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Abstract
A series of transition metal chloro complexes with the tetradentate tripodal tris(2-amino-
oxazoline) ligand TAO have been synthesized and characterized. X-ray structural analyses of
these compounds demonstrate the formation of the mononuclear complexes [MII(TAO)(Cl)]+,
where MII = Cr, Mn, Fe, Co, Ni, Cu and Zn. These complexes exhibit distorted trigonal-
bipyramidal geometry, coordinating the metal through an apical tertiary amine, three equatorial
imino nitrogen atoms, and an axial chloride anion. All the complexes possess an intramolecular
hydrogen-bonding (H-bonding) network within the cavity occupied by the metal-bound chloride
ion. The metal-chloride bond distances are atypically long, which is attributed to the effects of the
H-bonding network. Nuclear magnetic resonance (NMR) spectroscopy of the Zn complex
suggests that the solid-state structures are representative of that observed in solution, and that the
H-bonding interactions persist as well. Additionally, density functional theory (DFT) calculations
were carried out to probe the electronic structures of the complexes.

Introduction
The function of metal complexes is governed by the combined effects of the primary and
secondary coordination spheres. The primary sphere almost exclusively utilizes covalent
bonds between metal ions and ligands, whereas the secondary sphere is often controlled with
non-covalent interactions. Coordinating these effects within synthetic metal complexes is
challenging, in part, because of the difficulties associated with regulating the secondary
coordination sphere.1 Information emerging from structural biology shows that active sites
within metalloproteins utilize a number of non-covalent interactions, particularly hydrogen
bonds (H-bonds) that often form extensive networks around the coordinated metal ion(s).2

Their effects serve a variety of purposes, including tuning redox potentials, orienting
external substrates, and providing a means for proton transport.2,3

In order to understand how H-bonds can manipulate the properties of metal complexes, our
group1,4 and others5 have designed multidentate ligands containing rigid organic
frameworks that are capable of forming intramolecular H-bonds. These ligands produce
complexes having open primary coordination site(s) that can bind external species via
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covalent bonds to the metal center and H-bonds with groups positioned within the secondary
coordination sphere.

We recently introduced the tetradentate ligand tris(2-amino-oxazoline)amine ligand (TAO,
Figure 1).6 We found that TAO exists in solution in tautomeric equilibrium between the 2-
amino-oxazoline and 2-imino-oxazolidine tautomers, yet preferentially binds metal ions as
the imino form. This tautomerization establishes a dynamic cavity capable of
accommodating an external ligand that binds to the metal ion and is involved in an
intramolecular H-bonding network with the three oxazolidine groups. A relatively rigid
complex is thus formed by binding an H-bond acceptor within the cavity. In this report we
describe the synthesis and structure of a series of trigonal bipyramidal transition metal
complexes of TAO featuring a chloride anion as the fifth ligand. These findings emphasize
the versatility of the ligand TAO to accommodate a variety of metal ions and the ability of
those complexes to stabilize exogenous ligands through non-covalent interactions. Quantum
chemical calculations on the [MIITAO(Cl)]+ series also provide some insight into the
electronic structures of these coordination complexes.

General Methods
All reagents were purchased from commercial sources and used as received, unless
otherwise noted. Solvents were sparged with argon and dried over columns containing Q-5
and molecular sieves. The synthesis of TAO was carried out according to literature
procedures.6 The syntheses of metal complexes were conducted in a Vacuum Atmospheres,
Co. drybox under an argon atmosphere.

Synthesis of the Complexes
[CrIITAO(Cl)]BPh4

To a solution of TAO (130 mg, 0.366 mmol) dissolved in 4 mL MeOH was added
anhydrous CrCl2 (44.3 mg, 0.360 mmol). The deep blue solution stirred for 1 h, after which
NaBPh4 (127 mg, 0.370 mmol) in 2 mL MeOH was added, forming a pale blue precipitate.
After stirring for 1 h, the mixture was filtered and the solid washed with MeOH and Et2O,
then dried in vacuo to yield 221 mg (81%) of a light blue powder. The product was
dissolved in THF and filtered into a vial. The volume of the filtrate was reduced in vacuo to
3 mL and placed in an Et2O diffusion chamber, affording X-ray quality violet-blue crystals.
Anal. calcd. for C39H47BClCrN7O3: C 61.63, H 6.23, N 12.90. Found: C 61.19, H 6.24, N
12.59%. FTIR (KBr, cm-1): ν(NH) 3372, 3353, 3280, ν(CN) 1687 and 1656 (imino, s). UV/
Vis (THF): λmax/nm (ε, M-1 cm-1): 295 (1300), 415 (25), 675 (sh), 935 (42). μeff = 4.72 μB.

[MnIITAO(Cl)]BPh4

A synthetic procedure similar to that for [Cr(TAO)Cl]BPh4 was followed, using TAO (250
mg, 0.708 mmol), anhydrous MnCl2 (94.7 mg, 0.753 mmol), and NaBPh4 (250 mg, 0.731
mmol). The reaction yielded 435 mg (81 %) of a white powder. X-ray quality crystals were
obtained from a DCM/pentane diffusion mixture. Anal. calcd. for C39H47BClMnN7O3: C
61.82, H 6.41, N 12.91. Found: C 61.39, H 6.21, N 12.85%. FTIR (KBr, cm-1): ν(NH) 3364,
3339, 3304, 3263, ν(CN) 1684 and 1653 (imino, s). μeff = 5.80 μB.

[FeIITAO(Cl)]BPh4

A synthetic procedure similar to that for [Cr(TAO)Cl]BPh4 was followed, using TAO (50
mg, 0.140 mmol), anhydrous FeCl2 (17.9 mg, 0.141 mmol), and NaBPh4 (48.4 mg, 0.141
mmol). The reaction yielded 75 mg (69%) of a fine white powder. X-ray quality crystals
were obtained from a DCM/pentane diffusion mixture. Anal. calcd. for
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C39H47BClFeN7O3·0.25C5H12: C 61.82, H 6.44, N 12.54. Found: C 62.00, H 6.23, N
12.63%. FTIR (KBr, cm-1): ν(NH) 3383, 3359, ν(CN) 1685 (imino, s). μeff = 5.08 μB.

[CoIITAO(Cl)]BPh4

A synthetic procedure similar to that for [Cr(TAO)Cl]BPh4 was followed, using TAO (50
mg, 0.140 mmol), anhydrous CoCl2 (18.3 mg, 0.141 mmol), and NaBPh4 (48.4 mg, 0.141
mmol). The reaction yielded 72 mg (66%) of a fine violet powder. X-ray quality crystals
were obtained from a DCM/pentane diffusion mixture. Anal. calcd. for
C39H47BClCoN7O3·0.25CH2Cl2: C 59.80, H 6.07, N 12.44. Found: C 59.62, H 6.03, N
12.35%. FTIR (KBr, cm-1): ν(NH) 3325 and 3223, ν(CN) 1672 and 1643 (imino, s). UV/
Vis: 489(sh), 534(76), 750(16). μeff = 3.97 μB.

[NiIITAO(Cl)]BPh4

A synthetic procedure similar to that for [Cr(TAO)Cl]BPh4 was followed, using TAO (120
mg, 0.340 mmol), NiCl2·6H2O (72.5 mg, 0.358 mmol), and NaBPh4 (122 mg, 0.357 mmol).
The reaction yielded 195 mg (75 %) of a green powder. X-ray quality crystals were obtained
from a DCM/pentane diffusion mixture. Anal. Calcd. for C39H47BClN7NiO3: C 61.09, H
6.18, N 12.79. Found: C 61.17, H 6.26, N 12.69. FTIR (KBr, cm-1): ν(NH) 3361 and 3291,
ν(CN) 1688 and 1653 (imino, s). UV/Vis (DCM, 298K): λmax/nm (ε, M-1cm-1): 423 (75),
485 (40), 685 (45), 982 (20). μeff = 2.68 μB.

[CuIITAO(Cl)]BPh4

A synthetic procedure similar to that for [Cr(TAO)Cl]BPh4 was followed, using TAO (143
mg, 0.405 mmol), anhydrous CuCl2 (53.5 mg, 0.398 mmol), and NaBPh4 (140 mg, 0.409
mmol). The reaction yielded 264 mg (86%) of a yellow-green powder. X-ray quality crystals
were obtained from a DCM/pentane diffusion mixture. Anal. calcd. for C39H47BClCuN7O3:
C 60.70, H 6.14, N 12.71. Found: C 60.54, H 6.26, N 12.76%. FTIR (KBr, cm-1): ν(NH)
3357, 3347, 3272, ν(CN) 1689 and 1656 (imino, s). EPR (X-band, DCM, 4K): g = 2.09, g =
2.24. UV/Vis (DCM): λmax/nm(ε, M-1cm-1): 275 (5000), 286 (4200), 349 (sh), 784 (60),
1000 (120). μeff = 1.75 μB.

[ZnIITAO(Cl)]BPh4

A synthetic procedure similar to that for [Cr(TAO)Cl]BPh4 was followed, using TAO (139
mg, 0.393 mmol), anhydrous ZnCl2 (50.2 mg, 0.368 mmol), and NaBPh4 (140 mg, 0.410
mmol). The reaction yielded 250 mg (88%) of a white powder. X-ray quality crystals were
obtained from a DCM/pentane diffusion mixture. Anal. calcd. for C39H47BClN7O3Zn: C
60.56, H 6.12, N 12.68. Found: C 60.85, H 6.19, N 12.76%. FTIR (KBr, cm-1): ν(NH) 3338,
3323, 3240, ν(CN) 1686 and 1655 (imino, s). 1H NMR (500 MHz, DMSO-d6) δH (ppm)
[Zn(TAO)Cl]+ 7.94 (0.5H, s, NH), 7.60 (2.5H, s, NH), 4.49 (6H, t, J = 7.9 Hz, OCH2CH2N),
3.62 (6H, t, J = 7.9 Hz, OCH2CH2N), 3.26 (6H, t, J = 5.6 Hz, NapCH2CH2NCox) 2.57 (6H, t,
J = 5.6 Hz, NapCH2CH2NCox); BPh4

- 7.17 (8H, br t, o-Ar), 6.92 (8H, t, J = 7.4 Hz, m-Ar),
and 6.78 (4H, t, J = 7.2 Hz, p-Ar); 13C NMR (500 MHz, DMSO-d6) δC (ppm)
[Zn(TAO)Cl]+ 162.12 (N=Cox), 67.89 (OCH2CH2N), 50.89 (NCH2CH2NCox), 42.08
(NCH2CH2NCox), 41.59 (OCH2CH2N); BPh4

- 163.35 (B-C1, JB-C = 195 Hz), 135.53 (C2),
125.28 (C3), and 121.51 (C4).

Physical Methods
Elemental analyses were performed on a Perkin-Elmer 2400 CHNS analyzer. Electronic
absorbance spectra were recorded with a Cary 50 spectrophotometer using a 1.00 mm or
1.00 cm quartz cuvette. Fourier transform infrared (FTIR) spectra were collected on a
Varian 800 Scimitar Series FTIR spectrometer with values reported in wavenumbers. 1H
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NMR and 13C NMR spectra were recorded on a Bruker DRX500 spectrometer. Magnetic
moments of the metal salts were measured by Evan's method7 in DMSO-d6 at 298K using a
DRX500 spectrometer.

DFT Methods
The hybrid density functionals PBE0,8 B3LYP,9 and TPSSh10 were used to assess the
performance of DFT for this series of compounds. These functionals were chosen for their
utility in a wide variety of transition metal complex calculations, and their minimal amount
of parametrization. All calculations were performed with TURBOMOLE v6.3.11 The crystal
structure geometries of each compound (excluding BPh4

- and solvent molecules) were
optimized first using double-zeta quality split-valence basis sets with polarization functions
(def2-SVP)12 in C1 symmetry. The geometries were further relaxed with larger triple-zeta
basis sets (def2-TZVP)13 for all atoms, and only the geometric data from the final
optimizations are reported. The bond length differences between basis sets were generally
less than 0.02 Å. Ideal C3 symmetric structures for each metal were constructed using Ecce
Builder14 and optimized following the same procedure. Complications arose for the FeII and
NiII compounds since the highest beta (“down”) spin electron can occupy two degenerate e-
type orbitals. These Jahn-Teller systems were therefore optimized using fractional
occupation. Structures optimized from the experimental data were confirmed to be minima
through the absence of imaginary frequencies in the calculated vibrational spectra, computed
using second analytical derivatives15 employing SVP basis sets. Fine quadrature grids (size
m4)16 were used throughout. Validation of the semi-local DFT results for ZnII were
obtained via additional geometry optimizations with RIMP217 using TZVP basis sets and
single-point energy calculations with the recently developed RI-RPA method. 18,19

Crystallographic Data Collection
Crystals suitable for X-ray diffraction were obtained for all salts in the series. For all salts
except [CrIITAO(Cl)]BPh4, crystals were grown by slow diffusion of pentane into
concentrated dichloromethane solutions. Crystals for [CrIITAO(Cl)]BPh4 were obtained
from vapor diffusion of ether into a concentrated THF solution. Crystallographic data for the
[MIITAO(Cl)]BPh4 complexes are provided in Table S1, and selected bond lengths and
angles are contained in Table 1. For the salts, a single crystal was mounted on a glass fiber
and transferred to a Bruker SMART APEX II diffractometer. The APEX220 program
package was used to determine the unit-cell parameters and for data collection (25-30 sec/
frame scan time for a sphere of diffraction data). The raw frame data was processed using
SAINT21 and SADABS22 to yield the reflection data file. Subsequent calculations were
carried out using the SHELXTL23 program. Full crystallographic details can be found in the
supporting information.

Results and Discussion
Synthesis

The metal chloride complexes were synthesized by combining the ligand TAO in dry
methanol with the appropriate MIICl2 precursor (Scheme 1). The complexes were readily
isolated by metathesis with NaBPh4, resulting in the immediate precipitation of the
tetraphenylborate salts from solution. The solids were filtered, washed, and collected in
yields that ranged from 66-88%. The complexes of CrII, MnII, FeII, CoII, and NiII ions were
all determined to be high-spin at room temperature in DMSO-d6 based on magnetic
susceptibility measurements obtained using Evan's method.7
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Molecular Structures
The crystal structures of the salts were determined by X-ray diffraction methods, revealing
complexes that are five-coordinate with distorted trigonal bipyramidal geometries. Selected
thermal ellipsoid diagrams of the structures are shown in Figure 2. The trigonal plane is
defined by the imino atoms N2, N3 and N4 of the TAO ligand with the metal ions displaced
toward the chloride ion with distances that range from 0.260 to 0.455 Å (Table 1). The
tertiary amino nitrogen atom (N1) of TAO and an exogenous chloride ion occupy the
remaining two axial coordination sites.

The degree of trigonality of the complexes was evaluated using the structural parameter τ
(Table 1).24 Most of the structures possess τ values above 0.90, demonstrating a trigonal
environment; however, [FeIITAO(Cl)]+ and [NiIITAO(Cl)]+ exhibit larger deviations from
trigonal symmetry, with τ values of 0.78 and 0.64, respectively. The FeII and NiII complexes
are high spin, which in trigonal symmetry would lead to partial occupation of degenerate d
orbitals. Therefore, the distortion toward square pyramidal coordination geometry observed
in [FeIITAO(Cl)]+ and [NiIITAO(Cl)]+ would be expected because of Jahn-Teller effects.
Accordingly, large variations in the equatorial N-M-N angles are found for FeII and NiII

complexes (Table 1), differences which are not observed in the other complexes. In addition,
the Cl-M-N1 angles are approximately 175° for the FeII and NiII complexes, in contrast to
the greater than 178° bond angles found for this angle in the other complexes. A detailed
theoretical analysis of the geometries and Jahn-Teller effects can be found in the DFT
discussion section. Distortion of the complex geometries also influenced packing of the
molecules in the solid state: The TAO complexes with τ > 0.97 crystallized in the P21/c
space group, whereas the MnII, FeII, and NiII complexes packed in the P-1 space group.

Intramolecular H-Bonding Networks
The molecular structures of [MIITAO(Cl)]+ complexes also show that the TAO ligand has
adopted the 2-imino-oxazolidine tautomer. Support for this claim comes from comparing C–
N bond lengths. In each complex, the bonds between the non-ring equatorial N and ring C
(Neq-C) are significantly shorter than the appropriate N–C bond distance within the ring
(Nox-C). For example, in [CrIITAO(Cl)]+ the average Nox-C bond length is 1.336(9) Å,
whereas the Neq-C bonds possess more double-bond character with average lengths of
1.294(9) Å. These data are consistent with the formation of the 2-imino-oxazolidine
tautomer for TAO in all the metal complexes. This tautomer of TAO results in the
establishment of intramolecular H-bonding networks surrounding the MII–Cl units. The
average distance between the oxazolidine amino nitrogen atoms and the bound chloride in
each complex is less than 3.2 Å, suggesting the formation of intramolecular H-bonds.25 The
lone exception was found in [MnIITAO(Cl)]+, in which the N···Cl distances were slightly
longer than 3.2 Å.

A survey of structures in the Cambridge Crystallographic Database indicates that the MII–Cl
bond distances in [MIITAO(Cl)]+ are unusually long in comparison to other metal-chloro
complexes with trigonal bipyramidal coordination geometry.26 For example, the NiII–Cl
bond distance in [NiII(Me6tren)(Cl)]+ is 2.295(2) Å, 27 in contrast to a bond length of
2.3866(4) Å in [NiIITAO(Cl)]+. Moreover, a trigonal bipyramidal complex with a ligand
bearing equatorial imino N-donors, [CoII(ntb)(Cl)]+, possesses a CoII–Cl bond length of
2.296(2) Å, a value that is significantly shorter than that observed in [CoIITAO(Cl)]+ (Co1–
Cl1, 2.3895(5) Å).28 The lengthening of the metal-chloride bond distances is ascribed to
effects of the H-bonding network, which removes electron density from the chloride ligand
and causes a weakening of the metal-chloride bond.
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This premise is further supported by comparing the bond lengths in [ZnIITAO(Cl)]+ to a
previously reported tren complex, [ZnII(tren)Cl]+ (Figure 3A/B).29 In the tren complex, the
Zn-Cl length is 2.308(5) Å (Figure 3A), whereas the length in the TAO system is 2.3875(5)
Å (Figure 3B). The Zn-apical nitrogen (Nap) distances for [ZnII(tren)Cl]+ and
[ZnIITAO(Cl)]+ follow the opposite trend, with Zn-Nap lengths of 2.325(7) Å and
2.2470(17)Å, respectively. The Zn-Nap shortening is caused by the trans-influence,
strengthening the Zn-Nap interaction as the Zn-Cl bond length increases. Mareque-Rivas
observed similar trends in ZnII–Cl complexes containing pyridyl tripodal ligands (Figure 3
C/D).5j,30

H-bond networks around Fe–Cl units have also been observed within the active site of the
metalloproteins. In particular, the Fe–Cl bond length of 2.4375(4) Å found in
[FeIITAO(Cl)]+ is strikingly similar to the distance observed in the active site of the α-
ketoglutarate-dependent non-heme halogenase SyrB2.2d,31 The active site of this enzyme
features a six-coordinate iron center with an Fe–Cl bond distance of 2.44 Å. The typical
FeII–Cl bond length for six-coordinate complexes is 2.30 Å;32 the elongation observed in the
SyrB2 crystal structure is attributed to an H-bond network established between two water
molecules in the secondary coordination sphere of the active site and the bound chloride ion.
Although the iron center in SyrB2 is six-coordinate, preventing a direct comparison to
[FeIITAO(Cl)]+, an octahedral iron-chloride complex from the Stack group
([FeIIPY5(Cl)]+), which lacks intramolecular H-bonds, has an Fe–Cl distance of 2.318(2) Å,
suggesting that H-bonding interactions can significantly elongate M–Cl bonds.33

Solution Structure: [ZnIITAO(Cl)]+
1H NMR studies of [ZnIITAO(Cl)]BPh4 in DMSO-d6 demonstrate the presence of a
mononuclear complex in solution. Four triplet resonances in the NMR spectrum correspond
to methylene protons in TAO (a-d in Figure 4); comparison of the integrated ligand peaks to
those of BPh4

- in the spectrum indicates a 1:1 ligand to counterion ratio. Chemical shifts and
integration of the methylene proton peaks in the spectrum also indicate that the ligand arms
are in similar chemical environments, suggesting that the complex exhibits local three-fold
symmetry in solution on the NMR timescale.

The H-bonding network observed in the solid-state molecular structure also exists in
solution. A single sharp resonance at 7.6 ppm integrates to three protons and is attributed to
the three oxazolidine NH groups (e in Figure 4). The 1.3 ppm downfield shift of this NH
resonance relative to that of free TAO suggests significant deshielding of the proton
environment, consistent with a H-bonding interaction with the bound chloride ion. The
assignment of the NH peak was also supported by variable temperature analyses of the
solution, which showed broadening at higher temperatures.

The NMR data are similar to those of another TAO complex previously reported by our
group, ZnIITAO(SO4).6 This complex was also shown to exhibit local three-fold symmetry
in solution, with a single NH resonance at 9.25 ppm which integrated to 3 protons.
Accordingly, the molecular structure of ZnIITAO(SO4) corroborated the existence of an
intramolecular H-bonding network between the ligand NH groups and the oxygen atoms of
the bound SO4

2- anion. Taken together, the NMR results and molecular structures of
ZnIITAO(SO4) and [ZnIITAO(Cl)]+ indicate that the H-bonding networks formed in these
mononuclear complexes exist in both solution and the crystalline state.

Density Functional Theory Analysis of [MIITAO(Cl)]+

To confirm the large distortion away from trigonal bipyramidal coordination is a result of
electronic effects, the entire series of complexes was assessed using Kohn-Sham Density
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Functional Theory. The TPSSh functional was found to yield the closest overall agreement
with the X-ray data, in line with the findings of previous studies on first row transition metal
complexes.34 Tables of computed structural data and the coordinates of the optimized
structures, in .xyz format, are provided in the supporting information.

Average structural data is well-reproduced using TZVP basis sets (see Table S2). The
optimized bond lengths of the ligand support the formation of the 2–imino tautomer given
the optimized non-ring N-C bond lengths are roughly 1.29 Å on average. The predicted
metal-chlorine bond lengths are uniformly too long by ~2 pm, except for Mn which has an
optimized bond length ~1 pm too short compared to experiment. The MII-Nap distance is
generally overestimated by ~5 pm for the entire series, which is counterintuitive given the
long MII-Cl bond distance. The computed average MII-Neq and N···Cl distances are also
overestimated compared to the average experimental values, with errors on the order of 1 to
2 pm. RI-MP2 optimizations were performed as a consistency check for the Zn complexes,
and the results were largely the same: the MII-Cl, MII-Nap, and N···Cl distances are all
overestimated by 1, 8, and 2 pm, respectively, while the average MII-Neq distance is
underestimated by 3 pm compared to experiment. The good agreement of the RI-MP2
structures with the semi-local DFT results suggests that the latter are accurate and that
dispersion interactions do not play a major role for the structure of the present compounds.
To further validate the DFT results, calculations were performed with RIRPA. These
subsequent calculations, outlined in the supporting information, confirmed the semi-local
and RI-MP2 results for the MII-Nap bond lengths in the ZnII compound. Natural population
analysis yields large partial charges on the metal and atoms in the primary coordination
sphere. These partial charges indicate a predominantly ionic MII-Cl bond for all the
complexes.

The predicted SVP N-H stretching frequencies (~3400 cm-1, before scaling) are uniformly
too large; scaling the frequencies according to the optimal factors reported by Merrick
reduces the magnitude of the error.35 In many cases this subsequently leads to an
underestimation of the computed vibrational frequency compared to experiment (Table S3).
The N-H stretch of the free ligand was computed to be approximately 3600 cm-1 (before
scaling); the redshift supports the presence of a H-bond network with the Cl- ligand.36 Thus,
the H-bonding interactions in the binding pocket stabilize the complexes via charge transfer
from the Cl- to anti-bonding N-H orbitals, which subsequently leads to an elongated MII-Cl
bond and a redshift in the N-H vibrational frequency.

The CrII, MnII, CoII, CuII, and ZnII complexes exhibit a C3-symmetric minimum. However,
for the FeII and NiII complexes, the C3 structure is a saddle point, and relaxing the symmetry
to C1 leads to a stabilization of 12.5 and 18.4 kcal/mol, respectively, at the TPSSh/TZVP
level. This symmetry breaking for the FeII and NiII compounds is a classic example of a
Jahn-Teller effect caused by fractional occupation of a doubly degenerate e orbital in C3
symmetry, which has mostly metal d character. The breaking of the orbital degeneracy is
accompanied by a distortion toward square pyramidal geometry, consistent with the solid
state structure observations.

Plots of the pertinent frontier orbitals for [NiIITAO(Cl)]+ are included as supporting
information. The distortion towards square pyramidal coordination is predicted to be larger
for NiII than FeII according to the computed τ parameter, which is in line with the
experimental findings. It is clear from this set of calculations that the FeII and NiII

compounds exhibit strong geometric distortion due to their electronic structure, while the
other metals in the series prefer a threefold-symmetric primary coordination environment.
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Conclusions
In summary, our group has synthesized a series of trigonal bipyramidal first-row transition
metal chloride complexes with the tetradentate ligand TAO. For each complex, the tris(2-
iminooxazolidine) tautomer of TAO bound the metal ion and established intramolecular H-
bonding interactions among the ring amino groups and the bound chloro ligand. The
molecular structures verify the existence of the H-bonding network in the solid state, and 1H
NMR studies with [ZnIITAO(Cl)]+ support the presence of these interactions in solution.
Quantum chemical computations on the series indicate predominantly ionic character for the
MII-Cl interaction. The MII-Cl bond lengths were found to be longer than those found in
other trigonal bipyramidal complexes because of the electron-withdrawing effects of the H-
bonding network. These findings further illustrate the ability of H-bonding networks to
effect changes in the primary coordination spheres of metal complexes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Possible tautomerization of tris(2-amino-oxazoline) ligand, TAO
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Scheme 1.
General route to [MIITAO(Cl)]BPh4 complexes
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Fig. 2.
Thermal ellipsoid diagrams of [FeIITAO(Cl)]+ (A), [CoIITAO(Cl)]+, (B) [NiIITAO(Cl)]+

(C), and [ZnIITAO(Cl)]+ (D). The ellipsoids are drawn at 50% probability level, and only
the oxazolidine hydrogen atoms are shown for clarity.
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Fig. 3.
Molecular diagrams of tren-based (A/B)29 and pyridine-based5j,30 (C/D) tripodal zinc-chloro
complexes with and without intramolecular hydrogen bonds. The Zn-Cl and Zn-apical N
bond lengths are displayed under each respective molecule.
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Fig. 4.
1H NMR spectrum of [ZnIITAO(Cl)]BPh4 in DMSO-d6 at 298K. All unlabeled hydrogen
atoms in the molecular diagram follow the same label convention as the rightmost ligand
arm. Asterisks denote solvent peaks.
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