=O stretching band at ~1730
cm™" in the spectra of the isolated solids suggests the presence
of an uncoordinated carboxylic acid functionality with the
higher complex charge compensated by an additional anion.

The situation for the lanthanide compounds, which were all
isolated as hydrates, is somewhat more complicated since their
Av values lie within experimental error of the ranges expected
for three idealized bonding modes. Further, several complexes
with monodentate acetate groups without large Av values, that
is, < 200 cm™!, have been reported.40’4] In each of these cases,
the carboxylate oxygen not bonded to the metal ion is
hydrogen-bonded to another ligand like H,O that gives rise to a
“pseudo-bridging” arrangement. For the [Ln(bppd)]* com-
pounds reported in Table 2 both stretching bands shift in the
same direction as expected for symmetrical bridging or
chelation, but the separation between the two bands increases
rather than decreases as expected. The Av values for the
lanthanide compounds, which are nearly constant at ~189
cm™!, are only slightly higher than the Av value for the
sodium—bppd®~ salt (183 cm™). This strongly suggests that
the lanthanide-COO~ bonding in these compounds is
predominately ionic. This assessment is supported by the
quantum mechanical calculations and the mass spectrometry
results for the Ln(III)—bppd®~ compounds, as well as the
strong ionic nature of the bonding of f-element cations in
aqueous solution with their ligands, including aminopolycar-
boxylates.

NMR Spectroscopy. 'H and *C NMR spectroscopy were
used to characterize metal-bppd*~ complexes and discriminate
between cis and trans geometric isomers. A single species
displaying C, symmetry was observed for all metal complexes
investigated except for [Ga(bppd)]*, which displays 'H and *C
resonances characteristic of the asymmetric cis-O,0; cis-N,,,,N,,,
isomer. The spectra reveal that the [Ga(bppd)]PF, product
from the bulk synthesis, as well as the single crystals used for X-
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ray crystallographic analysis contain a single species of C,
symmetry. The all cis isomer is easily distinguished from the
trans isomers because of an approximate doubling in the
number of resonances, Figure 6, observed because of its lack of
symmetry. Distinguishing between trans-O,0 and trans-N,, N,
isomers, which both have C, symmetry, is not possible using
classical 'H and "*C NMR spectroscopy, however, it is possible
to distinguish between the two trans isomers using 2D NOESY
experiments.3

The chirality of the bppd®~ ligand environment changes
upon coordination to a metal ion, as observed in inorganic
compounds with coordination geometries that feature the
formation of chelate rings.”** In the present case, bppd®~
forms five chelate rings upon coordination to a metal center in
a distorted octahedral geometry. This arrangement gives three
sets of chelate rings that are both nonadjacent and noncoplanar
around the metal center, which introduces chirality and makes
the methylene protons H(6), H(7), and H(9) nonequivalent.
This nonequivalency creates diastereotopic nuclei and allows
for the possibility of resonances arising from both Pro-R and
Pro-S hydrogen atoms.** Indeed, the presence of diastereotopic
nuclei is evident in the 'H NMR spectra of the [M(bppd)]*
complexes, as well as the X-ray structure of [Co(bppd)]PF,.*!

Coordination of bppd®~ to Co(III), In(III), and Ga(III) gives
rise to distinguishable signals in their "H NMR spectra for both
the Pro-R and Pro-S methylene protons. These protons
experience geminal couplings (*Jyy) ranging from 8.5 to 20
Hz upon loss of equivalency. The splitting patterns of the
methylene resonances H(6) and H(7) as well as H(17) and
H(18) in the Ga(Ill) complex show AX-quartets with large
chemical shift separations, Ad. The signals for these protons are
field dependent and the A§ values are largest for the Co(III)
complex, Figure 6. The signals for the protons of the diamine
backbone, H(9) and H(11), appear as complex multiplets in
the Co(III) and Ga(IIl) complexes due to the presence of both
vicinal and geminal couplings. The resonances of the diamine
backbone in the In(III)—bppd*~ complex ion, however, are
somewhat different. The pentuplet arising from H(10) is
slightly broadened and a return to equivalency is observed for
H(9a,b), which appears as a triplet.

Distinguishing between trans-O,0 and trans-N,,,,N,,, isomers
in pseudo-octahedral [M(bppd)]* complexes, both of which
display C, symmetry, can be achieved through the application
of 2D NOESY experiments.” The spatial proximity of the
definitive hydrogen atoms for the trans-O,0 and trans-N,,,N,,
isomers of [Co(bppd)]* and [In(bppd)]* that are expected to
give rise to unique NOE correlations are given in Table 6.
These distances, which were used to identify anticipated NOE
correlations, were determined using the atom coordinates of
the energy minimized structures obtained from the ab initio
Hartree—Fock HF/6-31G* calculations.
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A unique NOE correlation exists between H(7a) of the
acetate functionality and H(10) of the central carbon in the
propylene backbone in the trans-O,0 isomer because of their
close proximity. This correlation is lacking in the trans-N,,,N,,
isomer because of the larger separation, Table 6. Similar unique
NOE correlations exist between H(6) of a 2-pyridylmethyl
group and H(10) of the propylene backbone, and H(1) of a 2-
pyridylmethyl group and H(18) of the acetate group on the
other amine nitrogen. Complexes displaying a trans-N,,N,,
geometry would show these NOE correlations whereas a trans-
0,0 complex would not. Thus, it is these unique NOE
correlations that can be used to definitively distinguish between
trans-O,0 and trans-N,,N, [M(bppd)]" isomers.

The 2D NOESY spectrum for the trans-O,0 [Co(bppd)]*
complex (Figure S7) shows an off-diagonal peak arising from a
NOE correlation between H(7a) and H(10), which are
separated by 2.39 A. NOE correlations between H(6)—H(10)
and H(1)—H(18), separated by 4.38 and 5.95 A, respectively,
are not observed. The 2D NOESY spectrum of the [In(bppd)]*
complex, Figure 7, which exhibits the smallest differences in
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Figure 7. 2D NOESY plot for [In(bppd)]* showing NOE correlations
for the methylene protons of the 2-pyridylmethyl group, H(6)
(purple), and the acetate group, H(7) (green). The plot displays the
"H NMR spectrum from 2.4—9.8 ppm on the x axis and from 2.2—9.3
ppm on the y axis.

calculated free energies for the 3 possible isomers, is similar to
that of the [Co(bppd)]® complex. The observed unique
correlation between H(7a) and H(10), which are in this case
separated by 2.51 A, is shown in green, while the correlation
between H(6) and H(4), which is not unique is shown in
purple. No NOE correlations are observed between H(6) and
H(10) at 4.38 A or H(1) and H(18) at 6.35 A. Thus, the NMR
data strongly suggest the presence of the trans-O,0 [In-
(bppd)]* isomer similar to that observed for the [Co(bppd)]*
cation, which is consistent with the calculated AG in solution
values in Table 4.
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The investigated Ln(IIl) complexes all give rise to 8
broadened resonances in the 'H NMR spectrum and 10
resonances in the C spectrum. The number of observed
resonances indicates the presence of a single species displaying
C, symmetry, while the broadened 'H resonances signify the
presence of a less rigid molecule.*® The methylene protons
assigned as H(6), H(7), and H(9) retain equivalency and
appear as single resonances in the '"H NMR spectrum, which is
characteristic of an achiral environment. The broadened signals
and observed equivalency in the methylene protons is
suggestive of a Ln(IIl)—bppd®~ interaction that is predom-
inately ionic. These findings are consistent with the view that
bppd®~ adopts a nestlike structure when binding to Ln(III) ions
and that the metal—ligand bonding is nondirectional.

The 'H and *C NMR spectra for [Al(bppd)]PFq4 are very
similar to those for [La(bppd)]PF,, but without line broad-
ening of the 'H signals. The Al(IIl)—bppd®~ complex gives 8
'H and 10 "C resonances characteristic of a species with C,
symmetry. The quantum mechanical calculations for a distorted
octahedral [Al(bppd)]* complex indicate that because of the
steric repulsions between the pyridine rings all 3 possible
isomers for a hexacoordinate bppd®~ complex are considerably
less energetically favorable than a hexacoordinate Al(III)
complex in which the 2-pyridylmethyl groups are replaced by
water, Figure 4. The trans-O,0 [Al(bppd)(H,0),]* structure,
which is the energetically most favorable solution species,
retains C, symmetry and removes the steric repulsion between
the pyridine rings while allowing intramolecular hydrogen
bonding with the coordinated H,0 molecules. The '"H NMR
spectrum shows 3 sharp singlets arising from the diastereotopic
protons H(6), H(7), and H(9), which is either the result of
rapid conformational interchange on the NMR time scale
causing signal averaging or proton equivalency arising from a
decrease in restricted motion about the diamine nitrogens.*” In
the diaqua complex, this latter effect would be enhanced by the
increased mobility of the two uncoordinated 2-pyridylmethyl
groups and most likely is responsible for the observed
equivalency in the diastereotopic methylene proton signals.

B CONCLUSIONS

Different types of carboxylate binding modes were determined
from the separation between antisymmetric and symmetric
COO" stretching frequencies, Av = 1,(COO™) — v, (COO7),
in [M(bppd)]* complexes. The acetate groups in the Al(III),
Ga(IIl), In(II), and Co(IIl), metal-bppd®~ complexes are
bound in a monodentate fashion whereas the binding in the
[Ln(bppd)]* complexes is ionic. cis-O,0; cis-N,, N, (C
symmetry) and trans-O,0 (C, symmetry) isomers for
pseudo-octahedral metal-bppd*~ complexes were observed in
the solid state for Ga(III) and Co(III), respectively. The third
and least stable possible [M(bppd)]* isomer with trans-N,,,N,,
pyridine groups was not observed for any metal ion
investigated. Classical '"H and *C NMR spectroscopy differ-
entiated and confirmed that the conformations observed in the
solid state are also the dominate species in aqueous solution.
The 2D NOESY experiments were used to discriminate
between the trans-O,0 and trans-N,,,N,, isomers of the
[Co(bppd)]* and [In(bppd)]* complexes. Quantum mechan-
ical calculations were used to gain insight into the relative
stability of the geometric isomers and the type of metal—ligand
bonding as well as changes in ligand denticity ([Al(bppd)]*)
and metal coordination numbers ([Ln(bppd)(H,0),]*).
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