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The coordination chemistry of the sterically hindered macrocyclic triamines, 1,4,7-R3-1,4,7-triazacyclononane
(R ) i-Pr, i-Pr3tacn, and R) i-Bu, i-Bu3tacn) with divalent transition metals has been investigated. These ligands
form a series of stable novel complexes with the triflate salts MII(CF3SO3)2 (M ) Fe, Co, or Zn) under anaerobic
conditions. The complexes Fe(i-Pr3tacn)(CF3SO3)2 (2), [Co(i-Pr3tacn)(SO3CF3)(H2O)](CF3SO3) (3), [Co-
(i-Pr3tacn)(CH3CN)2](BPh4)2 (4), Zn(i-Pr3tacn)(CF3SO3)2 (5), [Fe(i-Bu3tacn)(CH3CN)2(CF3SO3)](CF3SO3) (6), Fe-
(i-Bu3tacn)-(H2O)(CF3SO3)2 (7), and Co(i-Bu3tacn)(CF3SO3)2 (8) have been isolated. The behavior of these
paramagnetic complexes in solution is explored by their1H NMR spectra. The solid-state structures of four
complexes have been determined by X-ray single-crystal crystallography. Crystallographic parameters are as follows.
2: C17H33F6FeN3O6S2, monoclinic,P21/n, a ) 10.895(1) Å,b ) 14.669(1) Å,c ) 16.617(1) Å,â ) 101.37(1)°,
Z ) 4. 3: C17H35CoF6N3O7S2, monoclinic,P21/c, a ) 8.669(2) Å,b ) 25.538(3) Å,c ) 12.4349(12) Å,â )
103.132(13)°, Z ) 4. 6: C24H45F6FeN5O6S2, monoclinic,P21/c, a ) 12.953(6) Å,b ) 16.780(6) Å,c ) 15.790(5)
Å, â ) 96.32(2)°, Z ) 4. 7: C20H41F6FeN3O7S2, monoclinic,C2/c, a ) 22.990(2) Å,b ) 15.768(2) Å,c )
17.564(2) Å,â ) 107.65(1)°, Z ) 8. The ligandi-Pr3tacn leads to complexes in which the metal ions are five-
coordinate, while it’s isobutyl homologue affords six-coordinate complexes. This difference in the stereochemistries
around the metal center is attributed to steric interactions involving the bulky alkyl appendages of the macrocycles.

Introduction

Accurate synthetic models of some metalloproteins, in which
the metal sites in at least some of the biologically relevant
electronic states have intrinsic stability, can be synthesized using
simple ligands.1-3 Others, in which the protein environment of
the metal dictates the structural, electronic, and/or chemical
properties of the metal site, require more elaborate ligands to
mimic the protein influences. Multidentate and macrocyclic
ligands have been widely used in bioinorganic chemistry in
recent years4-6 for manipulating the geometries and the
coordination numbers of the metal ions and, consequently, for
controling the electronic structures and the reactivity of the metal
complexes they form.

The first good structural models of the diiron(III) form of
the non-heme protein hemerythrin (Hr) incorporated the triden-
tate azamacrocycles 1,4,7-triazacyclononane (tacn)7,8 and tri-
1-pyrazolylborate (Tp).9,10The tendency of these strong, facially

coordinating ligands to form low-spin sandwich complexes with
iron(II)11 prevented their use in models of the diiron(II) form
of Hr. However, theN-methylated derivative, 1,4,7-trimethyl-
1,4,7-triazacyclononane (Me3tacn), destabilizes the sandwich
complex sufficiently such that the diiron(II) model complex
could be isolated.8,12The methyl derivatives of Tp and TpMe2 13

and even the phenyl derivatives of TpPh 14 formed sandwich
complexes. It was not until the introduction of the steric
constraints of the isopropyl groups in Tpi-Pr2 15-18 that non-
sandwich mononuclear and dinuclear iron(II) complexes could
be made with tripodal ligands of this type.

In contrast, sterically hindered triazacyclononanes containing
innocent substituents have been used less extensively in
coordination chemistry. Sessler and co-workers have investi-
gated the coordination of iron(III) to two sterically encumbered
macrocycles, 1,4,7-triisopropyl-1,4,7-triazacyclononane (i-Pr3-
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tacn) and 1,4,7-triisobutyl-1,4,7-triazacyclononane (i-Bu3tacn),19

but these reactions did not result in complex formation in
methanol. Instead, the singly protonated macrocycles acted as
counterions to [FeCl4]- and [Fe2OCl6]2- anions. The reduced
affinity of these ligands for the iron(III) ion was attributed to
steric interactions from the presence of the bulky isopropyl or
isobutyl appendages. However, several vanadium, chromium,
molybdenum, tungsten,20-23 and titanium24 complexes contain-
ing the ligandi-Pr3tacn have been characterized.

More recently, the sterically hindered macrocyclesi-Pr3tacn
and 1,4,7-tribenzyl-1,4,7-triazacyclononane (Bn3tacn) have been
used very effectively in copper coordination chemistry as part
of synthetic modeling studies of copper-containing proteins.25-32

The divergent steric and/or electronic properties of the ligands
result in different reactivities of thei-Pr3tacn and Bn3tacn copper
complexes.

In light of these observations, there is reason to believe that
these ligands may form divalent metal complexes with properties
different than those of their less sterically hindered derivatives,
tacn and Me3tacn. In addition, the alkyl substituents borne by
these molecules render the complexes quite soluble in many
polar and nonpolar organic solvents. Herein, we describe the
synthesis and ligating properties of the sterically hindered
triazacyclononanesi-Pr3tacn and i-Bu3tacn toward iron(II),
cobalt(II), and zinc(II). We also report the structural character-
ization of four novel complexes as well as their associated
spectroscopic properties.

Experimental Section

Materials and Physical Measurements.Reagents used were of
commercially available reagent quality unless otherwise stated. All
solvents were dried over appropriate reagents and distilled prior to use.
Deoxygenation of solvents was effected by bubbling N2 directly through
the solutions. Preparation and handling of air-sensitive materials were
performed under an inert atmosphere of N2 in a glovebox. M(CF3-
SO3)2‚2CH3CN (M ) Fe, Co, or Zn) was prepared by reacting Fe, Co,
or Zn metal with triflic acid in acetonitrile, and the product was
crystallized by adding diethyl ether. The acetonitrile molecules in these
salts are readily replaced with water when exposed to a humid
atmosphere.33 1,4,7-Triazacyclononane (tacn) and 1,4,7-triisopropyl-
1,4,7-triazacyclononane (i-Pr3tacn) were synthesized according to
literature procedures.20-23,34 Elemental analyses were performed at
Atlantic Microlabs, Inc., Atlanta, GA.1H NMR spectra were recorded

on either the General Electric QE-300, the GE GN-500, or the Varian
Inova 400 NMR spectrometer, using deuterated solvents as locks and
referenced to tetramethylsilane. Electronic absorption spectra were
collected on a Shimadzu UV-3101PC UV-vis-NIR scanning spec-
trophotometer.

1,4,7-Triisobutyl-1,4,7-triazacyclononane (i-Bu3tacn). This tri-
dentate macrocycle has been synthesized via a different route from that
previously reported.19 Isobutyryl chloride (2.7 mL, 25.8 mmol) was
added dropwise at room temperature to a stirred solution containing
tacn (1.0 g, 7.74 mmol) and triethylamine (6.5 mL, 46.6 mmol) in
distilled CH2Cl2 (100 mL). The solution was left to stir overnight under
a dinitrogen atmosphere and then washed with water (3× 30 mL); the
organic layer was dried over anhydrous MgSO4, and the CH2Cl2 was
removed with a rotary evaporator to give a brown solid residue. Column
chromatography on silica with CH2Cl2 removed unreacted isobutyryl
chloride. The intermediate 1,4,7-tri(isopropylcarbonyl)-1,4,7-triazacy-
clononane (2.37 g, 90%) was obtained as a pale yellow solid by using
9:1 CH2Cl2/CH3OH as the eluent.1H NMR (CDCl3, 300 MHz): δ 1.09
(d, J ) 6.6 Hz, 18H, CH3), 2.70 (septet,J ) 6.6 Hz, 3H, CH), 3.40 (t,
J ) 4.3 Hz, 6H, CH2), 3.70 (t,J ) 4.3 Hz, 6H, CH2).

The triamide (2.37 g, 6.98 mmol) was dissolved in dry THF (50
mL); a solution of BH3‚THF (80 mL, 80 mmol) was added, and the
mixture was refluxed overnight under a dinitrogen atmosphere. After
being cooled to room temperature, the excess BH3‚THF was quenched
by slow addition of methanol, and the colorless solution was evaporated
to leave a colorless oil. This was dissolved in 1-butanol (50 mL), water
(50 mL), and concentrated HCl (80 mL) and refluxed overnight. After
the mixture was cooled, sodium hydroxide was added until pHg12,
and the product was extracted with CH2Cl2 (6 × 50 mL). The combined
CH2Cl2 extracts were dried over MgSO4 and evaporated to give 1.91
g (92%) of the title compound as a pale yellow oil.1H NMR (CDCl3,
300 MHz): δ 0.90 (d,J ) 6.6 Hz, 18H, CH3), 1.67 (m, 3H, CH), 2.21
(d, J ) 7.2 Hz, 6H, CH2(i-Bu)), 2.72 (s, 12H, CH2(tacn)).

(i-Pr3tacnH)+(Me3CCO2)- (1). A colorless solution of pivalic acid
(51 mg, 0.5 mmol) in CH3CN (1 mL) was added to a solution ofi-Pr3-
tacn (0.13 g, 0.5 mmol) in CH3CN (2 mL), leading to a clear, pale
yellow solution. The reaction mixture was stirred for 30 min at room
temperature, and the solvent was removed under vacuum, affording
the title compound as a pale yellow gummy residue.1H NMR (CD3-
CN, 300 MHz): δ 1.13 (d, 18H, CH3(i-Pr)), 2.21 (s, 9H, CH3(Me3C)),
2.60 (m, 6H, CH2), 2.90 (m, 6H, CH2), 3.12 (m, 3H, CH), 10.12 (br s,
1H, NH+). The perchlorate salt was prepared as previously reported20a

to obtain its NMR spectrum for comparison.1H NMR for (i-Pr3tacnH)+-
(ClO4)- (CD3CN, 400 MHz): δ 1.13 (d, 18H, CH3(i-Pr)), 2.60 (m, 6H,
CH2), 2.80 (m, 6H, CH2), 3.12 (m, 3H, CH), 10.0 (s, 1H, NH+).

FeII (i-Pr3tacn)(CF3SO3)2 (2). A colorless solution of Fe(CF3-
SO3)2‚2CH3CN (0.44 g, 1.0 mmol) in CH3CN (2 mL) was added to a
solution of i-Pr3tacn (0.26 g, 1.0 mmol) in CH3CN (2 mL), affording
a clear, light-green solution. The reaction mixture was stirred for 30
min at room temperature, and the solvent was removed under vacuum.
Colorless crystals of2 suitable for X-ray diffraction analysis were grown
at ambient temperature by slow diffusion of pentane into a dilute CHCl3

solution of 2. The colorless crystals were removed by filtration and
dried under vacuum, yielding 186 mg (31%) of the title complex as a
white solid.1H NMR (CD2Cl2, 300 MHz): δ -28.3 (CH3), -2.9 (CH),
17.8 (CH2), 74.3 (CH2), 98.6 (CH2), 195.6 (CH2). 1H NMR (CD3CN,
400 MHz): δ -2.3 (br s, 18H, CH3), 21.6 (br s, 3H, CH), 51.1 (br s,
6H, CH2). Anal. Calcd for C17H33N3F6FeO6S2: C, 33.50; H, 5.46; N,
6.89. Found: C, 33.4; H, 5.4; N, 6.9.

[CoII (i-Pr3tacn)(CF3SO3)(H2O)](CF3SO3) (3). A pink suspension
of Co(CF3SO3)2‚2H2O (0.39 g, 1.0 mmol) in CH3CN (2 mL) was added
to a solution ofi-Pr3tacn (0.26 g, 1.0 mmol) in CH3CN (2 mL), affording
a clear, dark-purple solution. The reaction mixture was stirred for 30
min at room temperature, and the solvent was removed under vacuum.
Purple crystals of3 suitable for X-ray diffraction analysis were grown
at ambient temperature by slow diffusion of pentane into a dilute acetone
solution of3. The purple crystals were removed by filtration and dried
under vacuum, yielding 327 mg (52%) of the title complex.1H NMR
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(CD3CN, 300 MHz): δ -68.4 (br s, 3H, CH),-33.1 (br s, 18H, CH3),
39.9 (br s, 6H, CH2), 226.7 (br s, 6H, CH2). 1H NMR (CDCl3, 300
MHz): δ -78.9 (br s, 3H, CH),-43.2 (br s, 18H, CH3). Anal. Calcd
for C17H35N3CoF6O7S2: C, 32.38; H, 5.60; N, 6.66. Found: C, 32.4;
H, 5.5; N, 6.6. UV-vis (λmax, nm (ε, M-1 cm-1), 8.16× 10-3 M in
CH3CN): 470 (26), 525 (32), 652 (11). UV-vis (λmax, nm (ε, M-1

cm-1), 8.16× 10-3 M in CHCl3): 468 (17), 560 (20), 700 (6).
[CoII (i-Pr3tacn)(CH3CN)2](BPh4)2 (4). All the dark purple solid

from a crude sample of3 prepared on a 1.0 mmol scale in CH3CN, as
described above, was dissolved in dry CH3OH (3 mL), yielding a pink
solution. A solution of NaBPh4 (689 mg, 2.0 mmol) in CH3OH (5 mL)
was slowly added. A pale pink precipitate appeared immediately, which
was filtered off and washed with CH3OH. Drying in vacuo yielded
787 mg (83%) of a light-pink powder.1H NMR (CD3CN, 300 MHz):
δ -69.4 (br s, 3H, CH),-31.3 (br s, 18H, CH3), 7.4 (s, 8H, BPh4-),
7.7 (s, 16H, BPh4-), 8.4 (s, 16H, BPh4-), 65.4 (br s, 6H, CH2), 232.7
(br s, 6H, CH2). Anal. Calcd for C47H79B2CoN5‚(CH3OH)1.5: C, 75.97;
H, 7.91; N, 6.47. Found: C, 76.0; H, 7.9; N, 6.5. UV-vis (λmax, nm
(ε, M-1 cm-1), 5.25× 10-3 M in CH3CN): 464 (30), 530 (34), 671
(14). UV-vis (λmax, nm (ε, M-1 cm-1), 5.25× 10-3 M in acetone):
452 (27), 548 (24), 703 (9). IR (KBr, cm-1): νCN ) 2300 and 2271.

ZnII (i-Pr3tacn)(CF3SO3)2 (5). A suspension of Zn(CF3SO3)2‚
2CH3CN (0.45 g, 1.0 mmol) in CH3CN (2 mL) was added to a solution
of i-Pr3tacn (0.26 g, 1.0 mmol) in CH3CN (2 mL), yielding a clear,
colorless solution. The reaction mixture was stirred for 30 min at room
temperature, and the solvent was removed under vacuum, leading to a
light yellow residue. This residue was dissolved in CH2Cl2, and
precipitation with pentane afforded 549 mg (89%) of a light-yellow
powder.1H NMR (CD3CN, 300 MHz): δ 1.18 (br s, 18H, CH3), 2.74
(br m, 6H, CH2), 2.91 (br m, 6H, CH2), 3.35 (br m, 3H, CH). Anal.
Calcd for C17H33F6O6S2Zn(CH2Cl2)1.3: C, 30.14; H, 4.92; N, 5.76.
Found: C, 30.0; H, 5.2; N, 5.8.

[FeII (i-Bu3tacn)(CH3CN)2(CF3SO3)](CF3SO3) (6). A colorless solu-
tion of Fe(CF3SO3)2‚2CH3CN (0.44 g, 1.0 mmol) in CH3CN (2 mL)
was added to a solution ofi-Bu3tacn (0.30 g, 1.0 mmol) in CH3CN (2
mL), affording a clear, yellow-light-brown solution. The reaction
mixture was stirred for 30 min at room temperature, and the solvent
was removed under vacuum. Colorless crystals of6 suitable for X-ray
diffraction analysis were grown at-30 °C by slow diffusion of heptane
into a dilute CH3CN/CHCl3 solution of6. The colorless crystals were
removed by filtration and dried under vacuum, yielding 270 mg (38%)
of the title complex as a white solid.1H NMR (CD3CN, 400 MHz): δ
-8.1 (br s, 3H, CH),-1.8 (br s, 18H, CH3), 48.3 (br s, 6H, CH2(tacn)),
113.5 (br s, 6H, CH2(tacn)). Anal. Calcd for C20H39F6FeN3O6S2‚(CHCl3)0.5:
C, 34.62; H, 5.60; N, 5.91. Found: C, 34.6; H, 5.6; N, 5.9.

FeII (i-Bu3tacn)(H2O)(CF3SO3)2 (7). A 71 mg (0.1 mmol) sample
of the white solid of6 from the 1.0 mmol scale preparation was
dissolved in CHCl3 (2 mL), yielding a colorless solution. A 1.8µL
(0.1 mmol) sample of H2O was added, and the reaction mixture was
stirred for 30 min at room temperature. After a few minutes, colorless
needles precipitated out, which were filtered off and washed with cold
CHCl3. Drying under vacuum yielded 56 mg (84%) of the title
compound as a white powder. Colorless crystals of7 suitable for X-ray
diffraction analysis were grown by slow diffusion of pentane into a
CHCl3 solution of7. 1H NMR ((CD3)2CO, 300 MHz): δ -13.2 (br s,
3H, CH),-4.5 (br s, 18H, CH3), 42.9 (br s, 6H, CH2(tacn)), 133.3 (br s,
6H, CH2(tacn)). 1H NMR (CD3CN, 400 MHz): δ -8.1 (br s, 3H, CH),
-1.8 (br s, 18H, CH3), 48.3 (br s, 6H, CH2(tacn)), 113.5 (br s, 6H,
CH2(tacn)). Anal. Calcd for C20H41N3F6FeO7S2: C, 35.88; H, 6.17; N,
6.28. Found: C, 36.2; H, 6.1; N, 6.2.

CoII (i-Bu3tacn)(CF3SO3)2 (8).A colorless solution ofi-Bu3tacn (0.30
g, 1.0 mmol) in CH3CN (2 mL) was added to a pink solution of Co-
(CF3SO3)2‚2CH3CN (0.44 g, 1.0 mmol) in CH3CN (4 mL), affording a
dark-purple reaction mixture. This solution was stirred for 30 min at
ambient temperature, and the solvent was removed under vacuum,
yielding a pink gummy residue. Orange needles of8 were obtained at
-30 °C by slow diffusion of ether into a dilute CH3CN solution of8.
The needles were removed by filtration and dried under vacuum,
yielding 346 mg (53%) of the title complex as a pink solid.1H NMR
(CD3CN, 300 MHz): δ -47.8 (br s, 6H, CH2(i-Bu)), -19.3 (br s, 3H,
CH), -10.4 (br s, 18H, CH3), 39.5 (br s, 6H, CH2(tacn)), 191.2 (br s,

6H, CH2(tacn)). Anal. Calcd for C20H39N3CoF6O6S2: C, 36.70; H, 6.01;
N, 6.42. Found: C, 36.5; H, 6.2; N, 6.2. UV-vis (λmax, nm (ε, M-1

cm-1), 7.64× 10-3 M in CH3CN): 470 (32), 1027 (8). UV-vis (λmax,
nm (ε, M-1 cm-1), 7.64× 10-3 M in CHCl3): 486 (14), 1200 (7).

Crystallographic Studies. Crystals of2, 3, 6, and 7 suitable for
X-ray crystallographic analysis were obtained as described in Experi-
mental Section (vide supra). All crystals were coated with a viscous
oil and mounted with super glue on the end of a glass fiber. The
diffraction intensities were collected using Mo KR graphite-monochro-
mated radiation (λ ) 0.710 73 Å) on a Siemens P4 single-crystal X-ray
diffractometer (2) or on a Siemens P4/RA single-crystal X-ray
diffractometer with Cu KR graphite-monochromated radiation (λ )
1.541 78 Å) (3, 6, and 7). During data collection, the intensities of
three representative reflections were monitored every 97 reflections and
indicated decays of 5% (2), 12% (3), 6% (6), and 18% (7). The
structures were solved either by direct methods or by Patterson
interpretation and expansion (SHELXS-86) and difference Fourier
methods, and they were refined by full-matrix least-squares methods
(SHELXTL). All atoms in the coordination sphere were refined with
anisotropic thermal parameters. Hydrogen atoms were included and
placed at calculated positions with C-H bond distances fixed at 0.96
Åsexcept for complex7, in which the hydrogen atoms of the water
molecule were located from the difference Fourier mapsand their
positions refined. The details of the data collection and refinement
procedures are given in Table 1 and in the Supporting Information.
Selected bond lengths and angles are given in Tables 2 and 3.

Results and Discussion

Ligand Synthesis.The two triazamacrocycles tacn andi-Pr3-
tacn were synthesized following procedures described by
Wieghardt and co-workers.20-23,34 Direct alkylation of the
secondary amino groups of azamacrocycles with simple aliphatic
alkyl halides such as isobutyl chloride could lead to quater-
nization of the N atoms, producing species with no metal-
ligating properties. To overcome this problem, the two-step
reaction sequence similar to that reported by Moore and co-
workers35 for N-alkylated cyclam was adopted. The macrocycle
i-Bu3tacn was produced in 83% yield based on tacn by the
reaction of isobutyryl chloride with tacn in the presence of
triethylamine, followed by the reduction of the resulting triamide
with BH3‚THF. Unlike tacn, the alkylated ligands, R3tacn (R
) Me, i-Pr, i-Bu, or CH2Ph), are free-flowing liquids or oils at
room temperature. This physical property is reflective of the
presence of the three alkyl substituents on the nitrogen atoms
of the macrocycle that effectively reduce intermolecular interac-
tions.

Synthesis of Complexes.A variety of complexes can be
prepared from the reaction of the corresponding ligand (i-Pr3-
tacn or i-Bu3tacn) with divalent transition metal triflate salts,
MII(CF3SO3)2 (M ) Fe, C, or Zn), under anaerobic conditions
(Scheme 1). The metal triflates are particularly useful reagents,
as they can be easily prepared in a soluble, solvated form from
the corresponding metal powder and triflic acid in a variety of
solvents.33 They are air stable, can easily be made anhydrous,
contain a weakly coordinating anion, and are a safe substitute
for the perchlorate salts.

Direct addition of pivalic acid toi-Pr3tacn in acetonitrile
affords the monoprotonated form of the tri-N-substituted mac-
rocycle as the pivalate salt. This species exhibits1H NMR
features identical to those observed for the monohydroperchlo-
rate salt, with the exception of the broad peak corresponding to
the pivalate anion.

The complexes Fe(i-Pr3tacn)(CF3SO3)2 (2), [Co(i-Pr3tacn)-
(CF3SO3)(H2O)](CF3SO3) (3), and Zn(i-Pr3tacn)(CF3SO3)2 (5)

(35) Alcock, N. W.; Benniston, A. C.; Grant, S. J.; Omar, H. A. A.; Moore,
P. J. Chem. Soc., Chem. Commun.1991, 1573-1575.
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were prepared by the reaction of the respective divalent
transition metal triflate salt MII(CF3SO3)2 and the ligandi-Pr3-
tacn (1:1) in acetonitrile under a dinitrogen atmosphere. The
five-coordinate iron(II) complex (2), in which the two triflate
anions are bound, can be crystallized in low yield (31%) as
colorless crystals from a pale-gray-green oil that forms in
chloroform. The low yield obtained was a consequence of
complex2 forming together with other species which have not
been identified and/or of complex2 existing as an equilibrium
mixture in solution. Purple crystals of the corresponding five-
coordinate cobalt(II) complex,3, were obtained in a satisfactory
yield (52%) by slow diffusion of pentane into an acetone
solution. An X-ray crystal structure study revealed the presence
of a terminal water molecule as well as one triflate anion
coordinated to the cobalt. The second triflate remains uncoor-
dinated. Pale-orange crystals not suitable for an X-ray diffraction
analysis were isolated from solutions of3 in a coordinating
solvent such as acetonitrile. The observed color change presum-
ably indicates the presence of at least one acetonitrile ligand in
the coordination sphere. This transformation is easily reversed
by application of a vacuum, leading to the loss of the coordinated
acetonitrile ligands, and this transformation can also be moni-
tored with a1H NMR experiment. Indeed, different spectra were
observed in coordinating (CD3CN) or noncoordinating (CDCl3)
solvents (vide infra). A pure, light-pink complex, [CoII(i-Pr3-
tacn)(CH3CN)2](BPh4)2 (4), was isolated when 2 equiv of
tetraphenylborate in methanol was added to an acetonitrile
solution of3.

The white six-coordinate [Fe(i-Bu3tacn)(CH3CN)2(CF3-
SO3)](CF3SO3) complex (6) was readily synthesized in aceto-
nitrile by adding 1 equiv of Fe(CF3SO3)2‚2CH3CN to 1 equiv

of i-Bu3tacn under a dinitrogen atmosphere. The presence of
the two terminal acetonitrile ligands was confirmed from an
X-ray crystal structure study. The tetraphenylborate salt pre-
cipitated as a white solid that was insoluble in all common polar
and nonpolar solvents. This precluded a single-crystal structure
determination and characterization by NMR spectroscopy. The
addition of 1 equiv of H2O to6 in solution in a noncoordinating
solvent (CHCl3) affords a new, less soluble iron(II) complex.
The crystal structure reveals a six-coordinate aqua complex,
Fe(i-Bu3tacn)(H2O)(CF3SO3)2 (7). An orange cobalt analogue
of 6, [Co(i-Bu3tacn)(CH3CN)x](CF3SO3)2, was isolated from an
acetonitrile solution containing Co(CF3SO3)2‚2CH3CN and
i-Bu3tacn. The coordinated acetonitrile molecules are readily
lost under vacuum, leading to a pink complex that was analyzed
as Co(i-Bu3tacn)(CF3SO3)2 (8).

Solutions of2, 3, 4, 6, 7, and8 are quite sensitive to dioxygen.
This reactivity, which varies from complex to complex, will be
the subject of a future report.

Crystal Structures of the Complexes.X-ray structures of
four representative complexes have been determined to dem-
onstrate the structural preferences of divalent first-row transition
metal complexes containing the isopropyl- and isobutyl-
substituted tacn ligands. The complexes all crystallize in
centrosymmetric space groups as racemic mixtures of enanti-
omers containing theλλλ andδδδ configurations of the three
five-membered rings in the metal-bound tacn ligands. A
summary of crystal parameters and refinement results of these
complexes is given in Table 1, and selected bond distances and
angles appear in Tables 2 and 3. The molecular structures of
these complexes are shown in Figures 1-4.

Scheme 1
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Fe(i-Pr3tacn)(CF3SO3)2 (2). An ORTEP diagram of the
structure is given in Figure 1. The asymmetric unit of this crystal
structure contains a discrete mononuclear unit of the neutral
complex2. In this compound, the coordination sphere about
the five-coordinate iron(II) is a distorted trigonal bipyramid with
ligation from the tertiary amines from thei-Pr3tacn ligand and
two triflate oxygens. The N-Fe-N angles average 84° to
accommodate the five-membered chelate rings enforced by this

tridentate macrocycle. The two axial positions are occupied by
onei-Pr3tacn nitrogen atom (N1) and one triflate anion oxygen
atom (O1), resulting in asymmetry in the Fe-N and Fe-O
distances. Indeed, the Fe-N1 distance (2.220(3) Å) is signifi-
cantly longer than the two equatorial metal-nitrogen distances
(2.173(2) and 2.149(3) Å for N2 and N3, respectively). The
Fe-O distances are 2.125(2) Å for the axial triflate ligand and
2.000(2) Å for the equatorial triflate ligand. The N1-Fe-O1
angle (176.09(9)°) is nearly linear. The principal distortion from
an idealized trigonal bipyramidal geometry is the intraligand
(i-Pr3tacn) N-Fe-N bond angle which is significantly smaller
than those between thei-Pr3tacn nitrogen atoms and the triflate
oxygen atom (N2-Fe-N3 ) 85.1(1)° vs N2-Fe-O4 )
140.3(1)° and N3-Fe-O4) 133.6(1)°). The asymmetry in the
equatorial N-Fe-O angles probably results from interactions
between the CH group (C7) of the isopropyl substituent borne
by the nitrogen atom N1 and the bound oxygen atom (O4) of
the triflate (O4‚‚‚C7 ) 3.028 Å). The Fe-N distances range
from 2.149(3) to 2.220(3) Å, which is characteristic of high-

Table 1. Crystallographic Data for the Complexes2, 3, 6, and7

2 3 6 7

empirical formula C17H33F6FeN3O6S2 C17H35CoF6N3O7S2 C24H45F6FeN5O6S2 C20H41F6FeN3O7S2

fw 609.43 630.53 733.62 669.53
T, °C -100 -100 -100 -100
λ, Å 0.710 73 (Mo KR) 1.541 78 (Cu KR) 1.541 78 (Cu KR) 1.541 78 (Cu KR)
space group, No. P21/n, 14 P21/c, 14 P21/c, 14 C2/c, 15
a, Å 10.895(1) 8.669(2) 12.953(6) 22.990(2)
b, Å 14.669(1) 25.538(3) 16.780(6) 15.768(2)
c, Å 16.617(1) 12.4349(12) 15.790(5) 17.564(2)
â, deg 101.37(1) 103.132(13) 96.32(2) 107.65(1)
V, Å3 2603.6(3) 2681.1(8) 3411.1(23) 6067.3(12)
Z 4 4 4 8
Fcalcd, g cm-3 1.555 1.562 1.429 1.466
µ, cm-1 8.19 72.40 53.71 59.86
Ra 0.0432 0.0740 0.0581 0.0794
Rw

b 0.1035 0.1897 0.1451 0.2074

a R ) Σ||Fo| - |Fc||/Σ|Fo|. b Rw ) [Σw(Fo
2 - Fc

2)2/Σw(Fo
2)2]1/2.

Table 2. Selected Bond Distances (Å) and Bond Angles (deg) for2
and3

2 (M ) Fe) 3 (M ) Co)

M-N1 2.220(3) 2.153(6)
M-O1 2.125(2) 2.076(5)
M-N2 2.173(2) 2.077(6)
M-N3 2.149(3) 2.113(6)
M-O4 2.000(2) 2.058(5)
N1-M-O1 176.09(9) 178.4(2)
N1-M-N2 81.82(10) 86.5(2)
N1-M-N3 84.06(10) 82.6(2)
N1-M-O4 92.22(10) 91.4(2)
O1-M-N2 96.24(9) 94.8(2)
O1-M-N3 92.40(10) 98.3(2)
O1-M-O4 91.43(9) 87.2(2)
N2-M-N3 85.11(10) 87.6(2)
N2-M-O4 140.28(11) 120.9(2)
N3-M-O4 133.55(11) 150.6(2)

Table 3. Selected Bond Distances (Å) and Bond Angles (deg) for6
and7

6 7

Fe-N1 2.210(4) 2.225(6)
Fe-N2 2.198(4) 2.218(7)
Fe-N3 2.223(4) 2.217(6)
Fe-O1 2.093(3) 2.086(6)
Fe-L N4 2.166(4) O2 2.171(5)

N5 2.157(4) O5 2.095(5)
N1-Fe-N2 81.01(13) 81.5(2)
N1-Fe-N3 81.79(14) 81.6(2)
N1-Fe-O1 94.94(13) 96.0(2)
N1-Fe-L N4 96.3(2) O2 172.6(2)
N1-Fe-L N5 174.43(13) O5 96.0(2)
N2-Fe-N3 82.33(13) 81.5(2)
N2-Fe-O1 174.88(13) 176.0(2)
N2-Fe-L N4 94.19(14) O2 95.0(2)
N2-Fe-L N5 93.73(13) O5 92.4(2)
N3-Fe-O1 94.04(13) 95.0(2)
N3-Fe-L N4 176.25(14) O2 91.4(2)
N3-Fe-L N5 95.77(14) O5 173.7(2)
O1-Fe-L N4 89.34(14) O2 87.2(2)
O1-Fe-L N5 90.22(13) O5 91.0(2)
N4-Fe-N5 85.8(2)
O2-Fe-O5 90.6(2)

Figure 1. Molecular structure and atom-labeling scheme for Fe(i-Pr3-
tacn)(CF3SO3)2 (2). All hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are at the 30% probability level.
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spin iron(II)36 and indicates that the aliphatic amine nitrogens
bind only weakly to the iron ion.

[Co(i-Pr3tacn)(CF3SO3)(H2O)](CF3SO3) (3). The structure
of 3 is depicted in Figure 2. The complex is isomorphous with
the analogous copper(II) complex that was reported recently.27

Complex3 consists of one cobalt(II) atom with thei-Pr3tacn
ligand coordinated in a tridentate fashion, one water molecule,
and one terminally bonded triflate anion completing the
coordination sphere. The second triflate ion is noncoordinated,
but is linked by a hydrogen bond to the coordinated water. The

geometry about the five-coordinate cobalt ion is distorted away
from either a trigonal bipyramid or a square pyramid. If it is
described as the former, onei-Pr3tacn nitrogen atom (N1) and
the aqua ligand oxygen atom (O1) occupy the axial positions.
The Co-N1 distance (2.153(6) Å) is thereby significantly longer
than the other two metal-nitrogen distances (average, 2.094
Å). The angle between the cobalt and the two axial positions is
nearly linear (N1-Co-O1 ) 178.4(2)°). The distortion from a
trigonal bipyramidal geometry is particularly noticeable in the
equatorial plane. Although the N2-Co-O4 angle (120.9(2)°)
is close to the ideal value, large deviations are seen in the two
other angles. The presence of the five-membered chelate ring,
enforced by the characteristic configuration of this ligand,
appears to be responsible for the acute N2-Co-N3 angle
(87.6(2)°). On the other hand, the large N3-Co-O4 angle
(150.6(2)°) may be most likely a consequence of interactions
between the CH group (C7) of the isopropyl substituent borne
by the nitrogen atom N1 and the coordinated oxygen atom (O4)
of the monodentate triflate (O4‚‚‚C7 ) 2.993 Å). The water
molecule is hydrogen bonded to both the coordinated and
uncoordinated triflates, as indicated by the O1‚‚‚O3 and
O1‚‚‚O6 distances of 2.861 and 2.705 Å, respectively (the water
hydrogen atoms have been placed at calculated positions).

[Fe(i-Bu3tacn)(CH3CN)2(CF3SO3)](CF3SO3) (6). The struc-
ture of the cation [Fe(i-Bu3tacn)(CH3CN)2(CF3SO3)]+ from 6
(Figure 3) shows a six-coordinate iron(II) complex with the
i-Bu3tacn ligand acting as a tridentate facial-coordinating ligand.
The remaining coordination sites are occupied by two aceto-
nitrile ligands and a terminally bonded triflate. The iron center
is arranged in an approximate octahedral geometry with Fe-N
distances ranging from 2.157(4) to 2.223(4) Å, which is typical
of high-spin iron(II). Like the two previous complexes, the acute
intraligand N-Fe-N bond angles (average, 81.7°) result from
the presence of the five-membered chelate rings enforced by
the i-Bu3tacn ligand. The coordination of one acetonitrile
molecule is nearly linear with an Fe-N5-C3N angle of
173.9(4)°, although the second molecule is bent (Fe-N4-C1N

(36) Butcher, R. J.; Addison, A. W.Inorg. Chim. Acta1989, 158, 211-
215.

Figure 2. Molecular structure and atom-labeling scheme for [Co(i-
Pr3tacn)(CF3SO3)(H2O)](CF3SO3) (3), illustrating hydrogen bonding.
All hydrogen atoms have been omitted for clarity. Thermal ellipsoids
are at the 30% probability level.

Figure 3. Molecular structure and atom-labeling scheme for [Fe(i-
Bu3tacn)(CH3CN)2(CF3SO3)]+ (6). All hydrogen atoms have been
omitted for clarity. Thermal ellipsoids are at the 50% probability level.

Figure 4. Molecular structure and atom-labeling scheme for Fe(i-Bu3-
tacn)(H2O)(CF3SO3)2 (7), illustrating intermolecular hydrogen bonding.
All hydrogen atoms except those of the water molecule have been
omitted for clarity. Thermal ellipsoids are at the 30% probability level.
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) 160.5(4)°) because of an interaction with a triflate oxygen
from a neighboring complex (C2N‚‚‚O3′ ) 3.24 Å).

Fe(i-Bu3tacn)(H2O)(CF3SO3)2 (7). The structure of the
neutral complex7 is depicted in Figure 4 and shows a six-
coordinate iron(II) cation surrounded in a facial fashion by the
three nitrogen atoms of thei-Bu3tacn ligand, two monodentate
triflate anions, and a water molecule. The coordination sphere
about the iron(II) center is an approximate octahedron. The iron
amine bond lengths (Table 3) are characteristic of high-spin
iron(II), and the intraligand N-Fe-N bond angles average 81.5°
to accommodate the five-membered chelate rings. The aqua
ligand is hydrogen-bonded to the two triflates bound to a
neighboring molecule, as indicated by the O1‚‚‚O4A and
O1‚‚‚O7A distances of 2.712 and 2.607 Å, respectively. The
triflate oxygen atoms O4 and O7 are also hydrogen bonded to
a water molecule, as required by the inversion symmetry of7,
leading to a hydrogen-bonded iron dimer in which the Fe‚‚‚Fe
distance is 6.044 Å.

A comparison of iron(II) complexes ofi-Pr3tacn,i-Bu3tacn,
and Tpi-Pr2 ligands is provided in Figure 5. It is not only the
size of the isopropyl and isobutyl groups that result in five-
and six-coordinate metals but also the orientation of these groups
relative to the ring and metal. The size and conformation of
the macrocycles in2 and7 are essentially identical. When the
three nitrogens of each ring are superimposed (average deviation,
0.02(1) Å), the average deviation of the ring carbons is only
0.04(2) Å. TheR-carbons on the substituents deviate by only
0.10(5) Å, and the deviations of theâ-carbons range from 0.18
to 0.44 Å. The metal in the six-coordinate complexes6 and7
lies 1.45 and 1.46 Å, respectively, from the plane of the three
amines but only 1.39 Å from the plane in the five-coordinate

complex2. The five-coordinate Co lies only 1.31 Å from the
N3 plane in3. The metal lies between 1.25 and 1.38 Å from
the N3 plane in Cu complexes withi-Pr3tacn31,32and 1.22 Å in
the only Zn complex of this ligand.27 The only six-coordinate
complexes withi-Pr3tacn that have been structurally character-
ized are those of Mo and W with sterically nondemanding
ligands.20-23 The Mo- or W-to-N3 plane distance varies from
1.65 to 1.77 Å.

TheR-carbons define a plane that is closer to the metal, nearly
parallel to the N3 plane, and only 0.66 Å from the plane in2,
0.51 Å in3, 0.71 Å in6, and 0.70 Å in7. The average distance
of theseR-carbons from the metal is 3.11 Å in2 and 3.06 Å in
6. The threeâ-carbons are 4.5 Å from the iron and nearly
coplanar with the N3 plane in6 and7 (two lie on one side of
the N3 plane, although the last carbon lies on the other side)
and, therefore, do not interfere with the metal. However, in2
there are two types ofâ-carbons. One set (C8, C11, and C14)
is distant from the metal (average Fe‚‚‚C distance, 4.5 Å) and
forms a plane 0.27 Å from the N3 plane. The other set (C9,
C12, and C15) is much closer to the metal (3.4 Å) and forms
a plane tilted 8.9° from the N3 plane, but this plane is only
0.22 Å from the iron. These methyl groups constrain the size
of the pocket such that only two additional ligands bind to the
metal. Theγ-carbons are at an average distance of 5.4 Å from
the iron in6 and do not interact with it in this conformation.

The coordination chemistry of sterically hindered hydrotris-
(pyrazolyl)borate ligands has recently been reviewed.37 In
Fe(Tpi-Pr2)(Me3CCO2),18 an example of a five-coordinate
iron(II) complex of Tpi-Pr2, theR- andâ-carbons are constrained
by the pyrazole rings, and the latter lie in a plane 0.4 Å above,
but only 3.61 Å from, the iron. Theγ-carbons are oriented 3.9-
5.1 Å away from the metal. However, this ligand is not as
restrictive as a macrocycle and can accommodate six-coordinate
iron complexes.17,18The conformations of these substituted tacn
ligands are observed in stable solid-state lattices. Rotations of
the N-R-C bonds of the substituents ofi-Pr3tacn and both
N-R-C andR-C-â-C bonds ofi-Bu3tacn in solution will induce
even more constraints to the binding pocket than seen in the
solid-state structures.

Solution Behavior According to 1H NMR. Protonation of
the ligand causes the ring-methylene resonances (time averaged
to one signal at 2.6 ppm) to split into two multiplets consistent
with C3V symmetry (Figure S1b). A similar spectrum is seen
for the [Zn(i-Pr3tacn)]2+ complex, except the resonances are
shifted slightly downfield (Figure S1b). These two salts serve
as diamagnetic reference materials for the paramagnetic com-
plexes that exhibit strongly isotropically shifted1H NMR
resonances. The protonated ligand is formed if water is added
to CD3CN solutions ofi-Pr3tacn (Figure S2). Very little [Fe(i-
Pr3tacn)]2+ (characterized by resonances at 51.1, 21.6, and-2.3
ppm) is formed if 1.0 equiv of H2O is present, but a significant
amount is evident when only 0.33 equiv of H2O is added to the
i-Pr3tacn solution prior to the addition of 1.0 equiv of Fe(CF3-
SO3)2. However, if Fe(i-Pr3tacn)(CF3SO3)2 is dissolved in CD3-
CN and an excess of H2O is then added, there is no formation
of (i-Pr3tacnH)+, and the isotropically shifted resonances shift
only very slightly. Both the proton and the iron(II) have
considerable kinetic stability with respect to substitution in
acetonitrile when bound to this bulky ligand. The shifted
resonances are not observed in acetone-d6, indicating that the
complex behaves quite differently in this solvent.

The paramagnetic1H NMR spectra can be a useful tool for
the analysis of stereochemistry and the detection and charac-

(37) Kitajima, N.; Tolman, W. B.Prog. Inorg. Chem.1995, 43, 419-531.

Figure 5. Chem 3D views showing the Fe coordination environments
in (a)λλλ-Fe(i-Pr3tacn)(CF3SO3)2 (2), (b) δδδ-Fe(i-Bu3tacn)(H2O)(CF3-
SO3)2 (7), and (c) FeTpi-Pr2(O2CCMe3). Left view: parallel to the plane
of nitrogen atoms. Right view: down the pseudo-C3 axis. Selected
hydrogen atoms have been omitted for clarity.
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terization of the structural and electronic equilibria that occur
in solutions of high-spin Fe(II) and Co(II) complexes.38 Sharper,
better resolved spectra are generally observed for cobalt(II)
complexes compared to analogous iron(II) complexes because
of the faster relaxation rates and greater dipolar shifts associated
with high-spin cobalt(II).39,40 The spectra of mononuclear and
dinuclear iron(II) complexes of tacn and Me3tacn have been
studied in considerable detail.41,42A rapid flip of the ring pucker
in the five-membered NCH2CH2NM rings causes an inter-
conversion ofλλλ andδδδ isomers and effectively equilibrates
the environment of the two CH2 groups (Figure 5). This results
in two distinct methylene hydrogens that are syn and anti to
the bound metal atom. Complexes with an effective mirror plane
perpendicular to the ligand, such as [Fe2(OH)(O2CR)2(Me3-
tacn)2]+ 40 or [Fe(Me3tacn)L2X]+, exhibit eight resonances (six
from the three unique CH2 groups and two from the inequivalent
methyls). The1H NMR spectra of the different paramagnetic
complexes are presented in Figures 6 and S2-5.

In deuterated acetonitrile, the1H NMR spectrum of the high-
spin cobalt(II) complex3 (Figure S3a) consists of resonances
of thei-Pr3tacn ligand at 226.7 and 39.9 ppm (methylene proton)
and at-68.4 and-33.1 ppm for the CH and methyl protons,
respectively. The most striking feature of this spectrum is the
effectiveC3V symmetry of the molecule rather than the lower
symmetry associated with the five-coordinate structure observed
in the solid state. The fluxional behavior that results in this
apparent higher symmetry also broadens the resonances so that
the resulting spectrum provides less information about the
solution structure of cobalt(II) complexes of these ligands than
we have observed with other ligands.40 When a noncoordinating
solvent was used for3 (CDCl3, spectrum not shown), the
methylene resonances are not observed, and only two very broad
peaks are observed at-78.9 and-43.2 ppm, which are assigned
to the CH and CH3 protons, respectively. This may be a result
of the triflate anions coordinating more strongly, and the
fluxional behavior is slowed sufficiently to broaden the meth-
ylene resonances into the baseline. The large difference observed
in the isotropic shifts of the syn and anti CH2 hydrogens is a
result of significantly different contact and dipolar interactions
with the paramagnetic cobalt(II). If the time-averaged magnetic
axis of the complex passes through the Co and the centroid of
the macrocycle, there may be a sign reversal of the dipolar shifts
on switching from the anti to the syn methylene hydrogens and
the alkyl substituents on the nitrogen. This results in downfield
shift of the anti methylene hydrogens and an upfield contribution
to the isotropic shifts of the other hydrogens.

The solution behavior of the cobalt(II)i-Bu3tacn complex8
in CD3CN is similar to itsi-Pr3tacn analogue3, showing five
well-separated but very broad resonances (Figure S3b). The
resonances of the protons on the macrocyclic ring are signifi-
cantly downfield shifted (191.2 and 39.5 ppm), whereas the
resonances for the CH3 protons (-10.4 ppm onγ-C), the CH
protons (-19.3 ppm onâ-C), and the CH2 protons (-47.8 ppm
on R-C) of the isobutyl groups are shifted upfield. The pattern
of shifts of protons on theR- andâ-carbon atoms (-49.1 and

-22.7 ppm) are similar to the analogous protons in3, although
the magnitude is not as great. The greater isotropic shifts
observed for the five-coordinate complex are consistent with
the tighter binding of the metal to the macrocycle observed in
the solid-state structures of3 compared to2, 6, and7. Dipolar
shifts are large in cobalt(II) complexes and sensitive to small
changes in distance of the protons from the paramagnetic
center.39 The smaller isotropic shifts of the more distant methyl
protons in8 are a result of the attenuation of the contact and
dipolar shifts with distance from the paramagnetic center.

The 1H NMR spectrum of the iron complex2 in CD2Cl2
exhibits six isotropically shifted resonances between 200 and
-30 ppm in addition to those in the diamagnetic region (Figure
6a). These peaks are accounted for by the presence of a
paramagnetici-Pr3tacn complex and one or more diamagnetic
species in solution. The large paramagnetic shifts are typical
of high-spin iron(II) complexes, and all the resonances expected
for an i-Pr3tacn complex with effectiveC3 symmetry are
observed. Despite the asymmetry in the solid-state structure of
Fe(i-Pr3tacn)(CF3SO3)2, only one set of ligand resonances
appeared in its NMR spectrum. However, the four resonances
for the CH2 backbone protons (195.6, 98.6, 74.3, and 17.8 ppm)
indicate that theλλλ T δδδ interconversion in this solvent is
slow relative to the NMR time scale. The averageC3 symmetry
is therefore not a result of the conformational exchange of the
macrocycle but, rather, of the coordinated triflates. Although

(38) Holm, R. H.; Hawkins, C. J.. InNMR of Paramagnetic Molecules;
LaMar, G. N., Horrocks, W. D., Holm, R. H., Eds.; Academic Press:
New York, 1973; Chapter 7.

(39) Bertini, I.; Luchinat, C. InNMR of Paramagnetic Molecules in
Biological Systems, 3rd ed.; Benjamin/Cummings: Menlo Park, CA,
1986; Chapters 7 and 9.

(40) Lachicotte, R.; Kitaygorodskiy, A.; Hagen, K. S.J. Am. Chem. Soc.
1993, 115, 8883-8884.

(41) Hagen, K. S.; Diebold, A. Manuscript in preparation.
(42) Blakesley, D.; Payne, S. C.; Hagen, K. S.Inorg. Chem.2000, 39,

1979-1989.

Figure 6. 1H NMR spectra of the Fe(i-Pr3tacn)(CF3SO3)2 complex (2)
(a) in CD2Cl2 at 22°C, (b) in CD3CN at 22°C, and (c) in CD3CN at
78 °C.
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dipolar contributions to the isotropic shifts of iron(II) complexes
are considerably smaller than observed with cobalt(II) com-
plexes, the upfield resonances at-2.9 and-28.3 ppm are likely
to be those of the CH and CH3 groups, respectively.

The 1H NMR spectrum of complex2 (Figure 6b) dissolved
in CD3CN is somewhat different from that of2 dissolved in
CD2Cl2. Only three relatively broad resonances corresponding
to the methylene protons (51.1 ppm), the CH protons (21.6
ppm), and the methyl protons (-2.3 ppm) are observed at room
temperature. The second peak for the methylene protons
completely broadens into the baseline. The fluxional behavior
is sufficiently rapid at 78°C so that the resonance for these
other hydrogens is sharpened and appears at 116 ppm (Figure
6c). The shifts of the methylene resonances are between those
of the corresponding resonances observed in CD2Cl2, which is
consistent with a rapidλλλ T δδδ interconversion in CD3CN.
At -25 °C, the resonances broaden even more, and new
resonances appear, but the system has not slowed sufficiently
to lock in a recognizable lower symmetry structure. This is
similar to the dynamic behavior observed for iron(II) complexes
with the tetradentate ligand, tris(2-pyridylmethyl)amine.43,44The
different dynamic behavior observed in CD3CN versus CD2Cl2
is likely to be caused by the substitution of the two triflate anions
with coordinated acetonitrile ligands from the bulk solvent. The
large paramagnetic shifts as well as the lack of color are typical
for a high-spin iron(II) complex. Purple low-spin complexes
that exhibit a low-spin/high-spin crossover behavior have been
observed with tacn or Me3tacn ligands in acetonitrile solu-
tion.41,42

The solution behaviors ofi-Bu3tacn complexes6 and7 are
very similar despite the different coordination in the solid state,
indicating that in a given solvent, the species in solution undergo
similar fluxional behavior. In (CD3)2CO at room temperature,
four well-separated peaks are observed with the methylene
backbone protons appearing as two relatively broad peaks at
133.3 and 42.9 ppm while the CH3 protons and the CH protons
are upfield shifted at-4.5 and-13.2 ppm, respectively. The
isobutyl methylene proton resonance is completely broadened
to be undetected even at elevated temperatures. The1H NMR
spectrum of complex6 in CD3CN (Figure S3a) exhibits a similar
pattern, with only resonances corresponding to the methylene
backbone protons (113.5 and 48.3 ppm), the methyl protons
(-1.8 ppm), and the CH protons (-8.1 ppm). The isobutyl
methylene protons can only be observed at higher temperatures
with a peak growing at 19.5 ppm at 78°C (Figure S3b). All
the resonances in both2 and 6 become sharper, and the
magnitude of the isotropic shifts decreases with increasing
temperature.

Electronic Absorption Spectroscopy.Cobalt(II) has been
widely used in coordination chemistry because cobalt(II)
complexes have electronic spectra indicative of their stereo-
chemistry. The spectra of complexes3 and4 present identical
features (bands at 470, 525, and 652 nm for3 and at 464, 530,
and 671 nm for4 in Figure S5), indicating that the stereochem-
istries around the cobalt(II) in solution are likely the same. These
bands in the visible region are consistent with spin-allowed d-d
transitions for a five-coordinate trigonal bipyramidal cobalt(II)

ion.45 In contrast, six-coordinate octahedral cobalt(II) species
exhibit three transitions, and in general, two principal regions
of absorption are observed. For complex8, a band near 1027
nm of 8 M-1 cm-1 intensity can be assigned to the4T2g f 4T1g

transition. In addition, a second band assigned to the4T1g(P) f
4T1g is seen in the visible region near 470 nm with 32 M-1

cm-1 intensity, while the shoulder near 526 nm corresponds to
the transition to4A2g. This difference in the absorption spectra
is further evidence that steric interactions involving the bulky
substituents of the macrocycles in solution result in complexes
with different stereochemistries around the metal ion.

Conclusion

This work provides direct experimental support that the two
sterically hindered macrocycles 1,4,7-triisopropyl-1,4,7-triaza-
cyclononane and 1,4,7-triisobutyl-1,4,7-triazacyclononane co-
ordinate well as tridentate ligands to divalent transition metals
(Fe, Co, and Zn). This reaction system affords a number of
different and novel species in the solid state and solution,
depending on the solvent used. The solid-state structures of four
complexes (2, 3, 6, and7) have been firmly established by X-ray
crystallography to possessC1 symmetry. In contrast, in solution
all the complexes exhibit a dynamic behavior that averages the
environments of the ligand on the NMR time scale. The solid-
state and solution studies have demonstrated that steric inter-
actions involving the bulky substituents of the macrocycles result
in different stereochemistries around the metal center. Com-
plexes containing thei-Pr3tacn ligand contain five-coordinate
metals, while six-coordinate complexes are isolated withi-Bu3-
tacn. Additionally, these two ligands form colorless high-spin
iron(II) complexes in acetonitrile solution, although the tacn or
Me3tacn macrocycles form low-spin complexes or exhibit a spin
equilibrium behavior in solution. Because a monoprotonated
complex can be easily formed with these ligands, the solvent
used for the synthesis of transition metal complexes plays a
fundamental role. To avoid the presence of ionizable protons
in the reaction mixture, we have used dry acetonitrile to form
the LM fragment. Once this kinetically and thermodynamically
stable fragment has formed, the addition of protic solvent
(methanol or water) does not result in ligand dissociation and
formation of the inert, protonated ligand. We believe that this
new series of complexes provides us with useful starting material
in modeling the active sites of non-heme metalloproteins and
in providing precedence for postulated intermediates during the
oxidation process. This is the focus of ongoing efforts in our
laboratory.
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