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ABSTRACT

Chapter 1: Understanding the Utility of Hydrogen Bonding Donors in the Secondary
Coordination Sphere of Non-heme Metal Complexes

Chapter 1 is a mini-review that covers systematic studies on the effect of hydrogen bonding
donors on the properties of metal complexes. Generalizing across different metals studied in
biomimetic chemistry, the review allows for the comparison between different systems and
generalizations are drawn about the effects of secondary coordination sphere hydrogen bond
donors.

Chapter 2: '9 F NMR Study of Ligand Dynamics in Carboxylate-Bridged Diiron(II)
Complexes Supported by a Macrocyclic Ligand

A series of asymmetrically carboxylate-bridged diiron(II) complexes featuring fluorine atoms as
NMR spectroscopic probes, [Fe 2(PIM)(Ar 4F-Ph C0 2 ) 2 ] (10), [Fe 2(F 2PIM)(Ar O'CO2 )2] (11), and

6

[Fe 2 (F 2 PIM)(Ar 4 F-PhCO 2 ) 2 ] (12) were prepared and characterized by X-ray crystallography,

M6ssbauer spectroscopy, and VT 1 9F NMR spectroscopy. These complexes are part of a rare
family of syn-N diiron(II) complexes, [Fe 2(X2 PIM)(RCO 2)2], that are structurally very similar to
the active site of MMOHred. Solution characterization of these complexes demonstrates that they
undergo intramolecular carboxylate rearrangements, or carboxylate shifts, a dynamic feature
relevant to the reactivity of the diiron centers in bacterial multicomponent monooxygenases.

Chapter 3: Structural Characterization of Carboxylate-Bridged and Hydroxo-Bridged
Dizinc(II) Complexes Supported by a Macrocyclic Ligand

Using a syn-N dinucleating macrocyclic ligand, H2 PIM, a doubly carboxylate-bridged dizinc(II)
complex, [Zn 2 (PIM)(ArOlCO 2) 2] (6) was prepared. In crystallizations of 6, two pseudoisomorphs
of [Zn 2(OH)(PIM)(Ar T*C0 2 )] (7) were discovered. On route to the synthesis of 6, a zinc
complex, [Zn 2 (PIM)(Et) 2]n (4) was prepared and the product upon reaction with air, [{Zn 2 (uOH)(PIM)} 2Zn(u-OH) 4] (5), was crystallized.

Chapter 4:

Secondary

Coordination Sphere

Modulation

of Redox

Potentials

in

Azide-Bridged Diiron(II) Complexes

Observation that the H 2PIM macrocyclic ligand provides an extra binding site for the binding of
small molecules adjacent to corresponding diiron(II) complexes inspired the appendage of a
secondary coordination sphere hydroxyl group to the ligand. The new ligand, H 3PIM2, models
not only the primary coordination sphere of the diiron sites of methane monooxygenase and
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toluene/o-xylene monooxygenase, but also that of a local threonine in the secondary coordination
sphere. This chapter explores the differences between the PIM system and PIM2 system through
the electrochemistry of the azido diiron(II) derviatives.

Chapter 5: Synthesis and Characterization of a Linear Dinitrosyl-Triiron Complex

Nitric oxide is released during the immune response by the host during bacterial infection. To
counteract this response, bacteria have evolved nitric oxide reductases to convert NO to N 2 0.
Some of these nitric oxide reductases contain a flavodiiron active site that have bridging
carboxylates and hydroxides. Only a handful of synthetic complexes currently exist as models
for

the

protein

reactivity.

Here

we

report

the

reaction

of

[Fe 2(U-OH)(u-

Ph 4DBA)(TMEDA) 2(OTf)] (4) with NO(g) and Ph 3CSNO to prepare the dinitrosyl-triiron
complex [Fe 3(-OH) 2 (-Ph 4DBA) 2(TMEDA) 2 (NO)2 ](OTf) (5). The reaction was monitored by
U V-Vis and ReactIR spectroscopy and compound 5 was characterized by X-ray crystallography,
57

Fe M6ssbauer spectroscopy, Evans' method, and FTIR spectroscopy. The IR spectrum of

compound 5 compares favorably to experimental spectroscopic data obtained for the proposed
mononitrosylated intermediate of the protein.

Chapter 6: Doubly and Triply Carboxylate Bridged Bis(ethylzinc)

Complexes and

Formation of the (pI-Oxo)tetrazinc Carboxylate [Zn 40(Ar ToIC0 2) 6]

Ethylzinc 2,6-bis(p-tolyl)benzoate converts between two forms in solution. Through NMR
spectroscopic techniques and X-ray crystallography, the species in equilibrium were identified as
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[Zn2 (ArT*oCO 2 ) 2 (Et) 2 (THF) 2] (1), [Zn2(Ar ToCO2) 3(Et)(THF)] (2), and diethyl zinc (ArTrl = 2,6-

bis(p-tolyl)phenyl). The equilibrium provides a model for understanding the speciation between
doubly and triply m-terphenylcarboxylate-bridged diiron(II) and mononuclear iron(II) complexes.
Evidence is presented for the occurrence of coordinatively unsaturated trigonal zinc species in
solution. Both 1 and 2 decompose in air to form the T-symmetric oxozinc carboxylate,
[Zn 4 O(ArT* C0 2 )6] (3).

Appendix A:

Synthesis

and Characterization of Mononuclear,

Pseudotetrahedral

Cobalt(III) Compounds

The preparation and characterization of two mononuclear cobalt(III) tropocoronand complexes,
[Co(TC-5,5)](BF 4) and [Co(TC-6,6)](BPh 4), are reported. The cobalt(III) centers exist in rare
pseudotetrahedral conformations, with twist angles of 65' and 740 for the [Co(TC-5,5]+ and
[Co(TC-6,6)]+ species, respectively. Structural and electrochemical characteristics are compared
with those of newly synthesized [Ga(TC-5,5)](GaCl4) and [Ga(TC-6,6)](GaCl 4) analogs. The
spin state of the pseudotetrahedral [Co(TC-6,6)](BPh 4) was determined to be S = 2, a change in
spin state from the value of S = 1 that occurs in the square-planar and distorted square-planar
complexes, [Co(TC-3,3)](X) (X

=

BPh 4, BAr' 4) and [Co(TC-4,4)](BPh 4 ), respectively.

Appendix B: Synthetic Strategies toward Sterically Demanding Macrocyclic Ligands

9

In order to prevent the formation of iron complexes of nuclearity higher than 2, a picket-fence
macrocyclic ligand, H 2tipp 4PIM was designed. This chapter discusses the progress towards the
synthesis of this ligand as well as design strategies.

Thesis Supervisor: Stephen J. Lippard
Title: Arthur Amos Noyes Professor of Chemistry
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CHAPTER 1: Understanding the Utility of Hydrogen
Bonding Donors in the Secondary Coordination Sphere of
Non-heme Metal Complexes
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1.1 Introduction
Metalloenzymes precisely tune the coordination sphere, geometry, and local environment
of their metal active sites. With secondary coordination sphere interactions, such as hydrogen
bonding, these enzymes can further tune the reactivity of the metal active sites. For example, a
secondary coordination sphere threonine near the diiron active sites of soluble methane
monooxgyenase (sMMO) and toluene/o-xylene monooxygenase (TOMO) is involved in
dioxygen activation.' In particular, site-directed mutagenesis of T201 of TOMO to various amino
acids altered the formation and decay kinetics of the T201peroxo intermediate. 2 This study also
demonstrated that T201 plays a role in the proton transfer required to generate T 2 01peroxo and
also is involved in regioselectivity of toluene oxidation.
Despite many efforts to model the structure and function of metalloenzyme active sites,
including the incorporation of secondary coordination sphere features, relatively few reports
have systematically evaluated secondary coordination sphere effects. This review focuses on
reports in which the effect of the addition of intramolecular secondary coordination sphere
hydrogen bonding donors in non-heme metal complexes with bio-relevant metals can be inferred
from systematic modifications of the ligand platform. More general reviews of the effect of
secondary coordination sphere hydrogen bonding are available for specific systems, such as
Borovik's tripodal ligand system, , copper chemistry, 5,6 and zinc chemistry.7 Here, a broad
survey of various metals (Mn, Fe, Ni, Co, Cu, and Zn) allows for one to compare and understand
the general effects of secondary coordination sphere hydrogen bonding. Only studies that
compare the properties of structurally analogous metal complexes with and without secondary
coordination sphere hydrogen bond donors are included in this review.
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Section 1.2 reviews works that demonstrate how the addition of a secondary hydrogen
bond donor can change the fundamental properties of a metal complex. These properties include
perturbations of electronic properties, ligand binding strengths, and water acidity. Individual
reports often cover multiple properties of the metal complexes and so this section is organized by
metal. Section 1.3 and 1.4 will cover application of hydrogen bonding donors to bioinspired
reactivity. Hydrolytic chemistry, such as models for zinc phosphatases, will comprise section 1.3.
This section begins by covering zinc systems, which comprise the vast majority of the studies.
Section 1.4 will focus on systematic studies of how secondary coordination sphere hydrogen
bonding interactions in metal complexes can alter oxygen chemistry and is organized by metal.
Afterwards,

a final

section

will be provided

that summarizes

general

trends and

recommendations for future studies in the field.

1.2 Fundamental Properties of Metal Complexes

Coordination chemistry centers upon ligands binding to metal centers. In other words,
ligand binding and exchange is a fundamental property of the chemistry of metals. Likewise,
measurement of ligand binding strengths is a fundamental property of a particular metal complex.
Primary coordination sphere properties such as coordination number, oxidation state, hard-soft
acid base properties, and the trans effect will influence the propensity for a ligand to bind to a
metal center. In this section, examples will be discussed where secondary coordination sphere
hydrogen bonding effects influence the binding affinity of a ligand.
Reactivity of metal complexes stems from a variety of properties including spin state,
redox potentials, geometry, coordination number, and magnetic properties. With the choice of
ligands, these properties can be tuned to create a complex that exhibits the desired chemistry.
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Ligands that comprise the primary coordination sphere of the metal tune the properties of the
metal complex. Moving into the second coordination sphere provides fine-tuning of these
properties. In this section, we present studies that show how adding secondary coordination
sphere hydrogen bond donors alters the electronic properties of the metal complex.
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Figure 1.1. Systematic series of M(III)-OH (M = Fe, Mn) complexes from the Borovik lab
varying the number of secondary coordination sphere hydrogen bonding donors.
Iron and Manganese. Borovik and coworkers have utilized secondary coordination
sphere hydrogen bond donors to generate bioinspired metal-oxo

species. 3-4,8-10 After

demonstrating the successful use of using 3 urea based hydrogen bond donors in a tripodal ligand,
H 3L 3Urea, 3 , they developed a series of tripodal ligands in which the number of urea donors varies
from zero to three (Figure 1.1). In the series of Fe"'-OH complexes, the Fe-OH distance
increases as the number of hydrogen bond donors to the hydroxyl group increases,9 being
1.877(3) A in [Fe(OH)(L3 iPrA)-, 1.886(1) A in [Fe(OH)(HLUrea,2iPrA -f, and 1.926(1) A in
[Fe(OH)(H 3L 3Urea)-. Structural data for [Fe(OH)(H 2L2UreaiPrA )- were not obtained, however. As
the number of hydrogen bond donors increase in this series, the energy of the O-H vibration
decreases, from v(O-H) = 3690 cm~ 1 in [Fe(OH)(L 3 iPrA)- to v(O-H) = 3632 cm~1 in
[Fe(OH)(H 3L3Urea)]-. A trend is also observed in the Amax value assigned to be a CT band, 346 nm
in [Fe(OH)(L 3iPrA)-, 374 nm in [Fe(OH)(HLUrea,2iPrA)-, 376 nm in [Fe(OH)(H 2L2UreajiPrA)]", and
398 nm in [Fe(OH)(H 3L3Urea) -. No strong differences are observed in the Fe"/Fe," redox couple,
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a result attributed to the counteracting effects of primary and secondary coordination sphere
considerations. The redox potential is expected to lower with increasing urea donors vs. amide
donors and rise with increasing Fe-OH bond distance resulting from increasing the number of
hydrogen bonds to the hydroxo ligand. Similarly, in the Mn(III) series with the same ligands, the
Mn-OH distance increased with the number of hydrogen bond donors,10 being 1.816(4)
[Mn(OH)(L3 iPrA)]-,

1.846(1)

A

in

[Mn(OH)(HLUrea, 2 iPrA)]

and

1.872(2)

A

A

in
in

[Mn(OH)(H3 L3 Urea)T.
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Figure
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Proposed
structures
[Fe 4 S4(Z-cys-Gly-Ala-OMe) 4](NMe4) 2

[Fe 4S 4(Z-cys-Gly-Ala-OMe) 4][NMe 4]2

A redox potential shift arising from a hydrogen bond formation also occurs in [Fe 4 S4]
model complexes." The authors prepared two clusters with short cysteine containing peptide
ligands, [Fe 4 S4 (Z-cys-Gly-OMe) 4](NMe4) 2 and [Fe4S 4 (Z-cys-Gly-Ala-OMe) 4](NMe4) 2 (Figure
1.2). Temperature dependent CD and IR data from the latter complex demonstrate the formation
of an N-H---S hydrogen bond at low temperature. The origin of the N-H---S bond is presumably
from the alanine residue of the tripeptide in the later complex, which is not present in the former
complex (Figure 1.2). The latter complex also has a temperature dependent redox potential, with
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a 120 mV positive shift observed at 233 K in CH2 Cl 2 . No temperature dependence was observed
in the redox potentials of the former complex, which does not form hydrogen bonds at lower
temperatures.
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Scheme 1.1. Representation of equilibria involved in anion binding to cobalt(III) complexes. 12
Table

1.1.

Equilibrium

constants,

[Co(Py(CH2NH2)2)(PyCO2 NH2)(H 2 0)]2 and Co

Anion

Py'C02,N2

Me 2PO4
F
CF~
Br~

210
2.5
0.25
0.07

(M-1 ),

K

for

binding

(CH2NH2)2 (PyC2)(H 20)]2

of

anions

to

in water at 80 0 C.

PyC02

6.2
0.23
0.16
0.11

Cobalt. The effect of a pendant amine donor on the phosphate and halide binding
capabilities of a cobalt(III) complex was reported by Chin and coworkers (Scheme 1.1). 12
Equilibrium constants for the binding of dimethyl phosphate, fluoride, chloride, and bromide
were determined at 80 *C in water using 'H and

31P

NMR spectroscopy. The data are

summarized in Table 1.1. A 34-fold increase in equilibrium constant for dimethyl phosphate
binding and an 11-fold increase for fluoride binding were observed. These data were explained
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by the formation of favorable hydrogen bonding with the pendant amine to shift the equilibrium
toward anion binding. The effect is less enhanced in the case of chloride, and the bromide binds
less tightly in the presence of the pendant amine. The heavier halides are poorer hydrogen bond
acceptors and, because they are larger, provide steric hindrance that disfavors binding.
Potentiometric titrations of the water bound cobalt(III) complexes were also reported. The pKa of
[Co(Py(CH 2 NH2) 2 )(pyCO2 ,NH2)(H 2O)] 2 +

was

determined

3.3

be

to

of

that

and

[Co(Py(CH2NH 2 ) 2)(pyCO 2 )(H 2O)] 2 +, be 5.4, consistent with the notion that hydrogen bonding

stabilizes the formation of the hydroxo complex.
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Scheme 1.2. A series of cyclam derivatives in which during protonation, favor water binding to
corresponding nickel(II) complexes through hydrogen bonding interactions.
Nickel. In 1995, one report demonstrated a spin-state change could be achieved in a series
of Ni(II) cyclam complexes (Scheme 1.2, top) by the addition of secondary coordination sphere
hydrogen bond donors.13 a Upon binding of axial ligands to square planar low spin Ni(II)
41

complexes, high spin octahedral Ni(II) complexes can be formed. The formation of paramagnetic
six-coordinate species was evaluated by the decrease in intensity of the d-d band around 455 nm.
In neutral and strongly acidic aqueous solution, [Ni(L1 )] 2 + remains four coordinate. The
[Ni(Ln)] 2 + (n = 2-4) complexes, however, display decreased absorbance of the d-d band at low
pH. The spectroscopic changes are reversible and were attributed to protonation of distal amines
in the ligand. The authors postulate that the protonation creates a hydrogen bonding network to
stabilize the coordination of axial water molecules, which effects the spin-state change (Scheme
1.2, bottom). Thus, the addition of secondary coordination sphere hydrogen bond donors can
modulate the spin-state of a Ni(II) complex. Other cases where protonation of pendant amines
induces spectroscopic changes in Ni(II) and Cu(II) complexes for similar ligand systems have
been reported.13 b-,

N

N

0)N
0
N

2+

NN O
H

N
N

Le

LC

[Ni(L)12

Figure 1.3. Galactose derived ligands, L7 and L , and depiction of [Ni(L7 )]2+.

Magnetic anisotropy is a property of a metal complex that is desirable to tune for singlemolecule magnet studies. In one report of a pair of Ni(II) complexes coordinated by galactose
derived ligands, L7 and L8 (Figure 1.3), the two complexes displayed a high degree of magnetic
anisotropy (E/D = 0.17), but the D values have a difference sign.14 The difference in the sign of
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D was explained by geometric variations in the crystal structures of the complexes. In the Ni(II)
complex of L7 , an intramolecular hydrogen bond occurs between a methylene hydrogen and the
tetrahydropyran oxygen atom (H---O dist = 2.37 A). No hydrogen bond was observed in the
Ni(II) complex of L8 . The authors believe that the presence of the intramolecular hydrogen bond
in L 7 distorts the geometry of the complex and in turn changes the sign of the D value compared
with L8 . The claim that the geometric distortion results from the intramolecular hydrogen bond
would need further verification, but the study inspires the use of secondary coordination sphere
hydrogen bond donors to configure unusual geometric distortions and tune magnetic properties.
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[Cu(TPAAm- 3 )(N 3 )]+

TPAA"-"; R = (NH 2)n, H 3-n
Figure 1.4. Family of TPA ligands with pendant hydrogen bond donors and a depiction of a
Cu(I)Cl complex of TPA"" with hydrogen bonding interactions emphasized.
Copper. A family of copper complexes supported by TPA ligands with varying numbers
of NH hydrogen bond donors have been reported (Figure 1.4). 15,16 Three series of ligands were
used, each with a different type of hydrogen bond donor. The TPAP1Vn series varies the
substituents from one to three pivaloyl groups attached to the pyridine units. Likewise, the
TPANp-n series varies the number of neopentyl amine groups and the TPA

n-n

series varies the

number of amine groups. Two systematic studies examined the effect of the secondary
coordination sphere hydrogen bond donors on the reduction potential of the corresponding Cu(II)
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chloride

complexes,

[Cu(TPAAn-n)(N 3 )](ClO 4 ).15

[Cu(TPAX~n)Cl](Cl),1 6

and

Cu(II)

azide

complexes,

Addition of hydrogen bond donors in the secondary coordination

sphere increases the E1 2 potential in all series. In the [Cu(TPAAI-n)(N 3)](ClO 4 ) series, the E1/2
potential vs. SCE in 0.1 M TBABF 4 in MeOH shifts from -0.36 V to -0.37 V to -0.33 V to -0.27
V in order of increasing number of NH 2 groups. The shift towards positive potential was
attributed to steric effects and hydrogen bonding effects. In terms of steric effects, the R group in
the 6 position of the pyridine ring causes an elongation of the Cu-Npy bond lengths as seen in
crystallographic data. The increase in Cu-Npy bond length lowers the electron donation into the
copper center and hence makes reduction of copper(II) more favorable. Each NH2 group
hydrogen bonds with the Cu-Nazide nitrogen atom with Namine---Nazide distances ranging from
2.84(2) to 3.05(1)

A.

The hydrogen bonds donating to the azide ligand should decrease the

electronegativity of the azide and thus, similar to the elongated bonds from the pyridine ligands,
would cause a positive shift in the reduction potential. Elongation of the Cu-Nazide bond length in

crystallographic data ranges from 1.935(9) A in [Cu(TPA)(N 3)](C10 4 ) to 1.962(7) A in
[Cu(TPAA1n-3)(N 3)](ClO 4 ). Notably, the geometry of the copper center changes from trigonal
bipyramidal to square pyramidal as the number of amine donors increases from two to three. The
geometry change was observed by X-ray crystallography, UV-vis spectroscopy, and EPR
spectroscopy.

Table 1.2. E1 2 potentials vs. Fc'/Fc in 0.1 M TBABF 4 in MeCN for the [Cu(TPAXfl)Cl](Cl)
series at 293 K.

Ligand
TPA
TPAA-'
TPAA -2

E12/V
-0.77
-0.75
-0.67

TPAATPANP-1

-0.58
-0.73

Ligand
TPANp 2
TPANp- 3

TPAP'1l
TPAPIV 2
TPAPiv-3
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E12/
-0.67
-0.52
-0.70
-0.52
-0.26

In the [Cu(TPAX-")Cl](Cl) series, increasing the number of hydrogen bond donors
increases the Eu2 potential to create a rank order of TPA < TPAAm-n < TPANp-n < TPAIVn. The
E1 2 potentials vs. Fc+/Fc are reproduced in Table 1.2. Based on the observation that the redox
potential differences between TPAAin and TPANp-n appear small (0-14 mV) compared to the
large overall changes up to 510 mV in the series and the significant difference in steric bulk
between NH 2 groups and NHCH 2t Bu groups, the authors suggest that mere steric effects are not
enough to explain the differences in E/ 2 potential. Using NMR and IR spectroscopic techniques,
the authors provide evidence that the strength of the N-H---Cl-Cu hydrogen bond increases as the
number of NH hydrogen bond donors increases and when the oxidation state of copper changes
from 2+ to 1+. The chloride ligand becomes a better hydrogen bond acceptor as the oxidation
state is reduced.
72+

~
e

0~

[Zn(TPAAm-n)(DTBC)]

[Zn(TPAAm-n)(DTBSQ)+

[Zn(TPAAm-n)(DTBQ)] 2

+

I

"

~+

Scheme 1.3. Oxidation of DTBC bound to a zinc-TPA complex with variable pendant amines.

Zinc. The TPA'"~" ligand series was also utilized to evaluate the effect of secondary
coordination sphere hydrogen bonding on the redox potential of a zinc bound 3,5-di-tert-butyl1,2-benzocatechol (H 2DTBC).1 7 Cyclic voltammetry measurements were acquired on the series
[Zn(TPAAm-n)(DTBC)] (n = 0-3) in a 0.1 M TBABF 4 MeCN solution vs. Ag/AgCl. A quasireversible wave assigned to the oxidation of DTBC 2- to the semiquinone (DTBSQ*~) was
observed at -0.29, -0.20, -0.11, and -0.02 V for n = 0-3, respectively (Scheme 1.3). A subsequent
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irreversible oxidation to the quinone (DTBQ) occurred at 0.64, 0.73, 0.78, and 0.94 V for n = 0-3,
-

respectively. Steric effects of additional amine groups would be predicted to weaken DTBC 2

-

binding and shift the redox potential in the other direction. Thus, the 270 mV shift in the DTBC 2
/DTBSQ

redox couple and 300 mV shift in the DTBSQ*~/DTBQ redox couple was attributed to

stabilization of the reduced catechol ligand through hydrogen bonding interactions.
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Scheme 1.4. Equilibrium showing the water acidity of a zinc-bound water molecule in a TPA
analogue with variable numbers of pendant amine or neopentylamine substituents.
Table 1.3. Summary of pKa values for [Zn(OH 2)(TPAX")] 2+ type complexes using
potentiometric titrations at 25 'C and I = 0.1 (NaNO 3) (top) and Zn-Cl bond distances in
[Zn(Cl)(TPAX~")]+ type complexes.

Ligand
TPA
TPA -3
Ligand
TPA

pKa
8.08(4)
7.62(9)
6.68(2)
5.99(5)
Zn-Cl distance (A)
2.2754(14)

TPAArn-1

2.2959(7)

TPANP-1

TPAAm- 2

2.323(2)
2.3467(18)

TPANp-2

TPAAm1-1
TPAAr 2

TPAAmn-3

Ligand

pKa

TPANP-

7.74(4)
6.39(7)
7.17()
Zn-Cl distance (A)

TPANp-2
TPANp- 3

Ligand

TPANp-3

2.2806(9)
2.3132(13)
2.2861(7)

2
Rivas and coworkers systematically evaluated the water acidity in [Zn(OH 2)(TPAx-n)]

+

X

(X = Am, Np; n = 0-3) complexes with varying numbers of H-bond donors (Scheme 1.4).18

Compared to the pKa of [Zn(OH 2)(TPA)] 2+ (8.08), the pKa of [Zn(OH 2)(TPAAm-n)]

2

+ decreases

in

the series n = 1 to 3 (Table 1.3). The significant decrease of -1 pKa unit per NH 2 donor added to
the ligand was attributed to the stabilization of the hydroxo species through favorable hydrogen
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bonding interactions. For the neopentylamine series (TPANp-n), however, the same trend is
observed until n = 2 (pKa = 6.39). For n = 3, the pKa rises back to 7.17. The general trend

remains that hydrogen bonding interactions increase the acidity of zinc bound water molecule
and provides an explanation of why zinc proteases such as carbonic anhydrase and thermolysin
contain hydrogen bonding interactions with the zinc bound water molecule.
A similar study by the same group examined the effect of the hydrogen bonding on Zn-Cl
distances using the same ligand series, [Zn(Cl)(TPAX~n)]+ (X

=

Am, Np; n

=

0-3).19 The Zn-Cl

distance in [Zn(Cl)(TPAX~")]+ is 2.2754(14) A. As the number of NH 2 hydrogen bond donors
increases in the [Zn(Cl)(TPAAn-n)]+ series, the Zn-Cl bond distance increases up to 2.3467(18) A
(Table 1.2, bottom). The Zn-N bond opposite that of the chloride ligand similarly decreases from
2.271(3) A for TPA to 2.116(5) A for TPA6' ".3 For the TPANp-n series, the same trend is
observed except for the case of TPANp- 3 (Table 1.2, bottom). This deviation from the trend was
also observed above with [Zn(OH 2 )(TPANp- 3)] 2 +.

Berreau and coworkers compared the coordination of methanol, DMF, NMF, DMSO, and
tetramethylene sulfoxide (TMSO) to zinc complexes supported by a tetradentate N 2 S 2 ligand
system with and without a pendant amine. 2 0 The structural and spectroscopic perturbations in this
system are minimal and therefore the details are not included here.

1.3 Hydrolytic Activity

Another influence that hydrogen bond donors can have in the second coordination sphere
of metal complexes is on hydrolytic activity. Biology utilizes zinc atoms among other metals to
catalyze hydrolytic reactions, for example in phosphatases.2 1 In this section, we discuss works
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that systematically address differences in hydrolytic reactivity with and without the presence of
hydrogen bond donors.
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Scheme 1.5. Binding of phenyl phosphate to zinc-TPA derivatives.

Continuing from the fundamental effects hydrogen bond donors can have on zinc
complexes of TPA and its analogues, the Rivas group examined chemistry of zinc phosphate
complexes. In one study, the binding affmity of phenylphosphate was compared for
[Zn(OH 2)(TPA)] 2+ and [Zn(OH 2)(TPAAm-2)]

2

+

using an NMR spectroscopic titration study

(Scheme 1.5).2 The log Kapp values for the 1:1 complexes were determined to be 3.6(1) and
4.4(1), respectively, in water at pH 7. In the absence of hydrogen bonding interactions, binding
of phenylphosphate

to [Zn(OH 2)(TPA'-2 )] 2 + would be expected to be weaker than

[Zn(OH 2)(TPA)] 2+ because, in the former complex, the 6-amino groups make the pyridine
donors more basic and hence the Zn(II) center is more electron-rich and has lower affinity for
replacement of a water ligand with a negatively charged phosphate ligand. Thus, the
enhancement of phenylphosphate binding in [Zn(OH 2 )(TPAAna) 2 + is attributed to formation of
favorable hydrogen bonding interactions with the bound phosphate. Although interesting, the
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comparison between only two ligands makes it more difficult to make conclusions than for the
study mentioned in the previous section, where seven ligands were compared.
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Scheme 1.6. Catalytic cycle and background reaction of the phosphodiester cleavage of
2-hydroxypropyl 4-nitrophenyl phosphate mediated by a zinc-TPA derivative.
The cleavage of the phosphodiester link in 2-hydroxypropyl 4-nitrophenyl phosphate was
examined for the aqua zinc complexes of TPA and TPAAn- 3 ,2 Scheme 1.6. Rate acceleration
from the metal free (kb) to the zinc mediated reaction (kc) was quantified by the kinetic data.
Under saturating conditions, the rate enhancement was 3 x 106 and 4 x 103 by
[Zn(OH 2)(TPAAnm-3)]

2

+

and

[Zn(OH2)(TPA)] 2+, respectively.

complexes of TPAAI- 3 and TPA is 750-fold.
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Scheme 1.7. Phosphodiester cleavage of bis-p-nitrophenyl phosphate mediated by zinc
complexes supported by DPA derivatives.
The effect of secondary coordination sphere hydrogen bond donors on phosphodiester
cleavage mediated by zinc was investigated by Chin and coworkers (Scheme 1.7).24 The ligands
2
used in this study are derivatives of TPA and TPA n- in which a picolyl group is replaced with

an -(CH 2) 3 0H group. The ligands are labeled as DPAPrOH and DPAPrOH,Am-2, respectively. Zinc

complex formation with zinc nitrate followed by addition of bis-p-nitrophenyl phosphate led to
phosphate ester cleavage at an optimal pH of 9-9.5 (Scheme 1.7). The products were determined
to be p-nitrophenol and the 0-phosphorylated ligand. Comparison of the second order rate
constants at 25 'C in water (4.2 x 10-4 M-1 s-' with DPArOH and 9.7 x 10-2 M~' sDPAPrOH,Am-2)

with

revealed a 230-fold increase in reactivity with the addition of the hydrogen bond

PrAm-2
donors. A third ligand, DPAA, where the alcohol group was removed from DPA

rOH, Am-2

1
showed intermediate reactivity with a second order rate constant of 5.6 x 10-3 M-1 s- . The results

from the third ligand suggest that the hydroxyl group was also important for reactivity, but not as
much as the pendant hydrogen bond donors. It is important to note, however, that the products
for DPAP' Am-2 were p-nitrophenol and p-nitrophenyl phosphate and the removal of the hydroxyl
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group may create a less sterically congested zinc site, which surely would affect the reaction
rates.
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Chart 1.1. Ligands used for systematic studies on the utility of secondary coordination sphere
hydrogen bond donors in phosphate ester hydrolysis in zinc complexes.
Phosphodiester cleavage has also been examined in dizinc complexes. Brown and
coworkers utilized the dizinc complexes of the Li R dinucleating ligand series and compared the
reactivity with 2-hydroxypropyl-p-nitrophenyl phosphate in methanol (Chart 1.1, left).25 The
binding affinity of the organic phosphate to the dizinc complexes did not change significantly as
the number of hydrogen bond donors increased. In particular, the Km for L1H and LlAmd is 7.8 x
10~' and 6.6 x 10-' M, respectively. Also, the Km for LIm' and L1A6n is 2.1 x 10~ 4 and 2.4 x 10~ 4 M,
respectively. Rate constants at 25 *C, kcat, for the L 1R (R - H) series only varied between 3.89(3)
to 7.2(3) s-1 , but in all cases were higher than the parent complex of L1H (0.13(1) -1). Thus,
strong conclusions about hydrogen bonding effects on phosphodiester cleavage reactivity in
these complexes cannot be derived from this study.
A similar study on zinc mediated phosphodiester cleavage used a related ligand series,
R

L2R, that consists of two DPA analogues linked by a phenol (Chart 1.1, right).

26

Dizinc

complexes of the parent ligand L2H were compared to analogues functionalized with two
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hydrogen bond donors installed on either different sides of the phenol (L2Amdl) or the same side
(L 2Amd 2 and L2A). No analogues with hydrophobic substituents were used in this study.
Acetate bound zinc complexes were synthesized and structurally characterized, leading to the
formation

of

[Zn(L2H)(OAc) 2]+,

[Zn(L2An2)(OAc) 2]+.

Kinetic

[Zn(L2Amdl)(OAc) 2]+,
studies

of

the

[Zn(L2Amd 2)(OAc)(OH)]+,

and

hydrolysis

of

phosphoester

bis(2,4-dinitrophenyl)phosphate were performed at 25 *C in 1:1 CH 3CN/buffer solution at pH 7,
9.5, and 11. Catalytic efficiency of the reaction, defined as kcat/KM, increased with the addition of
hydrogen bonding groups. For example, at pH 9.5, the kcat/KM values for [Zn(L2H)(OAc) 2]+,
[Zn(L2 Amd)(OAc) 2]+, [Zn(L2Amd 2)(OAc)(OH)]+, and [Zn(L2Amn 2)(OAc) 2]+ are 0.06, 0.34, 0.15,
and 0.18 x 10- s- mM', respectively. The origin of the increase was explained by increased

affinity of substrate binding, as indicated by comparing KM values. Continuing with the pH 9.5
example, KM

=

80(14), 9(1), 18(2), and 52(4) mM for [Zn(L2H)(OAc) 2]+, [Zn(L2Amdl)(OAc) 2]+,

[Zn(L2And 2)(OAc)(OH)]+, and [Zn(L2A" 2 )(OAc) 2]*, respectively. The increased affinity for
substrate binding with hydrogen bonding donors is consistent with many studies discussed above.
Comba and coworkers also used the L2R system as a model for purple acid phosphatases
with diiron(III) and diiron(II/III) complexes.

The study only compared some properties of the

L2H parent ligand with the diiron(III) case and only minor perturbations of the pKa values and
BDNPP hydrolysis kinetics were observed.
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Figure 1.5. Copper complexes used in a study by Chin and coworkers on phosphatediester
hydrolysis models.
Table 1.4. pKa values and second order rate constants (M-1 s-) for phosphatediester hydrolysis of
BDNPP and 2',3'-cAMP in select copper(II) complexes at 25 *C.
k, 2',3'-cAMP
k, BDNPP
pKa
Species
1.1 x 10-~
3.2 x 10-'
--OH~
5.1(2) x 10-3
5.7(2) x 10-4
8.2
[Cu(Tpy)(OH)]*
6.2(2) x 10-2
8.0(2) x 10-1
7.0
[Cu(Phen e- )(H 20)(OH)]+
3.8(1) x 10
2.0(1) x 10
5.5
[Cu(PhenAn-2)(H 20)(OH)]+
Chin and coworkers evaluated the effect of secondary coordination sphere amine donors
in a series of copper(II) complexes (Figure 1.5).

Specifically, pKa values and second order rate

constants for phosphatediester hydrolysis were measured and the results are summarized in Table
1.4. Addition of the secondary coordination sphere amine groups decreases the pKa by 1.5 units
relative to the methyl analogue. Second order rate constants for the hydrolysis of bis(2,4dinitrophenyl)-phosphate (BDNPP) and 2',3'-cyclic adenosine monophosphate (2',3'-cAMP)
also increased significantly with the addition of pendant amino groups. A 20-fold increase was
observed for BDNPP and a 600-fold increase was observed for 2',3'-cAMP.

53

1.4 Oxidation Chemistry

One of the main goals of biomimetic chemistry is to understand how biology activates
dioxygen in order to oxidize substrates. Hydrogen bond donors in the secondary coordination
sphere of these dioxygen activating metal active sites is a common theme. Likewise, much
scientific research has gone into the development of ligand platforms with pendant hydrogen
bond donors in order to stabilize elusive metal dioxygen adducts. In general, the addition of
hydrogen bond donors has led to stabilization of reactive dioxygen bound intermediates and is
definitely an effective strategy. In this section, however, we will only discuss works in which
systematic variation of the ligand platform provides insight to how the hydrogen bond donors are
effecting the chemistry of the corresponding complex.
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Scheme 1.8. Polynitrogen ligands N4Py, N4Py 2 Ph, and N4Py 2Phamide (top) and variation in
'BuOOH reactivity observed for iron(II) complexes of N4Py 2Ph and N 4 Py2P amide (bottom).

Iron. Goldberg and coworkers reported the synthesis of two new pentadentate
polynitrogen ligands, N 4 Py2 Ph and N4Py,amide, which feature secondary coordination sphere

phenyl groups and a hydrogen bond donor (Scheme 1.8, top).29 The corresponding iron(II)
complexes,

[Fe(N4Py 2Ph)(CH 3CN)](BF 4) 2 and

[Fe(N4Py 2Phamide)](BF 4) 2 displayed different

reactivity toward reaction with tBuOOH. The former complex reacts in the presence of 4-5 equiv
of tBuOOH in CH3CN at rt to yield [Fe(N4PyPhPh)(CH 3 CN)](BF 4 )2, which is a result of ligand
hydroxylation. Involvement of an iron(IV) oxo intermediate, [Fe(O)(N4Py 2Ph)](BF 4)2 , was
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proposed, but such a species could not be trapped even at -60 'C (Scheme 1.8, bottom). In the
case of [Fe(N4Py 2 Phmide)](BF 4 ) 2 , reaction with 10 equiv of 'BuOOH at rt results in the formation

of transient green species, which can be trapped at -30 'C. This species has a Amax value of 606
nm and, upon warming, decays without ligand hydroxylation. Resonance Raman spectra display
v(O-O) and v(Fe-O) vibrations at 876 and 642 cm-'. These values are typical for hs-Fe"'OOR
species. DFT calculations on the proposed intermediate, [Fe(BuOO)(N4Py 2 Ph,amide)]

2

+, Support

the presence of a hydrogen bonding between the amide NH and the alkylperoxo ligand. In
summary, this work shows an example where the addition of a secondary coordination sphere
hydrogen bond donor changes the resulting product of the reaction with tBuOOH. With only two
complexes in this system, not much can be said about the factors that are changing the reactivity,
although presumably the intramolecular hydrogen bonding with a bound alkylperoxo is playing a
role.
A similar ligand was reported from the Goldberg lab where a pyridine of the N4Py is
replaced by an alkylaryl thioether to create the N3PySR ligand. 30 The amide functionalized
analogue, N3Pyaid SR was also prepared to evaluate the effect of a secondary coordination
sphere

hydrogen bond donor (Scheme

1.9,

top).

Corresponding

iron(II) complexes,

[Fe(N3PySR)(CH 3CN)](BF 4)2 and [Fe(N3PyamideSR)](BF 4)2 were prepared and characterized
and resemble the pentadentate system discussed above.

[Fe(N3PySR)(CH 3CN)](BF 4)2 reacts

with 5 equiv of H 2 0 2 at rt to generate a red iron(III) hydroperoxo species assigned as
[Fe(OOH)(N3PySR)] 2+. Curiously, this hydroperoxo species cannot be generated at -40 *C.
[Fe(N3PyamideSR)](BF 4) 2 reacts with 25 equiv H202 at -40 *C to generate a deep purple iron(III)

hydroperoxo species assigned as [Fe(OOH)(N3PyamideSR)] 2+ (Scheme 1.9, bottom). The
assignments were made based on spectroscopic characterization. A UV-vis feature at 542 nm for
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[Fe(OOH)(N3PySR)] 2+ and 567 nm for [Fe(OOH)(N3PyamidSR)] 2 + is consistent with a
hydroperoxo-to-iron(III) LMCT band. The difference in energy for this band is consistent with
perturbation of the hydroperoxo orbitals from hydrogen bonding interactions with the pendant
amide group. Both species displayed axial EPR signals similar to ls-Fe(III)-OOH complexes
reported in the literature. Resonance Raman spectra using 568 nm laser excitation detected both
+

v(0-0) and v(Fe-0) vibrations for the two complexes. The RR spectra of [Fe(OOH)(N3PySR)] 2

show vibrational coupling of the FeOOH unit to the ligand, resulting in multiple resonances; 787
and 809 cm' in the v(0-0) region and 615, 629, 647, and 664 cm 1 in the v(Fe-0) region. Use of
H 2 180 2 produced simplified spectra with 590 and 763 cm-' peaks and the preparation with D 2 0 2

produced spectra with 607 and 809 cm-1 peaks. For [Fe(OOH)(N3PyamidSR)] 2+, the spectra are
simplified, with v( 160- 160) = 800 cm 1 , v(' 8 0_1-0)
180)

=

756 cm-1, v(Fe-1 60)

=

612 cm 1 , and v(Fe-

= 593 cn-. The v(Fe-1 60) stretch was reduced 5 cm' to 607 cm- 1 when D 0 was used, and
2
2

the authors attributed the difference to a hydrogen bonding interaction of the Fe-O oxygen with
the amide N-H, the latter of which may be deuterated when D 2 02 is used. Alkylperoxo species
were also generated. [Fe(N3PySR)(CH 3CN)](BF 4)2 reacts with 10 equiv of 'BuOOH at -40 *C to
generate a deep blue iron(III) tert-butylperoxo species, [Fe( t BuOO)(N3PySR)] 2+. Similarly,
[Fe(N3PyamideSR)](BF 4)2 reacts with 10 equiv of 'BuOOH at -40 *C to generate a deep blue
iron(III) tert-butylperoxo species, [Fe(tBuOO)(N3PyamideSR)] 2 +. The alkylperoxo-to-iron(III)
LMCT

bands

occur

at

[Fe(tBuOO)(N3PyaideSR)]

2

600
+,

nm

and

620

nm

for

[Fe( t BuOO)(N3PySR)] 2+ and

respectively. Similar to the hydroperoxo species, the addition of

the secondary sphere amide hydrogen bond donor causes a red-shift in the LMCT band, which
supports the presence of a hydrogen bond with the alkylperoxo species. EPR produced similar
spectra to that of the hydroperoxo analogues. RR spectra using 647 nm laser excitation show
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v(O-0) = 796 cm~1 and v(Fe-0) = 700 cm~1 for [Fe( t BuOO)(N3PySR)] 2+ and v(0-0)

=

796 cm~1

and v(Fe-0) = 691 cm~ 1 for [Fe('BuOO)(N3PyamideSR)] 2+. In terms of hydrogen bond donor
influence on the chemistry, only a shift in the LMCT band can be confidently concluded. The
text of the paper suggests that the stability of the peroxo complexes is increased by the pendant
amide, however no data was presented in support of this claim.
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Scheme 1.9. Polynitrogen ligands N3PySR and N3PymideSR (top) and variation in ROOH
reactivity observed for iron(II) complexes of N3PySR and N3Pylde SR (bottom).
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Scheme 1.10. Varying 02 chemistry of cobalt(II) complexes from the Borovik lab which feature
varying number of secondary coordination sphere hydrogen bond donors.
Cobalt. A series of cobalt(II) complexes with varying number of hydrogen bonding
donors were prepared in the Borovik lab (Scheme 1.10).8 The tripodal scaffold supports three
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arms consisting of either a tert-butylurea or N-isopropylamide unit. Using Co(OAc) 2 and 3 equiv
of KH, cobalt(II) complexes of the form K[Co(HLnUrea,( 3 -n)iPrA)] (n = 0-3) can be prepared and all
complexes can be isolated in pure form except when n = 3. For the pure complexes, the anodic
potential, Epa, for the Co"/Co"' redox couple varies linearly with n, from -385 mV in
[Co(H 2L2 UreaiPrA -] to -240 mV in [Co(HLUrea, 2 iPrA)]- and -155 mV in [Co(L 3iPrA)T-. The trend is

consistent with greater electron donation from the deprotonated amides compared to the
deprotonated ureas. In addition to the electronic explanation, the secondary coordination sphere
hydrogen bond donors may reduce the anodic potential by stabilizing the cobalt(III) product
through interactions with axial ligands that likely bind after oxidation. Reaction with dioxygen
varies with n as well. [Co(H 3L3Urea)]- reacts with 0.5 equiv of 02 at rt in DMA to form
[Co(OH)(H 3LUrea)V in 78% isolated yield. Similarly, [Co(H 2L 2 UreaiPrA)] - reacts with 0.55 equiv
of 02 at rt in DMA to form [Co(OH)(H 2L 2 UreaiPrA)- in 94% isolated yield. However,

[Co(HLUrea,2 iPrA) - does not reaction under the same conditions, but under conditions of excess

Eventually, the 02 adduct converts irreversibly into a species assigned as [Co(OH)(HLUrea, 2 iPrA

-

oxygen, reversibly forms an 02 adduct, [Co(O 2 )(HLUrea, 2iPrA)-, supported by EPR experiments.

based on spectroscopic comparison to related products above. Finally, the compound that lacks
the urea units, [Co(L 3iPrA)-, does not react with 02 under the same conditions. The difference of
reactivity in these complexes cannot be solely explained by the variation in redox potentials. For
n > 0, the ligand scaffold may support 02 binding by the availability of hydrogen bonding
interactions. [Co(L 3 iPrA)]- is the only species which cannot bind 02 and is also the only complex
without any hydrogen bond donors in the secondary coordination sphere. The hydrogen bond
donors also appear to stabilize the Col"'-OH products. [Co(OH)(H 3L 3 Urea)]~ is reported to be
stable for weeks in solution, but [Co(OH)(HLUrea, 2 iPrA)- has a half-life of 5 h in solution. The
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addition of hydrogen bond donors that interact with the OH groups clearly add to the stability of
the Co"'-OH product. The origin of the stability may be due to decreased nucleophilicity of the
hydroxide ion or by creating a rigid cavity through a hydrogen bonding network. Thus, the study
concludes that the addition of hydrogen bond donors may facilitate the reaction with 02 through
stabilization of the oxidation product.
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No coordination based on
FTIR data
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[Ni(TPAPiv- 2)(RCO 2 )]+
Scheme 1.11. Secondary coordination sphere hydrogen bonding effects on H 2 0 binding in
nickel(II)-TPA derivatives.
Nickel. Berreau and coworkers compared the nickel chemistry of the TPA Ph-2 and TPAPIv
2

ligands relevant to nickel acireductone dioxygenases.3 1 3, 2 In preliminary work, they found that

[Ni(TPAPh-2 )(RCO 2 )]C10 4
2

complexes

could

coordinate

H2 0

to

form

[Ni(TPAPh-

)(RCO 2 )(H 2 0)]C10 4 with a simultaneous shift in the carboxylate coordination mode from
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bidentate to monodentate (Scheme 1.11).31 Hydrogen bonding interactions are present between
the pendant amide NH groups with the bidentate carboxylate. These later complexes feature
hydrogen bonding interactions between the water molecules and the non-coordinating
carboxylate oxygen. The analogous [Ni(TPAPiV-2)(RCO 2)]C10 4 complexes did not coordinate
water based on solution FTIR experiments. The difference in the water coordination capabilities
may be attributed to stabilization of the carboxylate bidentate coordination mode through
hydrogen bonding interactions in TPAPI-
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R

OHR

180
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[Ni(TPAR-2)(RCO 2)+

[Ni(TPAR-2)(PhC(O)C(OH)C(O)Ph)]+

Scheme 1.12. Reaction of nickel(II) enolate complexes with 02 as models for nickel
acireductone dioxygenases.
In a later report, the same lab compared the 02 reactivity of related enolate bound
nickel(II)

complexes,

[Ni(TPAPiv 2)(PhC(O)C(OH)C(O)Ph)]C10

[Ni(TPAPh-2)(PhC(O)C(OH)C(O)Ph)]C10
32
4.

4

and

Both complexes react with 02 to undergo C-C

bond cleavage, producing CO, benzoic acid, and the corresponding benzoate complexes,

[Ni(TPAPh- 2)(PhCO 2)]Cl0 4 and [Ni(TPAPi- 2)(PhCO 2)]C10 4 (Scheme 1.12). When 1802 was used,
the complex with amide hydrogen bond donors produced higher 180 incorporation to one of the
benzoate and benzoic acid oxygen atoms (87% and 81% respectively) then that of the TPAPh-2
analogue (64% and 59% respectively). The difference in 180 incorporation was attributed to
different reactivity pathways, but it is unclear whether the difference is due to steric differences
between the phenyl groups and tert-butylamide groups or from hydrogen bonding interactions. A
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larger series of analogues, such as TPAPh,Piv and TPANP-2 , would be useful to figure out the origin
of the difference.
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Scheme 1.13. Preparation of copper(II) hydroperoxo species with and without a hydrogen
bonding donor to the P-oxygen of the end-on hydroperoxo.
Copper. Masuda and coworkers utilized their family of TPA and related ligands to
complexes with varying secondary

compare the stability of copper(II) hydroperoxide
coordination sphere.,3 3

34

One study compared two tetradentate ligands consisting of a DPA

fragment connected to an NN-diethylethyleneamine (DPAEt 3 N) or a similar chain with a tertbutylamide donor (DPAHond) as seen in Scheme 1. 13.

The corresponding copper(II) complexes,

[{Cu(DPAEt 3N)}3 (CO 3 )](C0 4 ) 4 and [Cu(DPAHBond)](Cl0

)

4 2

react with excess H2 02 in the

presence of Et3N at -40 'C to form copper(II) hydroperoxo complexes, assigned as
[Cu(DPAEt 3N)(OOH)](C10 4) and [Cu(DPAHBond)(OOH)](C10 4). The hydroperoxo to copper
LMCT band in CH30H is the same for both complexes (369 nm), but in CH3CN, the Amax values
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are 372 nm for [Cu(DPAEt 3N)(OOH)](C10 4) and 381 nm for [Cu(DPA HBond)(OOH)](C0 4 ). EPR
parameters for both complexes support trigonal bipyramidal geometry and end-on peroxo
coordination. It is believed that the hydrogen bond donor with the DPAHBond ligand hydrogen
bonds to the

p-oxygen

of end-on copper(II) hydroperoxo oxygen atom, although definitive

evidence is absent. Parent [M]+ ions were also detected in ESI-MS. Resonance Raman spectra
were obtained with 406.7 nm laser excitation. Weak v(O-0) resonances were detected at 848
cm~1 for [Cu(DPAEt 3 N)(OOH)](C10 4 ) and 853 cm-' for [Cu(DPAHBond)(OOH)](C0

4

). The v(O-

0) resonances shift to 803 and 807 cm~1, respectively, when using H2 180 2 . The thermal
decomposition rates for the two complexes were measured in CH 3CN and CH 30H at -30 *C. In
CH 3 0H, the

decomposition

rate constants,

kobs,

for

[Cu(DPAEt 3N)(OOH)](Cl0 4) and

[Cu(DPAHBond)(OOH)](ClO 4) were measured to be 2.0(3) x 10-3 min-1 and 3.5(2) x 10-3 min-1,
respectively. Thus, in CH 30H, the hydrogen bond donor only slightly increases the rate of
decomposition. In CH3CN, kobs

=

7.3(6) x 10-3 min-' for the DPAEt 3 N system and

kobs =

2.4(2) x

102 min~1 for the DPAHBond system, showing an order of magnitude increase in decomposition
rate with the presence of the hydrogen bond donor. The minor difference in CH 30H is attributed
to the ability for CH30H molecules to disrupt the hydrogen bonding network. In conclusion, this
work suggests that hydrogen bonding to the

P-oxygen

of end-on copper(II) hydroperoxo oxygen

atom facilitates activation of the hydroperoxo group.
Another series of TPA ligands was utilized to address hydrogen bonding to the a-oxygen
of end-on

copper(II)

hydroperoxo

species

(Scheme

1.14).34

The

series

compares

[Cu(TPA)(OOH)]+ with no hydrogen bond donors with [Cu(TPA Am 2 )(OOH)]+ with two amine
donors and [Cu(TPAPiv-2)(OOH)]+ with two tert-butylamide donors. The latter complex has been
characterized by X-ray crystallography.

64

72+

7 +
HNH

H 20 2

NH,

/x

OH

[Cu(TPA)(OH 2)] 2

[Cu(TPAAm- 2 )(OH)]+

rt

0
0

/

,]+

CH 3 CN

XS

H

+

[Cu(TPAPIV

2

NH1

10 equiv
H20 2

CH3CN
-40OC

HNH2 NH

OH

10 equiv
H202

CH 3CN
-40 OC

2 equiv
Et3 N

7+

NH

OH

/OH

''''N

[Cu(TPAPiv-2 )(OOH)]+

[Cu(TPAAm- 2)(OOH)]+

[Cu(TPA)(OOH)]+

Scheme 1.14. Preparation of copper(II) hydroperoxo species supported by TPA derivatives with
and without a hydrogen bonding donor to the a-oxygen of the end-on hydroperoxo.
All three complexes exhibit a hydroperoxo to copper LMCT band from 379-380 nm and
EPR parameters suggest trigonal bipyramidal geometry as supported by the crystal structure of
[Cu(TPAPy 2)(OOH)]C10 4." Resonance Raman spectra obtained from 406.7 nm laser excitation
show v(0-0) resonances from 847 cm~ 1 with TPA, 854 cm 1 with TPAArn-2, and 863 cm' with
TPA

i-2.

The v(0-0) resonances shift to lower energy with

180

labeling and the energy values

are consistent with peroxo species. Notably, there is a correlation between the v(0-0) resonance
frequency and the presence or strength of the hydrogen bond donor, with the strength of
hydrogen bond donor correlating with the strength of the 0-0 stretching frequency. The v(Cu-0)
resonances show the inverse trend, where the strength of the hydrogen bond donor decreases the
strength of the Cu-0 bond. The rates of thermal decomposition of the copper(II) hydroperoxo
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species were measured. [Cu(TPA)(OOH)]+ decomposed at -40 'C with a rate constant of kob,

=

1.55 x 10- s-', which corresponds to t112 = 7.5 min. [Cu(TPAAn-2)(OOH)]+ is stable at -40 *C, but
decomposes at rt with a rate constant of kbsS

=

3.37 x 10-4 s-1, which corresponds to ti 2 = 34.3

min. [Cu(TPAPiv 2)(OOH)]+ remains thermally stable at rt. These data suggest that the hydrogen
bonding to the a-oxygen of end-on copper(II) hydroperoxo oxygen atom stabilizes the
hydroperoxo unit. This result is in contrast to the prior study discussed above with hydrogen
bonding to the P-oxygen of end-on copper(II) hydroperoxo oxygen atom. From the works of
Masuda and coworkers, we can be sure that hydrogen bonding to the a-oxygen and

P-oxygen

of

an end-on peroxo can lead to opposing effects on the chemistry of the metal peroxide species.
Masuda and coworkers also prepared a series of u-1,2-peroxodicopper(II) complexes
supported by the TPAn"n ligand series, including TPA.1 5 The copper(I) starting materials
supported by these TPA derivatives were not stable and were prepared in situ before forming the
p-1,2-peroxodicopper(II) species, [{Cu(TPAAn-n)} 2(0 2)] 2+, by reaction with 02 at -75 'C. The
corresponding products have 0, 2, 4, or 6 hydrogen bond donors in the secondary coordination
sphere, which should hydrogen bond with the peroxide unit (Scheme 1.15). Support for the
formation

of

the

complexes

was

obtained

from

ESI-MS

measurements

of

[{Cu(TPAAmn 2)} 2 (0 2 )] 2 + and [{Cu(TPAAm-3 )} 2 (0 2 )] 2 + in which the [M] 2 + parent ion was detected

and increases by two units when the

1802

analogue is generated. As the number of hydrogen

bond donors increase, the Ama of the LCMT bands shift. The Am for the iE*-+d CT band shifts
from 525 nm with TPA, to 500 nm with TPAAm-1, to 474 nm with TPAAn, to 449 nm with
TPAAn-3. The Am for the nv*--d CT band shifts in the opposite way, from 590 nm with TPA, to
595 nm, 660 nm, and 684 nm, respectively for n = 1-3. The shifts in the CT energy bands may
arise from perturbations to the peroxide a* orbitals generated from the hydrogen bonding
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interactions with the pendant amine groups. Resonance Raman was used to obtain v(0-0) and
v(Cu-0) stretching frequencies. The v( 160-1 6 0)/v( 18 0- 18 0) values were determined to be 832/788,

847/800, 858/812, 853/807 cm-1 respectively for TPA and TPAAmn-n (n

=

1-3). A minor species

with values of 819/776 cm-1 was observed for [{Cu(TPA~m-3 )} 2(0 2 )] 2+ possibly corresponding to
a minor isomer. EPR and structural data on [Cu(TPAx- 3 )(X)]+ complexes show that having three
pyridine 6-position substituents causes the geometry to change from trigonal bipyramidal to
square pyramidal. Additionally, a correlation between the number of hydrogen bonds and the
peroxide 0-0 bond strength is observed from 0 to 4 hydrogen bond donors, but does not
correlate with 6 hydrogen bond donors. Correlations were not observed in v(Cu-0) stretching
frequencies. In comparison to [Cu(6-Me 3TPA)]+, which does not react with 02, it is arguable that
favorable hydrogen bond formation overrides steric repulsions that would otherwise destabilize
the formation of the peroxo species. The thermal decay rate constants, kdec, of the complexes
with 2, 4, and 6 hydrogen bond donors were measured to be 390, 100, and 1 x 104 srespectively. These data indicate that as the number of hydrogen bond donors increase, the
peroxide complex is stabilized.
2+
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X

2

CH 30H
-75 *C

/

\u---N

N
+

[{Cu(TPAAm-n)} 2 (0 2)] 2

Scheme 1.15. Synthesis of -1,2-peroxodicopper(II) complexes supported by TPAAm-n ligands
from copper(I) starting materials.
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TPA(CH2)O(CH3); R = CH 2 0CH 3

TPAQuI"

[{Cu(TPAX)}2(02)TP2+i

)

TPANH2(CH3); R = NH(CH 3
TPA(CH 3 ); R = CH 3

Group 11
N

CNNN

N

2

+

Forms:
[{Cu(TPAX)} 2 (O) 2

TPAtBuC6H4; R = 4-tBu-C 6H4
TPAPh; R = Ph
TPAN(CH3) 2 ; R = N(CH 3 )2
TPAN(Ph)2; R = N(Ph) 2

Chart 1.2. TPA derivatives used by the Karlin lab in the study comparing ligand substituents on
02 reactivity with Cu(I) complexes.
Work by Karlin and coworkers showed that the formation of a p- 1,2-peroxodicopper(II)
complex from copper(I) TPA derivatives over that of a di-pu-oxodicopper(III) species originates
from the size of a 6-position substituent on a single TPA pyridine ring (Chart 1.2).36 They
prepared [{Cu(TPANH(CH 3 ))} 2 (0 2 )] 2 + and observed similar spectroscopic effects to the TPAAm-n

system above. Namely, addition of the hydrogen bond donor produced a blue shift in the Amax for
the ie*--d0 CT band, a red shift in the Amax for the ,*-*do CT band, and a strengthened the 0-0
bond as inferred from resonance Raman data. Similar complexes with 6-position substituents
without hydrogen bond donors ([{Cu(TPA(CH 2)O(CH3))} 2(0 2)] 2+, [{Cu(TPACH 3 )} 2(0 2 )] 2+, and
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[{Cu(TPAuin)} 2 (0 2 )] 2 +) showed the opposite shifts in UV-vis peaks, which further supports that
the hydrogen bond donors play a role in the interaction with the peroxo unit.
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2
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CH30H

H

CH3H

-

HoH

no rxn

40 OC

[Cu(TIMA)(OH)]

TIMA

Scheme 1.16. Comparison of H2 02 reactivity of copper(II) hydroxo complexes supported by the
Buchanan polyimidazole ligand with or without pendant hydrogen bonding donors.
A similar ligand system was reported to study the utility of secondary coordination
sphere hydrogen bond donors on the formation of copper(II) hydroperoxo species.

Instead of

TPA, Buchanan and coworkers used a polyimidazole tripod, TIMA, and an analogue with two
pendant pivalamido groups, TIMAPiV~ 2 , to support their copper complexes; similar to TPA and
TPApiV-2.

The corresponding copper(II) hydroxo species were used as precursors to generate

copper(II) hydroperoxo species. In this system, only the TIMAPI-

2 supported

copper(II) complex

was reported to generate the hydroperoxo species and no reaction was observed in the case of
TIMA, which has no pendant hydrogen bond donors. Support for the formation of the
hydroperoxo species, [Cu(TIMAPiv- 2)(OOH)]+, comes from UV-vis and resonance Raman
spectroscopies. The difference in reactivity is attributed to the presence of the pendant hydrogen
bonding donors in TIMAPI-

2

vs. TIMA, but with only two complexes to compare, it is difficult to

discern the role of the hydrogen bond donors. Regardless, the study suggests that the hydrogen
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bond donors increase the stability of the hydroperoxo species and is consistent with the
systematic studies by Masuda and coworkers discussed above.

1.5 Summary and Prospective

Generally, hydrogen bond donors in the secondary coordination sphere of metal
complexes hydrogen bond with metal bound ligands. Albeit weak, the hydrogen bonding
interactions decrease dissociation constants with ligands that are good hydrogen bond acceptors.
Positioning and size of the hydrogen bond donor is important to note as steric effects can
counteract the beneficial increase in bonding affinity. Nonetheless, increasing the ligand binding
affinity of a substrate of interest allows for an enhancement of reactivity as seen by phosphate
ester hydrolysis studies as well as Borovik's systematic cobalt(II) series.
Considering only the primary coordination sphere of a metal complex, an increase in M-L
bond distance of a monodentate ligand is related to a decrease in M-L bond strength and an
increase in the ligand dissociation constant. This correlation does not hold when considering
secondary coordination sphere interactions. We have seen with examples above that when
favorable hydrogen bonding interactions to a metal bound ligand are added, the dissociation
constant of the ligand decreases as the M-L bond distances increases. As the M-L bond distance
increases, charge is removed from the metal center, making the metal center more cationic. The
increased positive charge on the metal center results in a positive shift in the redox potential of a
redox active metal. The combination of inducing tighter binding of a ligand and increasing the
redox potential of the metal is certainly a special property secondary coordination sphere
hydrogen bonding offers. For non-redox related chemistry, such as hydrolytic chemistry, the
hydrogen bonding interactions may reduce the nucleophilicity of the bound ligand. However, for
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water derived ligands, hydrogen bonding interactions increase the acidity of metal-bound water
by stabilizing the corresponding hydroxide ligand. In such cases, the more nucleophilic
hydroxide ligand may be made available at lower pH. The lowering of pKa values in phosphatase
models by hydrogen bonding interactions generally produces increased reactivity.
One of the most challenging areas of biomimetic chemistry is small molecule activation,
such as the activation of 02 in order to oxidize strong C-H bonds. Hydrogen bonding interactions
are commonly involved in dioxygen activation, but in some cases lead to reversible 02 binding.
Interesting results were found in the Masuda copper(II) hydroperoxo systems, where hydrogen
bonding to the a-oxygen increases the stability of the hydroperoxo adduct, but in a related
system, hydrogen bonding to the

P-oxygen

decreases the stability of the hydroperoxo adduct. It

is unclear whether or not this is a general trend for hydroperoxide complexes. Interactions of the
hydrogen bond donors with the dioxygen adduct clearly perturbs the orbital energies, as shown
by alternations in 0-0 bond energy shifts as well as energy shifts in LMCT bands. Perturbation
of the orbital energies of dioxygen is surely plays a role in its activation. Hydrogen bonding
interactions can also change the course of dioxygen activation as seen in Goldberg's
N4Py2Ph,amide system.
In summary, we know enough about hydrogen bonding interactions in the secondary
coordination sphere of metal complexes to understand and make predictions about fundamental
properties of a metal complex, such as redox potential, ligand binding affinities, and ligand
acidity. For small-molecule activation, our understanding is still very limited. To understand this
chemistry, we need to develop systems in which we can systematically modify the ligand
platforms to contain one, many, or no hydrogen bonding donors or various strengths, with
keeping steric factors constant. Of course, such work is much easier said than done, and will
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require clever chemists to design easy to prepare ligand platforms that maintain the desired
complexity.
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Chart 1.3. H 2 X 2 PIM ligand with labelling of the diiron binding pocket as well as the extra
binding pocket (left) and the H 3PIM2 ligand (right).
A promising new strategy for studying secondary coordination sphere effects in dinuclear
systems is the use of dinucleating macrocyclic ligands. Our work synthesizing biomimetic
diiron(II) models for hydroxylase of MMO (MMOH) has led to the synthesis of a macrocyclic
ligand, H 2PIM (Chart 1.3, left), 38 which supports the formation of diiron(II) complexes that
match the complex primary coordination sphere of MMOH. The ligand features an extra binding
site, defined by the pocket between the diiron binding site and the dibenzyl ether backbone. In
this extra binding site, small ligands, such as CH 3CN, DMF, NMF, H2 0, CH 30~, and N 3 ~, can
bind the diiron(II) center. We have designed and synthesized an analogous ligand, H3 PIM2,
which features a secondary coordination sphere hydroxyl group, much like that of the threonine
in MMOH and TOMOH (Chart 1.3, right). This thesis starts from the basic chemistry of the PIM
system. Chapter 2 evaluates the solution behavior of diiron(II) PIM complexes using VT 1 9FNMR spectroscopy. Chapter 3 explores the dizinc analogues of the diiron(II) PIM complexes.
Chapter 4 communicates the development and comparative study of the HPIM2 system. From
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these results, we believe that the PIM system shows that using a macrocyclic framework can help
create complicated molecules with relative ease in order to study secondary coordination sphere
effects in dinuclear systems. Afterwards, two studies related to diiron chemistry are reported. In
chapter 5, the reactivity of a diiron(II) complex with NO to produce a dinitrosyl-triiiron complex
is presented and in chapter 6, the solution dynamics of a carboxylate bridged dizinc complex and
its relevance to the solution behavior of carboxylate bridged dinuclear complexes is discussed.
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CHAPTER 2: '9 F NMR Study of Ligand Dynamics in
Carboxylate-Bridged Diiron(II) Complexes Supported by a
Macrocyclic Ligand
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2.1 Introduction

Biology utilizes enzymes with carboxylate-bridged diiron centers to catalyze difficult
transformations such as methane oxidation by methane monooxygenase (MMO).

These diiron

centers typically have an asymmetric arrangement of ligands that is conserved across the
superfamily of bacterial multicomponent monooxygenases (BMMs) (Figure 2.1)." In general,
two nitrogen donors from histidine bind to the diiron unit in a syn fashion with respect to the
diiron vector. The bridging carboxylates adopt different coordination modes. In the reduced state
of the MMO hydroxylase component (MMOHred), one carboxylate bridges in a symmetric pi':'

fashion and the other in an asymmetric p-ql:q2 mode. In the oxidized form of the enzyme,

MMOHX, the latter carboxylate shifts into a monodentate terminal position. This alteration in
the carboxylate bridging mode, or carboxylate shift,2 is proposed to be mechanistically important
based on both biological! and synthetic model studies' 1 1 (Scheme 2.1).
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Figure 2.1. Graphical representations of the oxidized (left) and reduced (right) MMOH active
sites. The green coloring highlights a carboxylate shift in Glu243 between the two structures.

Efforts to replicate the chemistry of MMOH using small molecules have been
reviewed.-"1

The rational synthesis of carboxylate-bridged dinuclear metal complexes is

challenging, owing to the propensity of these ligands to form polymers. Reliable strategies
involve the use of sterically demanding ligands such as m-terphenyl carboxylates or dinucleating
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ligand frameworks. A variety of binding modes are possible for carboxylate-bridged diiron
complexes. In the solid state structure of [LFe 2(OAc 3)]-2MeCN, where L is a bis-tetradentate
pyrazolate, all carboxylate binding modes in a dinuclear system were observed within two
molecules in the asymmetric unit in the crystals.L Moreover, the solution structures of these
complexes may differ from those in the solid or may switch between multiple conformations. For
example, '9 F NMR spectroscopic studies of [Fe 2 (Ar4 F-PhCO 2 ) 4 (THF)2 ]

(Ar4F-Ph

=

2,6-bis-4-

fluorophenylphenyl) revealed an equilibrium between doubly and quadruply bridged forms, with
"

conversion to the quadruply bridged form below -60 *C.
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Scheme 2.1. The carboxylate shift in diiron complexes.

Previously, our lab reported two diiron(II) complexes, [Fe 2(PIM)(Ph 3CCO 2)2] (1) and
[Fe 2 (PIM)(ArTO'CO 2 ) 2] (2) (ArTo

= 2,6-bis-tolylphenyl),

supported by the dinucleating

macrocyclic ligand, H2 PIM (Scheme 2.2, inset).) Together with bulky carboxylate ligands, the
PIM2- macrocycle enforces geometries in diiron(II) complexes featuring syn-N coordination and
asymmetric carboxylate bridging modes, closely resembling that in MMOHred. Complexes 1 and
2 were characterized by X-ray crystallography, M6ssbauer spectroscopy, UV-Vis, EPR, and
NMR spectroscopy, and by cyclic voltammetry. Reaction of 2 with AgClO 4 produced the
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diiron(III) complex, [Fe2 (u-OH) 2 (Cl0 4 )2 (PIM)(ArTolCO 2 )Ag] (3), and reaction of 2 with AgSbF 6
formed a species believed to be the tetrairon(III) complex, [Fe 4 (U-F) 6(PIM) 2 (ArT41CO 2 ) 2 ], which

was not fully characterized. When 1 was allowed to react with 02, three iron(III) species were
observed, two of which were identified as [Fe 2 (-OH)(PIM)(Ph 3CC0 2)3] (4) and [Fe 4 (pOH) 6 (PIM) 2 (Ph3 CCO 2 ) 2] (5). The reaction of 2 with 02 produced a mixture of [Fe 2 (u-

0)(PIM)(ArolCO 2 ) 2] (6) and [Fe 2(p-OH)2 (PIM)(ArToIC0 2 ) 2] (7), complexes that resemble the
resting diiron(III) state, MMOHOX, of MMO. When 6/7 further reacted with water, [Fe 4 (pOH)6 (PIM) 2(AroICO 2) 2] (8) formed.
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Scheme 2.2. Summary of chemistry reported for 1 and 2. The macrocyclic ligand,

H2 PIM, is

depicted by colored oxygen atoms (red) and nitrogen atoms (blue). The full ligand is depicted in
the upper right corner.

With rare syn-N asymmetrically carboxylate-bridged diiron(II) complexes 1-2 in hand,
we sought to understand their solution dynamics by applying NMR spectroscopy. Because of
their paramagnetism, however, 1 and 2 are not well suited for such a study. We therefore
introduced fluorine atoms as 9' F NMR spectroscopic handles by modifying the macrocyclic
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H 2PIM ligand to create H2F 2PIM, and introduced the fluorinated terphenylcarboxylate, Ar 4 F
PhCO 2 H,

which we used previously to investigate the dynamics of the diiron(II) tetracarboxylate

complexes as mentioned above. With these ligands, we prepared three new diiron(II) complexes,
[Fe2 (PIM)(Ar 4 F-PhCO 2) 2] (10), [Fe 2(F 2PIM)(ArrolCO 2) 2] (11), and [Fe 2 (F 2 PIM)(Ar 4 F-PhCO2 ) 2]

(12). Their solution dynamics were probed by using VT 19F NMR spectroscopy.

2.2 Experimental Methods

General Considerations. Chemicals were purchased from commercial sources and used as
received. Solvents were saturated with argon, purified by the passage through two columns of
activated alumina, and stored over 3 A molecular sieves in an MBraun dry box. (2-Hydroxy-5methylphenyl)boronic acid, (2-hydroxy-5-fluorophenyl)boronic acid, H2 PIM, ArTolCO 2 H, Ar4FPhCO 2 H,

compounds L4a, and 2, were prepared according to published procedures. 16- 8 All

manipulations of air sensitive compounds were performed in an MBraun dry box. A
ThermoNicolet Avatar 360 spectrometer was used to obtain IR spectra and the data were
processed with the OMNIC software. Melting points were obtained with a Stanford Research
Systems OptiMelt. NMR spectra were recorded on either a 500 MHz Varian Inova spectrometer
or a 300 MHz Varian Mercury spectrometer. 1H and

13 C

spectra were referenced to residual

solvent peaks. 1 9F spectra were referenced to CFCl 3 (0.00 ppm). VT-NMR between 308 and 178
K were performed on a 500 MHz Varian Inova spectrometer. Reversibility of the VT-NMR
experiments was confirmed by comparing initial and final spectra at room temperature. "Fe
M6ssbauer spectra were obtained on a WEB Research Co. MSI spectrometer with a
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Co source

in Rh matrix. Solid samples were pulverized and suspended in Apiezon M grease inside a nylon
sample holder and corresponding spectra were obtained at 80 K. Isomer shift values (6) were
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referenced to metallic iron foil and spectra were fit to Lorentzian lines using the WMOSS
program.
X-Ray Data Collection and Refinement. Single crystals of H 2PIM, H 2F2 PIM, and 10-12,
were coated with Paratone oil and mounted onto a Bruker SMART APEX CCD X-ray
diffractometer using Mo Ka radiation. Data collection was performed at 100 K and the
diffractometer was controlled with the APEX2 (v. 2010.1-2) software package.-

Data reduction

was performed with SAINT- and absorption corrections with SADABS.- XPREP- was used to
determine the space group through analysis of metric symmetry and systematic absences. Initial
solutions were determined using direct methods and refinement was performed with either the
SHELXL-97 software package or SHELX-2014 using full-matrix least squares refinement on
F

.-

PLATON- was used to check for higher symmetry. Non-hydrogen atoms were refined

anisotropically. Hydrogen atoms were fixed at idealized positions using a riding model except
for the hydroxyl protons, which were located in the electron density maps and refined semi-free
using distance restLaints appropriate forl 1U

-. ivetiyi group hydrogen atoms were handled on a

case-by-case basis. When maxima for methyl group hydrogen atoms could be observed in the
electron density, the torsion angle was determined by a difference Fourier analysis followed by a
rigid group refinement. In other cases, the methyl groups were modeled to an idealized
disordered methyl group, with two sets of hydrogen atoms at 50% occupancy, rotated relative to
each other by 600. The hydrogen atom isotropic displacement parameters were fixed to 1.5
(methyl) or 1.2 (non-methyl) times the U value of the atom to which they are bound. Distance
similarity restraints and anisotropic displacement parameter restraints were placed on disordered
atoms. Ellipsoid plots and other X-ray structure graphics were generated with Mercury CSD 3.3.
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Table 2.1. X-ray Data Collection and Refinement Parameters for H 2 PIM, H2 F2PIM, and 10.
Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

H 2PIM

H2 F2PIM

C 42H34N 20 5S -(CH 2C 2 )0 .12 7
(C 3H60) 0 .873

C 40H 28F2 N2 0 5S -(CHCl 3) 1.0 75

740.25
100(2)
0.71073

842.87
100(2)
0.71073

Orthorhombic
P2 12 12 1

Monoclinic
P2 1/c

(C6H6)0.20(C5HiO)0.225

c

b = 14.415(3) A
c = 42.946(8) A

Unit cell dimensions

7404(2)

F(000)

3114
0.58 x 0.21 x
1.49 to 27.31
-15<=h<=15

)

)

Volume (A 3
Z
Calculated density (g/mm 3
Absorption coefficient
(mm-)

)

Crystal size (mm3
E range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0
Absorption correction
Max. and min. transition
Data / restraints / parameters
2
Goodness-of-fit on F

Final R indicies
[I>2a (I)]
R indicies (all data)
Flack parameter
Largest diff. peak and hole

=

18.1763(16) A

P = 90.0110(10)

(C 5H 12)0.623

0

100(2)
0.71073
Monoclinic
P2 1/c
a = 19.2065(12) A
b = 13.5135(8) A
c = 27.8480(17) A

P = 99.2830(10)

8
1.328

7984.9(12)
8
1.402

7133.2(8)
4
1.453

0.159

0.355

0.612

3458
0.44 x 0.18 x 0.04
1.62 to 29.620

3199
0.43 x 0.24 x 0.10

0.19

-17<=h<=17

-18<=k<=18

-48<=k<=48

-55<=l<=55

-25<=l<=25
172747

133257
16578

99.5%
Semi-empirical

Semi-empirical

0.7370 and 0.6546
22377 / 387 / 1142
1.055

0.7459 and 0.6856
19473 / 28 / 966
1.150

RI = 0.0581,
wR2 = 0.1343
RI = 0.0830,
wR2 = 0.1475

RI = 0.0722,
wR2 = 0.1827
RI = 0.0932,
wR2 = 0.1934

0.819 and -0.731

1.461 and -1.539

[R(int) = 0.0893]
99.4%
Semi-empirical

[R(int) = 0.0664]

0.7455 and 0.6159
16578 / 44 / 1005
1.104
RI = 0.0721,
wR2 = 0.1937
RI = 0.0827,
wR2 = 0.2000

1.68 to 29.44*
-25<=h<=26
-18<=k<=18
-38<=l<=38

145354
19473
[R(int) = 0.0513]
98.5%

22377

0.02(9)
0.976 and -0.504

)

(eA 3

b = 34.957(3) A

A

-(CH 2C 2) 1.379
1560.44

a = 12.5668(11) A
a= 11.961(2)

10
[Fe 2C8 oH 54 F4N 20 9 S]
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Table 2.2. X-ray Data Collection and Refinement Parameters for 11 and 12.
11

12

Empirical formula

[Fe 2 C 82 H 60 F 2 N2 O 9 S]

[Fe2 C78 H 48F6 N2 0 9 S] (CH 2Cl 2) 2

Formula weight
Temperature (K)

1586.95
100(2)

1584.80
100(2)

Wavelength (A)

0.71073

0.71073

Crystal system
Space group

Monoclinic
C2/c
a = 29.279(3) A
b = 15.9399(16) A
c = 34.344(4) A

Triclinic
PT
a = 14.0897(9) A
b = 14.7198(9) A
c = 17.4942(11) A

a = 100.7350(10)
P = 114.405(2) 0

)

Volume (A3

Z
Calculated density (g/mm3)

Absorption coefficient (mm-1)
F(000)
Crystal size (mm 3)

0 range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0
Absorption correction
Max. and min. transition
Data / restraints / parameters
Goodness-of-fit on F 2
Final R indicies
[I>2a (I)]

14596(3)
8
1.444
0.640
6548
0.50 x 0.40 x 0.05
1.49 to 29.61 0
-40<=h<=39
-22<=k<=21
-46<=l<=47
142048
20367
[R(int) = 0.0601]
99.3%
Semi-empirical
0.7459 and 0.6380
20367 / 43 / 958
1.023
RI = 0.0744,
wR2 = 0.1924
RI = 0.1069,

R indicies (all data)wR2
= 0.2204
1.999 and -2.265
Largest diff. peak and hole (eA 3)
aHydrogen atoms were not modeled at all positions (see refinement

82

p=

0

102.7140(10)
7 = 94.7000(10)
3448.6(4)

*

unit cell dimensions

2
1.526
0.685
1616
0.58 x 0.55 x 0.12
1.67 to 29.540
-19<=h<=19
-20<=k<=20
-23<=1<=24

70296
18887
[R(int) = 0.0419]

97.8%
Semi-empirical

0.7459 and 0.6232
18887 / 296 / 999
1.045
RI = 0.0667,
wR2 = 0.1789
RI = 0.1137,
wR2 = 0.2142

1.363 and -1.820

details).

Refinement detailsfor H2PIM: Crystals of H2PIM grew from an acetone solution of waste
dizinc PIM complexes. H2PIM crystallizes in the space group P2 12 12 1 and a Flack parameter of
0.02 confirms the absolute configuration of the crystal structure model. A minor inversion twin
was modeled and refined to a 1.6% contribution. Two molecules of H 2PIM are contained within
the asymmetric unit. Both molecules conform such that the diphenyl sulfone unit and dibenzyl
ether unit conform in opposite directions (Figure 2.2, right). The two molecules differ by the
solvent occupancy within the cavity of the macrocycle. Molecule 1 contains an acetone molecule
with a C=O unit pointing towards the sulfone. Molecule 2 also contains an acetone, but is
disordered between the acetone (74.6%) and a CH2Cl 2 (25.4%). Standard uncertainties for the
anisotropic displacement parameter (ADP) restraints SIMU and DELU for the acetone were set
to 0.01 and 0.0025 for this disorder. The CH 2Cl2 ADPs were set to be equal. The CH2 Cl 2 C-Cl
and Cl-Cl bond distances were fixed to ideal values of 1.77 and 2.93 A, respectively. The two
acetone molecules 1,2 and 1,3 distances were restrained to be similar. The molecule l's acetone
methyl hydrogens were found on one side and disordered on the other. For molecule 2's acetone,
the methyl hydrogens were modeled to be disordered. The methyl hydrogen atoms on both
molecules were found. Intramolecular OH---N hydrogen bonds within the salicylideneimine
units were found with O---N distances of 2.588(5), 2.588(2), 2.574(5), and 2.591(5) A. H2PIM
molecules stack in the crystal lattice to form porous columns along a (Figure 2.3).
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f4W

Figure 2.2. Crystal structure of H 2PIM (left) and a second view (right), which highlights the
conformation of the diphenylsulfone and dibenzyl ether units. Ellipsoids are drawn at 50% and
solvent molecules and the second molecule in the asymmetric unit have been left out for clarity.

Figure 2.3. Porous columns of stacked H2PIM molecules along a in the crystal lattice. Solvent
molecules were removed for clarity.
Refinement detailsfor H2F2PIM: Crystals of H2F 2PIM were obtained by layering pentane
over a solution of H 2F2PIM in benzene and chloroform. The space group of the crystals is P21/c
with

P

As such, the crystals were found to be

very close to 900 (90.0110(10)0).

pseudomerohedrally twinned (twin law = -1 0 0 0 -1 0 0 0 1) with a minor twin component of
18.3%. Like H 2PIM, two molecules are contained in the asymmetric unit and OH hydrogens
were found with OH---N intramolecular hydrogen bonding (O---N dist = 2.576(3) 2.594(3),
2.616(3),and 2.519(3) A). The cavity of the macrocycles are filled with CHC1 3 molecules
84

disordered across two positions. The major component percentages of these disorders are 70.4%
and 81.3% in each molecule. C-H---O non-standard hydrogen bonds may aid in the preferred
orientation of the 81.3% occupied CHC1 3 as suggested by the metric parameters of that contact
(C---O dist = 2.944(4), C-H---O

=

2.269, C-H---O L = 122.9

0).

In one molecule, a benzyl linker

-C6H 4 - ring is disordered across two positions with a major component refining to 75.5%. A
complicated free solvent disorder was found and modeled to a pentane (45%), benzne (40%), and
CHC13 (15%). Refinement was unstable when allowing the occupancies of the components to
refine freely and thus the three-part disorder occupancies were set manually to reasonable values.
Bond distances of the two CHC1 3 molecules were restrained to be similar. ADPs were set to be
equal in disordered solvents. Pentane 1,2 and 1,3 distances were fixed to ideal values of 1.54 and
2.52 A. The benzene was restrained to have similar 1,2 and 1,3 distances and fixed to be flat. The
ADPs of the benzyl ring disorder were restrained to be similar using SIMU and DELU with nondefault standard uncertainties set to 0.02 and 0.005, respectively. The conformation of the
macrocycle is the same as that in the structure of H 2PIM.

Figure 2.4. Crystal structure of H2 F2PIM with ellipsoids drawn at 50% and solvent molecules
and the second molecule in the asymmetric unit left out for clarity.
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Table 2.3. Selected Bond Distances and Angles for Compound 10.
R

\1-03
,..02 "
02 ...
N2

F 2

Fel""' .... 01
F

02

\

j

06

*N1

05
C2

R

Bond Distances (A)a
Fel---Fe2
Fel-01
Fel-NI
Fel-04
Fel-05

3.5680(7)
1.881(2)
2.051(3)
2.043(2)
2.026(2)

Fel-03
Fe2-02
Fe2-N2
Fe2-04
Fe2-06

2.535(2)
1.877(2)
2.032(3)
2.055(2)
1.973(2)

02-Fe2-N2
02-Fe2-04
02-Fe2-06
N2-Fe2-04
N2-Fe2-06
04-Fe2-06
Fel-04-Fe2
Fel-04-Cl
Fe2-04-C1

93.1(1)
108.7(1)
124.8(1)
121.2(1)
116.8(1)
94.5(1)
121.0(1)
102.2(2)
132.9(2)

Bond Angles (*)a

91.3(1)
01-Fel-NI
92.14(9)
01-Fel-03
135.6(1)
01-Fel-04
95.3(1)
01-Fel-05
105.5(1)
N1-Fel-03
124.4(1)
N1-Fel-04
110.6(1)
NI-Fel-05
56.10(8)
03-Fel-04
142.88(9)
03-Fel-05
95.2(1)
04-Fel-05
aThe number scheme used matches the cartoon
numbers assigned in the X-ray structure.

above and the numbers are not necessarily the

Refinement details for 10: Complex 10 crystallizes in P21/c with a free CH2 Cl 2 in the
lattice as well as a three part solvent disorder consisting of a pentane (62.3%) and two CH2 Cl 2
molecules (22.4 and 15.5%). The disordered solvent molecule 1,2 and 1,3 distances were
restrained to be similar between equivalent bond or angle types and the ADPs were fixed to be
equal. No hydrogen atoms were modeled for the three-part disorder. A residual electron density
peak of 1.461 eA 3 remains 0.419 A from a disordered CH 2 Cl 2 chlorine atom. The non-disordered
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CH2 C1 2 sits close by to an inversion center and likely plays a significant role in packing as
suggested by a network of close contacts (Figure S 11).

Fcarboxyiate
4.

l2.32 A
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IV

4,

Obackt ione

Inversion center

Figure 2.5. Short contacts about an inversion center in the lattice of the crystals of 10 that may
be important for packing.

Table 2.4. Selected Bond Distances and Angles for Compound 11.
R
C----03

Fell"

02.......Fe2
N2

e
05

06

01
N1

C2

R

Bond Distances (A)a

Fel---Fe2
Fel-01
Fel-Ni
Fel-04
Fel-05
Bond Angles (*)a
01-Fel-Ni
01-Fel-03
01-Fel-04
01-Fel-05

3.5648(8)
1.883(3)
2.042(3)
2.062(2)
2.028(2)

Fel-03
Fe2-02
Fe2-N2
Fe2-04
Fe2-06

2.443(2)
1.886(3)
2.031(3)
2.038(2)
1.991(2)

91.8(1)
94.9(1)
138.2(1)
96.1(1)

02-Fe2-N2
02-Fe2-04
02-Fe2-06
N2-Fe2-04

93.1(1)
111.6(1)
123.3(1)
116.6(1)
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N1-Fel-03
93.3(1)
N1-Fel-04
118.0(1)
NI-Fel-05
122.4(1)
03-Fel-04
57.41(9)
03-Fel-05
142.2(1)
04-Fel-05
91.7(1)
aThe number scheme used matches the cartoon
numbers assigned in the X-ray structure.

N2-Fe2-06
04-Fe2-06
Fel-04-Fe2
Fel-04-Cl
Fe2-04-C1

113.0(1)
100.4(1)
120.8(1)
98.7(2)
129.9(2)

above and the numbers are not necessarily the

Refinement details for 11: Complex 11 crystallizes in C2/c and the diiron complex
refined without any special treatment, however a few solvent molecules were present in the
lattice. At one site by a glide plane in the ac plane, a CH 2Cl 2 molecule (50.1%) is disordered with
a pentane that lies across an inversion center on the glide plane. Thus, the pentane (49.9%) exists
in two parts (25% each) related to each other by the inversion center. A depiction of the disorder
can be found in Figure 2.5. The pentane was modeled using 1,2 and 1,3 distance restraints and
ADPs fixed to be equal. The CH2Cl 2 distances were restrained to be similar to the other CH 2 Cl2
molecules in the lattice. Another CH2Cl 2 molecule was found to sit on a 2-fold axis along b and
was modeled accordingly using the PART -1 command. This CH 2Cl 2 molecule packs between
two fluorine atoms on two separate macrocycles across the 2-fold axis. A disordered CH2Cl 2
molecule was found in a general position and was modeled to a two part disorder with the main
component refining to 60.5% occupancy. The ADPs of the atoms in this disorder were fixed to
be the same. A high residual electron density peak of 1.999 eA 3 remains 0.725 A from a Cl atom
in this disorder. In terms of packing interactions, a n-n stacking interaction is present between
two molecules of 11 across an inversion center (Figure 2.6).
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Figure 2.5. Three part disorder in the crystal structure of 11 involving a CH2C1 2 and a pentane
disordered at an inversion center (blue and orange). The inversion center is colored yellow.

3 .38 A

Figure 2.6. The n-n stacking interaction between molecules of 11.

Table 2.5. Selected Bond Distances and Angles for Compound 12.
89

R

C1---_03

02......

"Fe2

4

o

Fe1

N2f

01

,,,..

N1

05

06
C2

R

Bond Distances (A)a
Fel---Fe2
Fel-01
Fel-N1
Fel-04
Fel-05

3.6387 (6)
1.900(3)
2.054(3)
2.103(2)
2.048(3)

Fel-03
Fe2-02
Fe2-N2
Fe2-04
Fe2-06

2.348(3)
1.888(3)
2.024(3)
2.039(2)
1.955(3)

02-Fe2-N2
02-Fe2-04
02-Fe2-06
N2-Fe2-04
N2-Fe2-06
04-Fe2-06
Fe 1 -04-Fe2
Fel-04-Cl
Fe2-04-C1

94.9(1)
104.0(1)
129.8(1)
117.8(1)
114.3(1)
97.3(1)
122.9(1)
95.4(2)
133.8(2)

Bond Angles (0)a

01-Fel-N1
90.4(1)
97.4(1)
01-Fel-03
01-Fel-04
141.8(1)
01-Fel-05
97.9(1)
N1-Fel-03
96.5(1)
N1-Fel-04
119.1(1)
NI-Fel-05
114.0(1)
03-Fel-04
58.3(1)
145.6(1)
03-Fel-05
04-Fel-05
91.6(1)
aThe number scheme used matches the cartoon
numbers assigned in the X-ray structure.

above and the numbers are not necessarily the

Refinement detailsfor 12: Complex 12 crystallizes with two free CH 2 C 2 molecules, one
of which was modeled to with no disorder and the other which was disordered across two
positions (main component = 55.7%). The 1,2 and 1,3 distances in the disordered CH 2 Cl 2 were
restrained to be similar and the ADPs were fixed to be equal. One 4-fluorophenyl group of an
Ar 4F-Ph wing was modeled to a two part disorder corresponding to an aryl-aryl C-C bond rotation.
The main component refined to a final occupancy of 51.9%. The 1,2 and 1,3 distances of the 4fluorophenyl groups were restrained to be similar and the ADPs were restrained to be similar
90

using SIMU and DELU with standard uncertainties set at 0.01 and 0.0025, respectively. As with
10 and 11, CH2Cl 2 molecules appear to be involved in packing interactions. The non-disordered
CH2Cl 2 molecule has close contacts with two fluorine atoms and one oxygen atom between two
diiron complexes in the lattice (Figure 2.7).

Osuofne

F4-iuorophenyi

2.53 A
2.49

A

2.53 A

3.1o A
Fphenoie

Figure 2.7. Short contacts in the lattice of the crystals of 12 that may be important for packing.

Synthesis
Ligand Synthesis
Bis(3-bromobenzyl)ether (Li). 3-Bromobenzaldehyde (9.25 g, 50 mmol) was added to 50 mL
CH 2Cl 2 and afterwards triethylsilane (6.4 g, 55 mmol) was added. The reaction
_
Br

2

was cooled with an ice-bath at 0 'C. Triflic acid (44 pL) was added carefully
to the solution. After 10 min stirring, the volume was reduced to about 20 mL
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and the solution was directly loaded onto a column of silica with some bicarbonate mixed in the
top sand layer to remove trace acid. The product was eluted with hexanes to 2% ethyl acetate in
hexanes. The combined fractions were stripped to form a colorless oil (7.8 g, 87.6%).
Spectroscopic data matched that previously reported.- An ~7% impurity of TES protected
benzyl alcohol was present and easily removed during purification in the next synthetic step.
3',3"'-(Oxybis(methylene))bis(5-methyl-[1,1'-biphenyl]-2-ol) (L3a). Li (2.98 g, 8.36 mmol),
[Pd(PPh 3)4] (386 mg, 334 ptmol), (2-hydroxy-5-methylphenyl)boronic
acid (3.18 g, 20.9 mmol), and K3 P0 4 (6.21 g, 29.3 mmol) were added

--

to a Schlenk flask, placed under vacuum, and back-filled three times

OH
2

with nitrogen. Degassed water (30 mL) and THF (30 mL) were

transferred into the flask via a cannula. The reaction was heated to 80 *C for 18 h before cooling
to rt and subsequent quenching with 30 mL 1 M HCl (aq). The product was extracted with 3 x 50
mL ethyl acetate, dried over Na2 SO 4 , filtered, and stripped to form an oil. Purification was
achieved with column chromatography (hexanes to 20% ethyl acetate in hexanes), yielding L3a
as a yellow solid (2.51 g, 73.0%). Spectroscopic data matched that previously reported.16
3',3"'-(Oxybis(methylene))bis(5-fluoro-[1,1'-biphenyl]-2-ol) (L3b). [Pd(PPh 3)4] (175 mg, 385
mol), (2-hydroxy-5-fluorophenyl)boronic acid (1.50 g, 9.62 mmol),

o

-

F

\/O

and K3 PO 4 (2.87 g, 13.5 mmol) were added to a Schlenk flask. The
system was placed under vacuum and back-filled with nitrogen three

H
2

times. Degassed water (15 mL) and di(3-bromobenzyl) ether (1.37 g,

3.85 mmol) dissolved in THF (15 mL) were transferred into the flask by cannula. The system
was heated to reflux and was allowed to stir for 20 h. Water (10 mL) was added and the product
was extracted three times with 50 mL of ethyl acetate. The combined organic solutions were
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dried with MgSO 4 , filtered, and stripped to form a black oil. Column chromatography (hexanes
,

to 20% ethyl acetate in hexanes) yielded L3b as a tan solid (1.27 g, 78.5%). 'H-NMR (CDC1 3

500 MHz): 6 7.47 (m, 4H), 7.40 (m, 4H), 6.94 (m, 4H), 6.89 (m, 2H) 5.15 (br s, 1H), 4.65 (s, 4H).
"C-NMR (CDCl 3, 75 MHz): 6 157.23
( 4 JC-F =

116.65

2 Hz), 129.63, 129.12
23 Hz), 115.63

( 2 JC-F =

(IJC-F =

( 3 JC-F =

( 2 JC-F =

239 Hz), 148.70

4
( JC-F =

2 Hz), 139.28, 136.79

8 Hz), 128.65, 128.59, 127.86, 117.12

23 Hz), 72.52.

19F-NMR

( 3 JC-F =

8 Hz),

(CDCl 3, 282 MHz): 6 -124.3 (m).

Mp = 86 *C.
3',3'"-(Oxybis(methylene))bis(5-fluoro-2-hydroxy-[1,1'-biphenyl]-3-carbaldehyde)

(L4b).

This reaction is extremely moisture sensitive and it is therefore
0

--F -C

/

2.70 mmol), paraformaldehyde (1.22 g, 40.5 mmol), MgCl 2 (1.03 g,

OH
-O

important to rigorously dry all reagents and solvents. L3b (1.13 g,

2

10.8 mmol), and TEA (2.26 mL, 16.2 mmol) were added to a Schlenk

flask containing 7.5 g of 3

A activated

sieves. Acetonitrile (125 mL) was added to the flask by

cannula. The reaction mixture was heated to reflux and stirred for 3 days, quenched with 1 M
HCl (ca. 125 mL), and stripped from as much acetonitrile as possible. The product was extracted
with 3 x 150 mL of ethyl acetate. The combined organic layers were dried with Na2 SO 4 , filtered,
and stripped to afford a dark green oil. Purification by column chromatography (hexanes to 10%
,

ethyl acetate in hexane) yielded L4b as a light yellow solid (410.4 mg, 32.1%). 'H-NMR (CDCl 3
500 MHz): 6 11.34 (s, 2H), 9.86 (s, 2H), 7.62 (s, 2H), 7.53 (d, 2H), 7.45 (m, 4H), 7.37 (dd, 2H),
7.24 (dd, 2H), 4.67 (s, 4H).
155.31

( 4 JC-F =

127.68, 125.14

13 C-NMR

(CDCl 3 , 125 MHz): 6 195.85, 155.58

2 Hz), 138.52, 135.48

( 4 JC-F =

24 Hz), 120.42

( 3JC-F =

( 2 JC-F =

( 1 JC-F =

240 Hz),

1 Hz), 132.23 ( 3 JC-F = 7 Hz), 128.62, 128.60,
6 Hz), 117.35
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( 2 JC-F =

22 Hz), 72.15. ' 9 F-NMR

(CDCl 3, 282 MHz): 8 -123.7 (t, 3 JH-F = 8 Hz). ESI-MS(-)
), ESI-MS(+)

=

=

473.1 [M-H]~ (Caled

=

473.12 [M-H]-

513.1 [M+K]+, (Calcd = 513.09 [M+K]+). Mp = 123 *C.

H2F 2PIM. 3,3'-Diaminodiphenyl sulfone (196 mg, 790 tmol) and 5b (375 mg, 790 imol) were
added to a dry Schlenk flask with 175 mL of dry
O

-

F -

/

acetonitrile. Trifluoroacetic acid (220 pL) was

-

F

HO

OH

NK

-N

added to the mixture, which was heated to 85 *C.
After 6 h, the reaction was allowed to cool to rt,
yellow
during which time a large amount of

o '6

precipitate formed. The solid was collected by

filtration, washed with ether, and dried under vacuum. The material (382 mg, 70.4%) was used
without further purification. 'H-NMR (CDCl 3, 500 MHz): 6 13.18 (br s, 1H), 8.62 (s, 2H), 7.92
(d, 2H), 7.83 (s, 2H), 7.76 (s, 2H), 7.59 (t, 2H), 7.44 (m, 6H), 7.36 (d, 2H), 7.22 (dd, 2H), 7.12
(dd, 2H), 4.68 (s, 4H).

13

C-NMR (CD 2 Cl 2 , 125 MHz): 6 164.35, 156.06 (IJC-F

149.69, 143.64, 138.52, 137.33, 132.19

( 3 JC-F =

126.38, 124.95, 123.56, 122.19

24 Hz), 119.52

( 2 JC-F =

=

237 Hz), 155.60,

7 Hz), 131.46, 130.21, 129.41, 128.84, 128.63,

74.07. ' 9F-NMR (CD 2Cl 2 , 470 MHz): 6 -125.6 (t, 3 JH-F

=

( 3 JC-F =

8 Hz), 117.37

( 2 JC-F =

23 Hz),

9 Hz). Mp = 184 'C.

Metal Complex Synthesis
[Fe2 (PIM)(ArP-CO 2)2] (10). H2 PIM (157.5 mg, 232 gmol) and Ar4 F-PhCO2 H (144.0 mg, 463
gmol) were combined in 3 mL of THE. [Fe 2(mes) 4] (136.5 mg, 232 jmol), pre-dissolved in 1.5
mL THF, was injected quickly to create a dark red mixture. After 3 h, the solvent was stripped,
the crude residue washed with 3 x 1 mL ether, and the material was crystallized by slow
diffusion of pentane into a solution in CH2CL2 . The resulting red crystals were washed (2 x 1 mL
pentane) and dried under vacuum to yield 242.2 mg, 74.2% red crystalline material. Anal. Calcd
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for Fe 2 C 8oH 54 F 4 N2

9 S-(Co.5HiCli)

(10-0.5CH 2C1 2): C, 66.70; H, 3.82; N, 1.93. Found: C, 66.95;

H, 3.61; N, 1.92. CH 2Cl 2 was detected in solution NMR samples of 10 in THF-d. IR (KBr):
3049, 2920, 2850, 2336, 1653, 1604, 1573, 1534, 1506, 1433, 1411, 1382, 1325, 1308, 1282,
1221, 1199, 1091, 1074, 979, 837, 790, 707, 685, 595, 539, and 469 cm~ 1. MSssbauer
(polycrystalline, apiezon M grease): 6 = 1.05(2) mm/s, AEQ = 2.12(2) mm/s, FLR = 0.33(2) mm/s.
Mp (dec)

=

74 'C.

[Fe2 (F 2 PIM)(Ar 0'C0 2 ) 2J (11). H 2F 2PIM (150 mg, 218 pmol) and ArT*lCO 2H (132 mg, 437
imols) were dissolved in THF (3 mL) in a dry box. [Fe 2(mes)4] (129 mg, 218 pmol) was
dissolved in 1.5 mL THF and added to the mixture. After 2 h, the solvent was removed and the

residue washed twice with 1 mL of ether. The residue was then dissolved in 2 mL of CH 2Cl 2 and
layered with 10 mL of pentane. The resultant material (278 mg, 91.0%) was filtered and washed
with pentane. X-ray quality crystals were obtained by slow diffusion of pentane into a solution of

11 in CH2Cl 2 . Anal. Calcd for Fe 2C 82H 6oF2N20 9S-(C 4H 9Cl 3) (11-1.5CH 2 Cl2-0.5C 5H1 2): C, 66.10;
H, 4.45; N, 1.79. Found: C, 66.18; H, 4.06; N, 1.82. CH2Cl 2 and pentane were detected in NMR
samples of 11. IR (KBr): 3054, 3028, 2915, 2857, 1649, 1601, 1581, 1527, 1449, 1434, 1403,
1386, 1341, 1302, 1277, 1201, 1184, 1149, 1110, 1070, 1000, 956, 881, 838, 762, 736, 702, 685,
604, 543, 529, and 459 cm 1 . Mtssbauer (polycrystalline, apiezon M grease): (site 1, 50%): 6 =

0.93(2) mm/s, AEQ

=

2.03(2) mm/s,

FUR =

0.27(2) mm/s (site 2, 50%): 6

=

1.15(2) mm/s, AEQ

=

1.98(2) mm/s, FLR = 0.28(2) mm/s. Mp (dec) = 200 'C.
[Fe 2(F 2 PIM)(Ar4 PhCO 2)21 (12). The same procedure was used as that described for 10 except

that H 2F 2PIM (159 mg, 232 jimol) replaced H 2PIM. Obtained were 304.7 mg, 92.8% of maroon
crystals. Anal. Calcd for Fe 2C 78H 48F2N 20 9 S-(CH 2Cl 2 ) (12-CH 2C1 2): C, 63.00; H, 3.31; N, 1.81.
Found: C, 63.26; H, 3.36; N, 1.87. CH2Cl 2 was detected in NMR samples of 12. IR (KBr): 3054,
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2954, 2933, 2859, 1610, 1581, 1532, 1510, 1446, 1405, 1386, 1321, 1299, 1212, 1187, 1152,
1074, 1001, 958, 840, 794, 698, 633, 542, and 469 cm4 . M6ssbauer (polycrystalline, apiezon M
grease): 8 = 1.04(2) min/s, AEQ = 2.01(2) mn/s, FuR = 0.33(2) mm/s. Mp (dec) = 232 'C.
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R

2.3 Results and Discussion

Synthesis and Characterization. In our previous report, H2 PIM was prepared in gram
quantities by an 8 step synthesis (Scheme

2 .3 ).16

Since then, a shorter route with 5 steps was

developed (Scheme 2.4). Instead of the original two-step procedure to produce the bis(3bromobenzyl)ether

(Li),

a

reductive

condensation

reaction5

was

utilized

with

3-

bromobenzaldehyde, 1.1 equiv of Et 3SiH, and 1 mol% TfOH. After 10 min of reaction time,
immediate purification provides gram quantities of Li in 87.6% yield. The original synthesis of
H2PIM (Scheme 2.3) was limited by a Negishi-coupling of Li and the aryl-zinc reagent of 2bromo-4-methyl-phenol-tetrahydropyran that proceeded in 35% yield. L To improve this
coupling step, the aryl-zinc reagent was replaced with an aryl-boronic acid, L2, to do a Suzukicoupling. By doing so, a protecting group for the phenoxyl moiety was not needed, eliminating
the next step in the main synthetic sequence. Thus, the new synthesis required (2-hydroxy-5methylphenyl)boronic acid (L2a), which was prepared from the commercially available (2methoxy-5-methylphenyl)boronic acid following a literature procedure.18 The Suzuki-coupling
between Li and L2a yielded the desired product, L3a, in 61-80% yield using [Pd(PPh 3)4] as the
catalyst. The last step of the synthesis was unmodified. In total, the overall yield for the synthesis
of H2 PIM increased to 30.9% from 13.3%. H 2F 2PIM, the analogue of H 2PIM where fluorine
substituents replace the methyl groups, was prepared in an analogous manner in an overall yield
of 15.1%. The solid-state structures of both H2 PIM and H2 F2PIM were obtained and show the
ligands to be preorganized for supporting a dinuclear complex. Crystallographic details are
reported above.
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Figure 2.8. Solid state structures of 10-12 and cartoon of the U-1 :12 carboxylate bridging mode
(bottom right). Ellipsoids are drawn at 50% and solvents, disordered atoms, and hydrogen atoms
are removed for clarity. The carbon atoms of the m-terphenyl wings are colored bright blue to
help distinguish those atoms from that of the macrocyclic ligand.
Analogous to the synthesis of 1-2, 10-12 were synthesized in one pot by mixing the
appropriate macrocyclic ligand, 2.0 equiv of carboxylic acid, and 1.0 equiv of [Fe 2 (mes) 4] in
THF; the yields ranged from 74.2-92.8%. X-ray quality crystals of 10-12 were obtained by slow
diffusion of pentane into methylene chloride solutions of the complexes (Figure 2.8).
Compounds 10-12 feature the expected syn-N dicarboxylate-bridged diiron centers. A
comparison of the bond distances in the m-terphenylcarboxylate-bridged complexes 2 and 10-12
is provided in Table 2.6. There are noteworthy differences in bond distances and angles of the p11:72

bridging carboxylate ligand for these structures. The Fel-03 bond length increases from

2.342(6) A in 2 to 2.348(2) A in 12, 2.443(2) A in 11, and 2.535(2) A in 10. The trend does not
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follow the number of methyl-to-fluoro substitutions in the complexes and is tentatively attributed
to packing interactions. The weakening of the Fel1-03 interaction correlates with an increase in
the Fel-04-Cl angle, which rises from 95

0

in 2 and 12 to 99

in 11 and 102

corresponding decrease in the Fel-04 distance occurs, from 2.103(2)

A in

0

in 10. A

12 to 2.062(2)

A in

11 and 2.043(2) A in 10. These correlated changes are consistent with what is predicted to occur
for varying the strength of the interaction of the dangling oxygen to the metal center9- and
demonstrate a minor carboxylate shift within the solid state.
Table 2.6. Comparison of select interatomic distances and angles in 2, and 10-12, in order of
increasing Fel-03 distance.
Fel-Fe2
3.601(1)
3.6387(6

Fel-01
1.895(4)
1.900(3)

Fel-N1
2.044(4)
2.054(3)

Fel-03
2.342(6)
2.348(3)

Fel-04
2.091(3)
2.103(2)

Fel-05
2.048(6)
2.048(3)

Fe2-02
1.888(3)
1.888(3)

Fe2-N2
2.038(5)
2.024(3)

Fe2-04
2.029(4)
2.039(2)

Fe2-06
1.998(4)
1.955(3)

1.883(3)

2.042(3)

2.443(2)

2.062(2)

2.028(2)

1.886(3)

2.031(3)

2.038(2)

1.991(2)

1.881(2)

2.051(3)

2.535(2)

2.043(2)

2.026(2)

1.877(2)

2.032(3)

2.055(2)

1.973(2)

)

A
2
12

3.5648(8

)

11
10

3.5680(7

0
2
12
11
10

Fel-04-Fe2
122.2(2)
122.9(1)
120.8(1)
121.0(1)

Fel-04-C1
95.5(3)
95.4(2)
98.7(2)
102.2(2)

Fe2-04-C 1
133.4(4)
133.8(2)
129.9(2)
132.9(2)

In all solid-state structures to date containing PIM and F 2 PIM ligands there is a wedgeshaped conformation at the intersection of their mirror planes (Figure 2.9), a consequence of the
curvature of the diphenylsulfone linker. The salicylideneimine units remain flat, roughly sharing
a common plane, and the dibenzyl ether unit of the macrocycle adopts a variety of different
conformations. These conformations are retained in the structures of both the free ligands and the
metal complexes; moreover, the enforced wedge-shaped conformation renders the two sides of
the macrocycles inequivalent. In 2 and 10-12, the wedge-shape provides space for the mterphenylgroup of the U-

1

:12 bridging carboxylate, which lies along the walls of the wedge

(Figure 2.10). The m-terphenyl unit of the p-q':j1 bridging carboxylate is oriented perpendicular
to the edge of the wedge on the other side of the macrocycle (Figure 2.10). The configuration of
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1, however, is reversed. In 1, the u-I:r/1 bridging carboxylate lies within the curvature of the
wedge and the

U-r/:/

2

bridging carboxylate lies on the opposite side. The differences between 1

and the other complexes are likely due to the shape of the carboxylate. The steric bulk of the
trityl groups in 1 point away from macrocycle and the steric bulk of the m-terphenyl groups in
the other complexes point towards the macrocycle. The m-terphenyl groups probably impose a
stronger effect on the conformation of the macrocycle. These points will be important later in the
discussion of the solution dynamics of these complexes.

[Fe 2(PIM)(Ph 3 CCO 2)2] (1)

H 2PIM

[Fe 2(PM)(ArTOICO 2 )2] (2)

H 2F 2 PIM

[Fe 2(F 2PM)(ArOICO 2) 2] (11)

[Fe 2(PM)(Ar 4F-PhCO 2)2] (10)

[Fe 2(F 2 PIM)(Ar 4F-lCO 2)2] (12)

Figure 2.9. Space-filling models of the PIM and F 2PIM macrocycles showing the conformation
in the solid-state. The inset shows the wedge-shape that is formed from the conformation of the
diphenylsulfone linker. Structures with light grey carbons correspond to the free ligands and
structures with dark grey carbons correspond to the ligands bound to iron. The iron atoms and
carboxylate ligands are removed for clarity.

100

HO

0

Ph 3CCO 2H

On

ArTOIC

0n

F
2H

~HO

0

F

Ar 4 F-PhCO 2 H

(N

IL

IL

[Fe 2(X 2 PIM)(RCO 2 )21
Figure 2.10. Space-filling models of 1-2, and 10-12. The models with m-terphenyl groups show
2 bridging carboxylate fits along the cavity of the wedge
how the m-terphenyl group of the
conformation of the macrocycle. In these cases, the m-terphenyl group of the p-?':7' bridging
carboxylate lies perpendicular to the m-terphenyl group of the p-r/.':r2 bridging carboxylate. The
complex with the trityl carboxylate does not follow these trends, likely do to differences in steric
bulk.
Mssbauer spectra for compounds 10-12 were obtained at 80 K and compared to those
for 1 and 2 (Table 2.7). Compounds 1-2 and 11 nicely fit to a two-site model and 10 and 12 fit to
a single site (Figure 2.11-2.13). The reason for the difference is not clear, although 10 and 12
both contain the Ar4F-PhCO 2 H carboxylate, unlike the carboxylates in 1 (Ph3CCO 2H) and 2 and
11 (ArToICO 2 H). The 6 values for 10-12 range from 0.93 to 1.15 mm/s with AEQ values ranging
from 1.98 to 2.12 min/s, consistent with high-spin Fe(II) centers, as is the case with 1-2.
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Table 2.7. M6ssbauer parameters for 1-2 and 10-12.
Site1
(mm/s)
6
AEQ
FLR
la
0.97
2.25
0.35
47%
2a
2.02
0.95
0.32
37%
11
2.03
0.93
0.27
50%
10
2.12
0.33
1.05
0.33
12
1.04
2.01
aRef 18.

Site2
6
1.18
1.10
1.15

AEQ
2.33
2.04
1.98

FUR

0.38
0.38
0.28

53%
63%
50%

0.0

Site 1:

-0.5

Raw

8 = 1.053 mm/s

Fit

AE =2.116 mm/s

0

-1.0

F

10

= 0.329 mm/s

-n

(U

-a -1.5

-2.0-

-2.5-6

-5

-4

-3

-2

-1

0

1

6 (mm/s)
Figure 2.11. M6ssbauer spectra of 10.
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Figure 2.12. M6ssbauer spectra of 11.
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Figure 2.13. M6ssbauer spectra of 12.
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2

4

6

8

NMR Studies. Owing to the rare asymmetric carboxylate bridging modes in 1-2 as well as
the importance of the carboxylate shift in BMMs, we sought to understand the carboxylate
dynamics in this system by using solution NMR spectroscopy. Standard 'H spectroscopic NMR
techniques were not possible because of paramagnetic effects, but fluorine substitutions provide
a spectroscopic handle with "F NMR. VT 9F NMR spectra for 10-12 were obtained.
[Fe2 (PM)(Ar 4F-PhCO 2)2

CD 2C 2, 'OF NMR (470MHz)
External reference: CFC1 3 (0 ppm) 35:0

-113.9

20 :C
10 C

Process 1

0 c
-10:'0

1~

-200

-30 -C
-40 *C

Process 2

-50 C

-106.

-

-60 01
-70 C

-119.3

-131.3

-80 "C
-85 *C
-90 *C

-95 C
.99

~1W03

.

06 17

.19-,

-11,3

-1'15

.1

.1

.13
-121

125 17

.129

-131

13

13

Figure 2.14. VT 19F NMR of 10 in CD 2Cl 2 . Intramolecular processes 1 and 2 are highlighted in
blue and green respectively. Minor impurities are observed at higher temperatures.
In THF-d8 , the '9 F NMR spectrum of compound 10 shows a single fluorine peak at -116
ppm, indicating rapid exchange of all four F atoms at room temperature. As the system is cooled
down, the single peak remains and broadens slightly upon reaching -70 'C. The broadening

suggests that fluorine atom exchange was slowed down, but not enough to show splitting on the
104

19 F NMR timescale. We wondered whether the coordinating capabilities of THF to the iron

atoms may increase the exchange rates of the carboxylate ligands, and CD2 Cl 2 was therefore
investigated as an alternative solvent.
-1

[Fe2 (PIM)(A

13

.

11 3 .9

CD 2CI 2, 19F NMR (470MHz)
Exteral reference: CFCI 3 (0 ppm)

0F-PhCO
2 )2

+ [Fe2(PIM)(ArTtCO 2)2

35AC

20 "C
10DC
0 "1C

-10 OC
-20 *C
-30 *C
-0

.

-40 C
-106.3

-70 -C

-119.3-120.1
4F

-1F

-131.2

-135.2-80
-1F

C
-90 *C

-95 *C
1118

22
1 -16

1

-12 .1;0 -12 -134 -136 -136 140

1.1

12

.1;4

-41

'

Figure 2.15. VT 1 9F-NMR (470 MHz) of a mixture of 2 and 10 in CD2 Cl 2 . Minor impurities are
observed at higher temperatures.
At 35 'C in CD 2 Cl 2 , 10 displays a single 1 9F peak at -113.9 ppm. As the temperature is
decreased, this peak broadens and becomes nearly flat at -10 'C (Figure 2.14). Two peaks then
grow in at -109.0 ppm and -119.2 ppm, commencing at -20 'C. The feature at -109.0 ppm
sharpens into a peak at -106.3 ppm at -60 'C and then starts to broaden and further shift to -103.4
ppm at -95 *C, possibly due to increased solvent viscosity at low temperature. The peak at -119.2
ppm sharpens slightly at -30 "C and shifts to -120.3 ppm and then broadens into the background
at -50 'C. After further cooling to -60 "C, two peaks arise at -118.2 ppm and -127.8 ppm, which
105

sharpen and shift to -119.3 ppm and -131.3 ppm at -80 'C before broadening at -95 *C with
chemical shift values of -120.6 and -134.4 ppm. Integration of the three peaks (-104.6, -119.3,
and -131.3 ppm) at -80 'C reveals a ratio of 2:1:1, respectively. We refer to the first peak split at
35 'C at -113.9 ppm as process 1 and the split of the broad -120.3 ppm peak at -30 'C as process
-

2. At 35 *C and below, four very weak fluorine resonances of unknown origin were observed at

111.6, -112.2, -113.1, and -119.5 ppm. These features are believed to be associated with a
structurally similar species and are also observed in samples of 2+10 and 12, discussed below.

F0F0

19 F NMR

2

Silent

F

10

0~
o

N-Fe

Fe-N

+

N-Fe

F-N

is,

F

F

F

0

0

F

0

0

0

Scheme 2.5. Depiction of the intermolecular carboxylate exchange between 2 and 10 through an

intermediate, [Fe2 (PIM)(ArIoCO 2 )(Ar 4 F-PhCO 2)].
To test whether the dynamic processes observed for 10 occur through intermolecular or
intramolecular exchange events, we prepared a mixture of 2 and 10 and repeated the ' 9F NMR
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experiment. If intermolecular exchange of carboxylates occurs, a new species with a mixture of
carboxylates, [Fe2 (PIM)(ArJoCO 2 )(Ar 4 F-PhCO 2 )], would form, which might be distinguishable

-

from 10 by its '9 F NMR spectrum (Scheme 2.5). At 35 'C, two fluorine peaks are observed at

113.0 and -113.9 ppm (Figure 2.15), a clear indication that intermolecular carboxylate exchange
occurs. Furthermore, the observation of two, instead of one, peak means that the intermolecular
carboxylate exchange process is slower on the NMR time scale at 35 *C. Therefore, all exchange
processes that we observe in our VT experiments in CD2 Cl 2 are intramolecular processes. To
ensure that the exchange processes observed in the VT NMR of 10 were not altered by addition
of 2, the spectrum was examined down to -95 *C. The VT NMR of 2+10 looks the same as that
as 10 alone except that the number of peaks is doubled owing to the presence of
-

[Fe 2 (PIM)(ArTOlCO 2)(Ar 4 F-PhCO2 )]. At -50 *C, an additional peak occurs at -107.0 ppm and at

80 'C, and additional peaks are observed at -120.1 and -135.2 ppm. Integration at -80 0 C,
however, reveals an approximately 4:1:1 ratio in order of decreasing chemical shift. This
observation suggests that the two carboxylate positional isomers of [Fe 2(PIM)(ArTOlCO 2)(Ar 4FPhC0 2 )]

are not equivalent and that one is favored over the other. This ratio also supports the

notion that process 1 involves an exchange between the two carboxylate positions.
Having asymmetric bridging carboxylates in these diiron(II) complexes eliminates the 2fold symmetry axis of the X2 PIM 2 - ligand and introduces chirality to these complexes. Moreover,
the two fluorine atoms in F2 PIM2- are chemically inequivalent in these complexes and could
offer some information about the intramolecular exchange processes observed in 10. To explore
this possibility, we first examined the VT 19F NMR spectrum of 11 in CD 2 Cl2 . At 35 *C, a single
fluorine resonance occurs at -32.4 ppm (Figure 2.16). The free ligand, H 2 F 2 PIM, has a fluorine
chemical shift at -125.6 ppm in CD 2 Cl2 at 25 "C. The 93 ppm difference in chemical shift is
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indicative of paramagnetic shifting and proves that iron binds to F 2 PIM2- in solution. Cooling to

95 'C shifts the -32.4 ppm resonance to 38.8 ppm. The peak slowly broadens with decreasing
temperature, indicating that the two fluorine atoms exchange rapidly on the NMR time scale at
all temperatures in this experiment, but the broadening at low temperature suggests that the
exchange process slows down. Another possibility is that the broadening is due to viscosity
changes as the temperature is lowered. The chemical shift change in this fluorine peak follows
Curie behavior (Figure 2.17).
-32.4

CD 2CI2 , '9 F NMR (470MHz)

[Fe 2(F 2 PIM)(ArO"CO 2 )21

External reference: CFCI 3 (0 ppm)
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Figure 2.16. VT ' 9F-NMR (470 MHz) of 11 in CD2 Cl 2
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Figure 2.17. Linear dependence of the chemical shift of the fluorine resonance in 11 with
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Figure 2.19. Linear dependence of the chemical shift of the 4-fluorophenoxide fluorine
resonance in 12 with inverse temperature, showing Curie behavior.
19F

NMR spectrum of 12 was also obtained to ensure that the change to F 2PIM2

-

The VT

from PIM 2- does not alter the exchange processes observed in 10. Indeed, no significant changes
-

occurred for 12 except for slight alterations in chemical shifts (Figure 2.18). The F 2PIM2

fluorine resonance in 12 is 1.6-6.5 ppm upfield relative to that in 11. The Ar4F-PhCO 2 - fluorine
resonances in 12 are 1.2-3.2 ppm upfield of those in 10. We can conclude that there are no
significant differences between in the exchange processes in complexes 2 and 10-12.
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Scheme 2.8. Model for the intramolecular exchange processes that occurs in the family of
compounds 2, 10-12. A space-filling model of 12 is provided in the top left in order to visualize
the spatial orientation of the ligands.
A model for these intermolecular processes is presented in Scheme 2.8. The PIM fluorine
substituents are labeled A or B and each fluorine atom on the carboxylate ligands is assigned the
color blue, orange, green, or red. Examination of the space filling model of any of the complexes
2 and 10-12 clearly indicates that rotation of the pu-q':

2

carboxylate would be unlikely due to a

steric clash with the PIM macrocycle. Rotation of the p-q':q] carboxylate to interchange the blue
and orange markers appears possible, although one of the two Fe-O bonds might need to
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transiently dissociate in the process. The p-

1

:q2

carboxylate could shift into a p-q':q' bridging

mode to form an intermediate with approximate two-fold symmetry. If the same carboxylate
undergoes a p-l':q ' to p-ql:q2 carboxylate shift, it would either return to the original complex or
the mirror image of the original complex. The mirror image results in the interchange of A and B.
Similar to the blue and orange carboxylates, the green and red carboxylates may be able to rotate
in a p-ql':' bridging mode and such green-red intramolecular interchange could occur after a p1:?

10-12

to P-1:

2

carboxylate shift. As discussed above, the PIM and F 2PIM macrocycles in 2 and

adopt a wedge-shaped

conformation that encircles

the diiron(II)

center.

The

diphenylsulfone unit curves to orient the wedge-shape to form a cradle for the m-terphenyl group
of the p-q':q2 bridging carboxylate. In order to interchange the blue/orange and red/green pairs
(Scheme 2.8), the macrocyclic ligand must undergo a conformational inversion, which
interchanges the curved conformation of the sulfone unit, which hereafter label a "sulfone
inversion." With the m-terphenyl group of the p-q':q2 bridging carboxylate packed tightly with
the macrocyclic cradle, it is likely that a carboxylate shift to the symmetric intermediate would
be necessary before a sulfone inversion, which would need to be associated with rotations of
both carboxylates. The sulfone inversion would lead to mixing of all color markers and A and B.
From the VT NMR spectroscopic experiments, we know that process 1 distinguishes the
two carboxylates, which corresponds to the sulfone inversion in our model. Process 2
differentiates the two sides of either the red/green or the blue/orange carboxylates (Scheme 2.8).
Our data do not allow us to conclusively assign the individual carboxylates in this exchange
process. A blue/orange exchange by rotation of the O2C-Cayi bond appears to be sterically
inhibited by sulfone and ether units of the macrocycle projecting below the macrocycle plane. A
similar O 2C-Cry bond rotation on the red/green carboxylate on the canyon side of the
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macrocycle during a p-ql.iq bridging mode intermediate appears less sterically hindered than
that of the blue/orange exchange. We therefore tentatively assign process 2 as a blue/orange
-

exchange. The carboxylate exchange that gives rise to process 2 slows down sufficiently below

-

95 'C to give rise to the observed NMR spectral behavior, characterized by broadened peaks at

103.4 and -104.9 ppm in 10 and 12, respectively. Additional broadening occurs below -80 'C for
the upfield carboxylate at -119.3 and -131.3 ppm in 10 and may reflect hindered rotation of the
4-fluorophenyl groups on the m-terphenyl groups of the Ar 4 F-PhCO2 ligand. The data from the
macrocycle fluorine atoms in 11 and 12 are consistent with interconversion of the two
-

enantiomers generated by the carboxylate shift remaining rapid on the NMR time scale even at
95 0 C.

Comparison to MMOH. Significant changes in the coordination mode of the bridging
Glu243 in MMOH occur during redox chemistry of the diiron active site.' EXAFS2 and MCDL
studies of MMOHred in complex with the regulatory protein, MMOB, showed alterations in the
primary coordination sphere of the diiron center at the active site. The MCD study suggested
coordination changes in Glu209 to be the main change in coordination. A comparison of the
active sites in the X-ray structures of MMOHred alone and that of the H-B complex reveal that, in
both cases, the Glu243 bridges in a u-i :tj2 mode, but the conformation differs.L

The low-

resolution of the latter complex as well as the ambiguity of the oxidation state should be noted,
however. With all data considered, it is clear that there is conformational flexibility in the
coordination of Glu243 in the active site of MMOHred. In our model system, the macrocyclic
framework preorganizes the diiron(II) center to contain both p-q'.:' and p

bridging modes

as seen in MMOHred. The solution study presented above demonstrates that the bridging
carboxylates retain the ability to shift coordination modes while remaining as a diiron(II)
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complex. The achievement of the PIM complexes to create excellent structural models did not
sacrifice the conformational flexibility observed in MMOHred.

2.4 Conclusions

A series of fluorine substituted analogues of 2, 10-12, were prepared and characterized.
From VT 19F NMR spectra of these complexes it was possible to characterize intramolecular
carboxylate exchange processes for this family of syn-N asymmetrically carboxylate-bridged
diiron(II) complexes. The results support the occurrence of carboxylate shifts that are relevant to
MMOHred, both structurally and dynamically.
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CHAPTER 3: Structural Characterization of CarboxylateBridged and Hydroxo-Bridged Dizinc(II) Complexes
Supported by a Macrocyclic Ligand
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3.1 Introduction
Recently, we have successfully mimicked the structural features of the active site of the
hydroxylase of soluble methane monooxyganse in the reduced state (MMOHred). 1 In particular,
the complexes [Fe2 (PIM)(Ph 3CCO 2)2] (1) and [Fe 2 (PIM)(Ar'OCO 2 ) 2 ] (2)

(ArTol =

2,6-bis-

tolylphenyl), supported by the dinucleating macrocyclic ligand, H 2PIM, feature asymmetric uq'ij:

2

and p-q1 :ql carboxylate bridging modes and syn-N donation across the diiron vector. We

sought to synthesize the dizinc(II) analogue of 2, [Zn 2(PIM)(Ar TolCO 2 ) 2 ] (6), in order to perform
'H NMR solution studies on carboxylate ligand dynamics.

Complex 6 resembles the active site

of hydrolytic dizinc enzymes and has potential to be a model for such systems. Herein we report
the crystal

structure of 6, two structures of the hydroxo bridged analogue of 6,

[Zn2 (OH)(PIM)(ArTOlCO 2)]

(7),

and

a

structure

of

a

pentazinc

complex,

[{Zn2 (u-

OH)(PIM)} 2Zn(u-OH) 4] (5).
3.2 Experimental Methods

General. Starting materials were purchased from various commercial sources. Solvents were
passed through two columns of activated alumina under argon gas for purification. The purified
solvents were stored over 3 A molecular sieves in an MBraun dry box. H 2PIM, ArT'lCO 2 H, and 3
were prepared according to published procedures.'

12

Air sensitive compounds were prepared

and manipulated in an MBraun dry box. IR spectra were obtained on a ThermoNicolet Avatar
360 spectrometer and the OMNIC software was used to process the data. 'H and 13 C NMR
spectra were recorded on a 500 MHz Varian Inova spectrometer and were referenced to residual
solvent peaks.
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X-ray Data Collection and Refinement. Single crystals of 5-7 and 7-H20 were coated with
Paratone oil and mounted onto a Bruker SMART APEX CCD X-ray diffractometer using Mo Ka
radiation. Data collection at 100 K was performed using the APEX2 (v. 2010.1-2) software
package to control the diffractometer.# SAINT2 was used for data reduction, SADABS 1 was
used for absorption corrections, and XREP11 was used to determine the space group through
analysis of the metric symmetric and systematic absences. Direct methods were used to
determine initial solutions and refinement was performed with either the SHELXL-97 software
package or SHELX-2014 using full-matrix least squares refinement on F2 .
checked for higher symmetry using the PLATON-

Each model was

software. Non-hydrogen atoms were refined

anisotropically and hydrogen atoms were fixed at idealized positions using a riding model except
for the hydroxide and water protons, which were observed in the electron density maps and
refined semi-free using distance restraints appropriate for 100 K. Refinement of the methyl group
hydrogen atoms were handled depending on the shape of the electron density map about the
methyl group. In cases where the maxima for methyl group hydrogen atoms could be observed in
the electron density, the torsion angle was determined by a difference Fourier analysis followed
by a rigid group refinement. Otherwise, an idealized disordered methyl group was modeled, with
two sets of hydrogen atoms at 50% occupancy, rotated relative to each other by 600. The
hydrogen atom isotropic displacement parameters were fixed to 1.2 (non-methyl) or 1.5 (methyl)
times the U value of the atom to which they are bound. Mercury CSD 3.3 was used to generate
ellipsoid plots and other X-ray structure graphics.
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Table 3.1. X-ray Data Collection and Refinement Parameters for 5 and 6.
5
6

Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions

)

Volume (A 3
Z

)

)

Calculated density (g/mm 3
Absorption coefficient (mm-)
F(000)
Crystal size (mm 3
E range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to E)
Absorption correction
Max. and min. transition
Data / restraints / parameters
Goodness-of-fit on F 2
Final R indicies
[I>2a (I)]
R indicies (all data)
Largest diff. peak and hole

16 S 2 ]

[Zn2 C8 4H 66N 20 9S]-2(C5 H1 2

)

[Zn5 C 84H6 9N 4O
*8(THF)(H2 0O)a

Empirical formula

2341.97a
100(2)
0.71073
Triclinic
PT
a = 16.428(3) A
b = 20.306(6) A
c = 20.468(4) A
a = 105.590(4) 0
3= 111.788(3) 0
y = 105.769(4) 0
5555(2)
2
1.400
1.176
2414
0.42 x 0.10 x 0.02
1.372 to 25.107
-19<=h<=19
-23<=k<=24
-24<=l<=24
83883
19638
[R(int) = 0.1324]
99.1%
Semi-empirical
0.7452 and 0.5495
19638 / 1918 / 1672
1.054
RI = 0.0797,
wR2 = 0.1899
RI =0.1933,
wR2 = 0.2631

1554.48
100(2)
0.71073
Triclinic
PT
a = 15.079(2)A
b = 17.689(3) A
c = 17.811(3)A
a= 118.681(2)0
p = 91.063(2) 0
= 109.155(2) 0
3847.3(9)
2
1.342
0.713
1632
0.42 x 0.10 x 0.05
1.42 to 29.73
-20<=h<= 19
-24<=k<=24
-24<=I<=24
77401
21107
[R(int) = 0.0694]
96.4%
Semi-empirical
0.7459 and 0.5761
21107 / 24 / 1009
1.064
Rl = 0.0594,
wR2 = 0.1223
RI = 0.1123,
wR2 = 0.1441

1.622 and -1.087

1.264 and -0.755

)

(eA3
aHydrogen atoms were not modeled at all positions (see refinement details).
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Table 3.2. X-ray Data Collection and Refinement Parameters for 7 and 7-H 2 0.
7
7-H 20
Empirical formula

[Zn2 C63H 50N 2 08 S] (C 4H 8 0)

Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

1197.95
100(2)
0.71073
Triclinic
PT
a = 13.0610(13)A
b = 15.0735(14) A
c = 15.4161(15) A
c = 76.425(2)
= 71.620(2) 0
y = 75.905(2) 0
2752.1(5)
2
1.446
0.973
1244
0.25 x 0.08 x 0.04
1.41 to 25.71
-15<=h<=15
-18<=k<=18
-18<=l<=18
45651

Unit cell dimensions

)

Volume (A3

Z
)

Calculated density (g/mm 3

Absorption coefficient (mm)
F(000)
)

Crystal size (mm 3
0

range for data collection

Index ranges
Reflections collected
Independent reflections
Completeness to ®
Absorption correction
Max. and min. transition
Data / restraints / parameters
Goodness-of-fit on F2
Final R indicies
[I>2a (I)]
R indicies (all data)
Largest diff. peak and hole
(eA')

[Zn2 C6 3 H 5oN 208 S]

*(CH2 Cl2 )(H 2 0)
1228.79
100(2)
0.71073
Monoclinic
P2 1/c
a = 24.936(2) A
b = 13.5218(12) A
c = 16.6386(14) A

p=

97.7380(10)

[R(int) = 0.0513]
99.9%
Semi-empirical
0.7453 and 0.6772
10471 / 283 / 872
1.019
RI = 0.0387,
wR2 = 0.0800
RI = 0.0649,
wR2= 0.0897

5559.0(8)
4
1.468
1.058
2536
0.48 x 0.16 x 0.05
1.65 to 28.39
-32<=h<=33
-18<=k<=18
-22<=1<=22
109266
13889
[R(int) = 0.0864]
99.6%
Semi-empirical
0.7457 and 0.6013
19473 / 29 / 96
1.030
RI = 0.0486,
wR2 = 0.1084
RI = 0.0820,
wR2 = 0.1236

0.680 and -0.453

0.887 and -0.762

I V1+ /1I
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Table 3.3. Selected Bond Distances and Angles for Compound 5.
H
02...

Zn2

Zn1

08

07

N2

,,....01

N1

U Zn5
H"%~~L

HI

010

09
N3

N400

04Zn4

Zn3
O06

'*- 0~'~3

H

Zn1---Zn2
Znl---Zn5
Zn2---Zn5
Znl-01
Znl-N1
Znl-05
Znl-07
Zn2-02
Zn2-N2
Zn2-05
Zn2-08
Zn5-07
Zn5-08
01-Znl-N1
01-Znl-05
01-Znl-07
N1-Znl-05
N1-Znl-07
05-Znl-07
02-Zn2-N2
02-Zn2-08
02-Zn2-08
N2-Zn2-05
N2-Zn2-08
05-Zn2-08
07-Zn5-08
07-Zn5-010
08-Zn5-010
Znl-05-Zn2
Znl-07-Zn5
Zn2-08-Zn5

Bond Distances (A)a
Zn3-Zn4
3.470(2)
Zn3---Zn5
3.557(2)
Zn4---Zn5
3.499(2)
Zn3-03
1.926(6)
Zn3-N3
2.050(9)
Zn3-06
1.916(6)
Zn3-09
1.925(7)
Zn4-04
1.910(9)
Zn4-N4
2.044(6)
Zn4-06
1.911(9)
Zn4-010
1.907(8)
Zn5-09
1.943(7)
Zn5-010
1.934(6)
Bon d Angles (o)a
03-Zn3-N3
93.2(3)
03-Zn3-06
118.8(3)
03-Zn3-09
117.2(3)
N3-Zn3-06
113.5(4)
N3-Zn3-09
108.0(3)
06-Zn3-09
105.6(3)
04-Zn4-N4
95.7(3)
04-Zn4-010
115.5(4)
04-Zn4-010
111.9(3)
N4-Zn4-06
112.3(3)
N4-Zn4-010
111.5(3)
06-Zn4-010
109.4(3)
07-Zn5-09
105.8(3)
08-Zn5-09
111.4(3)
09-Zn5-0 10
113.8(3)
Zn3-06-Zn4
130.1(4)
Zn3-09-Zn5
133.8(3)
Zn4-010-Zn5
131.2(4)
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3.505(2)
3.527(2)
3.509(2)
1.939(6)
2.034(9)
1.917(5)
1.934(7)
1.919(7)
2.069(6)
1.926(8)
1.913(9)
1.965(7)
1.915(6)
92.6(3)
120.9(3)
115.2(3)
115.6(3)
106.0(3)
105.5(3)
95.6(3)
114.7(3)
113.8(3)
117.5(3)
106.5(3)
108.3(3)
109.4(3)
110.8(3)
105.8(3)
131.5(4)
132.7(3)
132.9(4)

aThe number scheme used matches the cartoon above and the numbers are not necessarily the

numbers assigned in the X-ray structure.
Refinement details for 5. In the structure of 5, there are six bridging hydroxo groups,
creating a Zn5 (OH)6 core (Figure 3.1). Five of the OH group hydrogens were found in the
electron density map. Four of the OH groups hydrogen bond to THF molecules with O---O
distances of 2.81, 2.90, 2.93, and 2.75 A (main component of disordered THFs only). The other
two OH groups hydrogen bond intamolecularly with ligand sulfone oxygens, both with O---O
distances of 2.99 A (Figure 3.1). Four THF molecules were found elsewhere in the crystal lattice
along with a water molecule. The two apical hydrogen bound THF molecules, all four free THF
molecules, and the water molecule were modeled to two part disorders. One of the THF
molecule's position was modeled to be related to the water molecule based on hydrogen bonding
distances. Distance restraints on 1,2 and 1,3 distances were placed on all disordered THF
molecules. Final major component occupancies refined to 69.9%, 85.9%, 59.2%, 73.5%, 67.3%,
and 70.3%. Hydrogen atoms were modeled for THF molecules hydrogen bonded to 5. Hydrogen
atoms were not modeled for the free THF molecules, nor the water molecule. The central zinc
center is chiral due to an approx. 90 rotation of the macrocycle ligands. The enantiomers form
chains in the crystal lattice, interdigitating with n-n stacking interactions (Figure 3.2).

122

Figure 3.1. Crystal structure of 5 at 50% ellipsoids. Hydrogen bonds with THF molecules (blue)
and sulfone oxygens are highlighted with dotted light blue lines. Non-hydrogen bonding THF
molecules and water molecules along with non-OH hydrogens were left out for clarity. One OH
hydrogen was not found.

Figure 3.2. Chains of alternating enantiomers of 5 with x-n stacking interactions highlighted
with light blue dotted lines.
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Table 3.3. Selected Bond Distances and Angles for Compound 6.
R
\C1---03

02....,to#Zn2

ZnI"

0

N2

, 01
N1

C2

R

Bond Distances (A)a
Znl---Zn2
Znl-01
Znl-N1
Znl-04
Znl-05
Bond Angles (*)a
01-Znl-Nl
01-Znl-03
01-Znl-04
01-Znl-05
Ni-Znl-03
Ni-Znl-04
N1-Znl-05

3.5332(7)
1.905(2)
1.987(2)
2.067(2)
2.017(3)

Znl-03
Zn2-02
Zn2-N2
Zn2-04
Zn2-06

2.346(3)
1.895(2)
1.988(3)
1.984(2)
1.971(3)

02-Zn2-N2
97.1(1)
99.0(1)
02-Zn2-04
102.5(1)
96.6(1)
141.0(1)
02-Zn2-06
119.6(1)
94.1(1)
N2-Zn2-04
123.0(1)
N2-Zn2-06
98.8(1)
109.3(1)
04-Zn2-06
104.3(1)
115.4(1)
121.4(1)
114.6(1)
Znl-04-Zn2
03-Znl-04
Znl-04-Cl
96.0(2)
58.69(9)
Zn2-04-C1
131.5(2)
142.2(1)
03-Znl-05
04-Znl-05
91.4(1)
aThe number scheme used matches the cartoon above and the numbers are not necessarily the
numbers assigned in the X-ray structure.

Refinement detailsfor 6. The crystal structure of 6 is essentially the same as that of 2
(Figure 3.3). Two disordered pentane molecules were found in the lattice, both disordered across
two positions. The final occupancies of the main components of the disorders are 63.9% and
75.7%. The pentane 1,2 and 1,3 distances were restrained to be similar and the ADPs were fixed
to be the same.
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ArTOI

.2.350

1.98
1.90
203
0.1lj,8
1.99
IfU,%
2.
1.97
N
2.00
0

97234/190
.07 2 .3
1.900
02 .09
...
199
2.02
4
2.05/
N

I

Blue = Zn
Orange =Fe
All dist. In A
ArO

Figure 3.3. Comparison of bond lengths in 2 and 6.
Table 3.4. Selected Bond Distances and Angles for Compound 7.
H
02...,

.01
it ..ol Zn%* Znl"'"

N200-

I

04

*V

NI

05

R

Bond Distances (A)a
3.2965(6)
Zn1---Zn2
1.909(2)
Zn2-02
1.913(2)
Zn1-01
2.009(3)
Zn2-N2
2.032(2)
Znl-N1
1.900(2)
Zn2-03
1.909(2)
Znl-03
2.013(2)
Zn2-04
1.970(2)
Znl-05
Bond Angles (O)a
119.9(1)
Znl-03-Zn2
02-Zn2-N2
96.61(9)
93.33(9)
01-Znl-N1
02-Zn2-03
115.05(9)
124.66(8)
01-Znl-03
02-Zn2-04
113.81(9)
108.17(8)
01-Znl-05
N2-Zn2-03
125.06(9)
104.85(9)
N1-Znl-03
N2-Zn2-04
104.73(9)
129.14(9)
N1-Znl-05
03-Zn2-04
101.73(8)
99.63(8)
03-Znl-05
aThe number scheme used matches the cartoon above and the numbers are not necessarily the
numbers assigned in the X-ray structure.
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Refinement detailsfor 7. Crystals of 7 with a single THF in the lattice was obtained. The
complex dibenzyl ether backbone was disordered and was modeled to a two part disorder with
the main component occupancy of 50.1%. The 1,2 and 1,3 distances between the atoms in the
dibenzyl ether unit were restrained to be similar to the other part of the disorder. ADP restraints
SIMU and DELU, with respective standard uncertainties of 0.01 and 0.0025, were applied to the
entire disorder. The THF was not disordered. The hydrogen atom on the bridging hydroxide was
found. In the lattice, two molecules of 7 dimerize through hydrogen bonds between the OH of
one molecule and phenoxide oxygen of the other molecule (Figure 3.4). The dimer forms about
an inversion center. The O---O bond distance is 2.939(2) A, the H---O distance is 2.16(2) A, and
the O-H---O angle is 170(3) *.

Zn2'
Zn1

-

Zni

Zn2

Figure 3.4. Dimer of complex 16 about an inversion center in the crystal structure. Hydrogen
bonds are highlighted with light blue dotted lines. Ellipsoids are drawn at 50% and the ArTOl
group, non-OH hydrogen atoms, and solvent molecules have been removed for clarity.
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Table 3.5. Selected Bond Distances and Angles for Compound 7-1120.
H
H

2n1 .""

01

02...,

H_/
06

H

Zn2

Z

04

05

I

N20#0

N1

R

Bond Distances (A)a
Zn1---Zn2
3.2117(5)
Znl-06
2.876(3)
Zn2-06
2.945(3)
01-06
2.989(4)
02-06
2.953(4)
Znl-01
1.906(2)
Zn2-02
1.914(2)
Znl-N1
2.056(2)
Zn2-N2
2.035(2)
Zn1-03
1.911(2)
Zn2-03
1.941(2)
Znl-05
1.991(2)
Zn2-04
1.973(2)
Bond Angles (O)a
Znl-03-Zn2
113.0(1)
01-Znl-Ni
94.78(9)
02-Zn2-N2
95.21(9)
01-Znl-03
133.31(9)
02-Zn2-03
122.27(9)
01-Znl-05
105.87(8)
02-Zn2-04
105.00(8)
N1-Znl-03
116.55(9)
N2-Zn2-03
110.20(9)
N1-Znl-05
96.23(9)
N2-Zn2-04
114.30(9)
03-Znl-05
104.12(9)
03-Zn2-04
109.44(9)
aThe number scheme used matches the cartoon above and the numbers are not necessarily the
numbers assigned in the X-ray structure.

Refinement details for 7-H2 0. Compound 7-H2 0 crystallizes with a disordered CH 2 C12
molecule. A two part disorder model was applied for the CH 2Cl 2 , with occupancies of 88.3% and
11.7%. Bond distance restraints were applied to the 1,2 and 1,3 bond distances in the CH 2 Cl 2
molecules. ADP restraints were applied on the disorder using SIMU and DELU. The assignment
of water was made based on the fact that water was already the agent responsible for the
hydroxide group and other atom types would be unreasonable for the amount of electron density
observed or compared to other possible light atoms. In addition, the hydrogen atoms on the
hydroxide and water molecule were found. Hydrogen bonding 0---0 distances of 2.845(4) and
2.853(4) A were found for the OH---OH 2 and HOH---Ophenoxide interactions, respectively. The
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hydrogen bond between the bridging hydroxide and the water molecule is correlated to a rotation
of the OH unit towards the pocket in the macrocycle relative to the structure of 7. This effect can
be described by a change in torsion angle in the

about 75

0 in

7 to 15

0

Ophenoxide-Zn-Ohydroxide-H

torsion angle from

in 7-H 20.

Synthesis.
[Zn 2(PIM)(Et) 21 (4). H 2PIM (165 mg, 243 gmol) was suspended in 6 mL of CH2Cl 2 in a dry
box. Et2Zn (510 pL, 510 pmol, 1 M in hexanes) was added dropwise over 5 min. After 1 h, the
precipitate was collected by filtration, yielding 4 as a yellow solid (135 mg, 64.2%). Anal. Calcd
for Zn 2C 46H 42N 20 5S-1/ 2 (CH 2Cl 2 ) (4 '/ 2 CH2Cl 2): C, 61.50; H, 4.77; N, 3.08. Found: C, 61.61; H,

4.40; N, 3.03. CH2Cl 2 was detected in NMR samples of 4. 'H-NMR (THF-d8 , 500 MHz): 6 8.45
(s, 2H), 7.92 (s, 2H), 7.85 (d, 2H), 7.62 (s, 2H), 7.58 (m, 4H), 7.42 (d, 2H), 7.27 (t, 2H), 7.21 (d,
2H), 7.18 (d, 2H), 7.06 (s, 2H), 4.54 (s, 4H), 2.22 (s, 6H), 0.90 (t, 6H), 0.00 (q, 4H). 13 C-NMR
(THF-d8 , 125 MHz): 8 169.64, 168.41, 152.53, 144.58, 140.83, 138.63, 138.35, 135.91, 135.26,
131.02, 130.48, 128.70, 127.76, 126.85, 126.29, 125.14, 123.00, 122.85, 120.02, 73.45, 20.07,
12.72, -2.38. IR (KBr): 2924, 2885, 2851, 1614, 1582, 1532, 1474, 1445, 1422, 1385, 1330, 1304,
1283, 1237, 1202, 1178, 1152, 1123, 1098, 1078, 986, 893, 793, 750, 704, 696, 638, 609, 527,
and 465 cm'.

[{Zn 2(u-OH)(PIM)} 2Zn(u-OH)4] (5). 4 (30.2 mg, 34.9 pmol) was dissolved in 2 mL of THF in
a dry box. The sample was placed in a 5 mL glass vial with a plastic cap and electrical tape
wrapped around the cap. The system was removed from the dry box and allowed to slowly react
with air over 2 weeks. Orange crystals of 5 formed directly in the vial. The crystals were
collected by filtration and washed with hexanes to obtain 19.7 mg (73.8% based on zinc, 59.0%
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based on PIM) of 5. The yields take account 1.8 THF molecules per 5 as suggested by NMR.
Besides confirming that the crystals consist of a single species by NMR, no other attempts were
made to obtain analytically pure material. 'H-NMR (CD 2 Cl 2, 500 MHz): 8 8.36 (s, 4H), 7.86 (s,
4H), 7.68 (d, 4H), 7.47 (t, 4H), 7.43 (s, 4H), 7.35 (t, 4H), 7.25 (m, 12H), 6.92 (s, 4H), 4.48 (m,
8H), 2.26 (s, 12H).
[Zn2 (PIM)(AroICO 2) 21 (6). Method A. In a dry box, 4 (60.0 mg, 69.3 pmol) was suspended in 2
mL of CH 2Cl 2 and cooled to -45 'C. The solution was brought outside of the freezer and, while
still cold, Ar*roCO 2 H dissolved in 1 mL of CH 2Cl 2 was added dropwise over 5 min. The reaction
was allowed to stir for 16 h and then the solvent was stripped to yield 77.2 mg, 78.9% of 4. X2

.

ray quality crystals were obtained by slow diffusion of pentane into a solution of 6 in CH 2 C

Method B. H2 PIM (13.2 mg, 19.4 imol) was suspended in 1 mL of CH 2Cl2 in a dry box. 3 (18.2
mg, 19.4 pmol) in 0.5 mL CH2Cl 2 was added dropwise over 1 min. After stirring overnight, the
system was setup for slow diffusion of pentane into CH 2 Cl 2. Method B was only performed once
and a mixture of orange and yellow crystals was obtained. Identification of the orange plates as 6
was confirmed by measuring the unit cell of two crystals.
As noted, analytically pure material could not be obtained by either method.
[Zn 2(p-OH)(PIM)(AroCO 2)] (7). X-ray quality crystals of 7 were obtained from a THF-d8
NMR sample of crude 6 exposed to air and layered with benzene and pentane. Unidentified
clusters of yellow needles were also harvested.
[Zn 2(U-OH)(PIM)(ArTO'CO2)]-H 2 0 (7-H 20). Yellow plates of 7-H 20 were found in the
crystallization of 6 using method B.

3.3 Results and Discussion
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Differing from the one-pot preparation of 2 in THF from an organometallic starting
material, preparation of 6 from diethylzinc is not straightforward. For instance, adding
diethylzinc

to

ArTCO 2 H

in

THF

results

in

the

formation

of

crystalline

[Zn(ArTO1CO 2)(Et)(THF)] 2 (3) directly in the reaction mixture.7 Adding diethylzinc into a
solution of H2 PIM could also lead to undesirable side reactions such as the formation of a
[Zn 2 (PIM) 2 ] complex. To test this possibility, 2.0 equiv of diethylzinc were added to a

suspension of H 2PIM in CH2 Cl 2 . The solution became homogeneous before a bright yellow
precipitate formed within minutes. In the 'H-NMR of the product, 4, in THF-d8 showed one
species with a ligand to ethyl group ratio of 1:2. The methylene unit of the ethyl group appeared
at 0.00 ppm, suggesting a zinc bound methylene group. Solubility of H 2PIM in THF is poor and
the dissolution of the H2PIM ligand in THF supports the formation of a zinc complex. Multiple
attempts to crystallize the material were unsuccessful and 4 is tentatively assigned as
[Zn 2(PIM)(Et)2 1. The formation of 4 over a species like [Zn2 (PIM)2] may relate to the reduced
Lewis acidity of ethylzinc alkoxides compared with that of diethylzinc.1- Also, the insolubility of
4 may be drive the reaction forward.
When 4 in THF is allowed to mix with air slowly over a week, crystals of a new
compound, 5 form from the solution. X-ray diffraction determined the compound to be [{Zn 2 (uOH)(PIM)} 2 Zn(u-OH) 4]-nTHF (Figure 3.5). The structure can be described as two cationic phydroxo-dizinc PIM units sandwiching a tetrahydroxyzincate dianion. The formation of 5
suggests that at some point during the reaction of 4 with air, a dizinc PIM unit loses at least one
zinc.
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Both 3 and 4 can be used as starting materials for the synthesis of 6. Addition of
ArTICO 2 H to a suspension of 4 in CH 2Cl 2 and addition of 3 to a suspension of H 2PIM results in
the formation of a bright orange homogeneous solution of 6. Diffusion of pentane into a solution
of 6 in CH2 Cl 2 results in the formation of orange needles of 6 (Figure 3.5). The structure of 6 is
analogous to that of 2. All M-L bond distances differ by up to 5 pm and the M-M distance in

A,

the zinc complex is 3.53

8 pm less than the Fe-Fe distance in 2 (Figure 3.3).
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Scheme 3.1. Overview of the zinc chemistry presented in this chapter.
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Figure 3.5. Crystal structures of 5 (left) and 6 (right) at 50% ellipsoids. Lattice solvents, disorder,
and hydrogen atoms are removed for clarity. The ArT"CO2 unit carbon atoms are colored bright
blue.
The synthesis of 6 is not straightforward. Although some preparations resulted in visually
homogeneous material, other trials resulted in mixtures of 6 and at least two other compounds, 7
and 7-H 2 0. The former complex was discovered as orange blocks from crystallization conditions
of THF layered with benzene and pentane. Compound 7 turned out to be [Zn2(UOH)(PIM)(Ar *1CO2 )] (Figure 3.6). Two molecules of 7 dimerize in the solid state with two
hydrogen bonds between the bridging hydroxide of one molecule and a phenoxide oxygen of the
other at a Odonor-Oacceptor distance of 2.94 A. The Zn-Zn distance is 3.30 A, 23 pm less than
that of 6. Decreased M-M distance in the hydroxide bridged 7 compared to the bidentate
bridging carboxylate-bridged 6 is expected because the moderate interaction of carboxylate's
dangling oxygen increases the chelated metal's M-Orige distance, increasing the M-M

distance.
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Figure 3.6. Crystal structures of 7 (left) and 7-H 20 (right) at 50% ellipsoids. Solvent molecules,
disorder atoms, and hydrogen atoms aside from hydoxide and water hydrogens are removed for
clarity. Carboxylate carbon atoms are colored bright blue.
Compound 7-H 20 was found as a yellow plate in a crystallization of 6 in the standard
pentane/CH 2Cl 2 system (Figure 3.6). Electron density was found within the empty space between
the dizinc center and the dibenzyl ether backbone of the PIM ligand. The bridging hydroxide in 7
points toward this electron density and assignment as a water molecule was further supported by
reasonable hydrogen bonds

(Odonor-Oacceptor

distance of 2.85

A)

between the bridging hydroxide

and the water, and the water and one of the phenoxide oxygen atoms. Because the bridging
hydroxide is hydrogen bonding with the water molecule, it can no longer hydrogen bond with
another molecule of 7 and suggests that, as a consequence, 7 does not dimerize in the crystal
structure.
Despite that the reaction was performed under an inert atmosphere in a dry box, the
formation of 7 is likely caused by adventitious water. The same solvents and dry box did not
decompose compounds 3 and 4, which are both expected and observed to be water sensitive.
Similar water sensitivity was not observed with the synthesis of 2 and similar species. The reason
may be due to the higher Lewis acidity of Zn2+ versus Fe2+. Notably, the structure of 6 is very
similar to the dizinc(II) active site of various hydrolytic enzymes, therefore suggesting the Zn2+
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ions in 6 are highly acidic. For our proposed 1H NMR experiments to be feasible we would need
pure material and because 6 cannot be obtained in high purity, we did not continue to study this
system.
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CHAPTER 4: Secondary Coordination Sphere Modulation
of Redox Potentials in Azide-Bridged Diiron(II) Complexes
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4.1 Introduction

Metalloenzymes create microenvironments adjacent to their active sites in which
secondary coordination sphere functional groups tune the properties of the enzyme. One reaction
of interest is the activation of 02 in the hydroxylase component of soluble methane
monooxygenase (MMOH), creating a diiron site powerful enough to activate dioxgyen for the
conversion of methane (BDE = 105 kcal/mol) to methanol.' Enzymatic and computational
studies reveal the importance of a secondary coordination sphere threonine residue at the diiron
active site of MMOH and the related hydroxylase, toluene-4-monooxygenase (T4MOH) and
toluene/o-xylene monooxygenase (ToMOH). 2 -6 In the latter enzyme, site-directed mutagenesis
studies of this threonine residue, T201, provide direct evidence for its participation in 02
activation. 4 The question that remains is how exactly T201 (or T213 in MMOH) interacts with
the oxygenated diiron active site to effect 02 activation. Hydrogen bonding interactions between
the threonine residue and dioxygen-diiron intermediates of the diiron center are postulated. Two
crystal structures of T4MOH in complex with the Rieske protein component (T4MOC) revealed
an extensive hydrogen bonding network at the diiron active site.7 T201 participates in this
hydrogen bonding network, suggesting that it might be functionally important to the enzyme by
tuning the properties of the diiron center.
Model studies of non-heme metal complexes have provided insight into the possible
effects of secondary coordination sphere hydrogen bonding on dioxygen reactivity. For a series
of end-on copper(II)-hydroperoxo complexes, hydrogen bonding interactions to the a-oxygen
stabilized the hydroperoxo species, whereas interactions with the

P-oxygen

destabilized the

hydroperoxo species relative to analogous complexes lacking pendant hydrogen bond donors.8 '9
In a series of cobalt(II) complexes with zero to three secondary coordination sphere hydrogen
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bonding donors from the Borovik lab, binding of 02 and stability of the Co"'-OH products were
promoted by the hydrogen bonding donors.10 Goldberg and coworkers reported two mononuclear
iron(II) complexes, which differed by the addition of a pendant amide group that can provide a
hydrogen bond to an iron bound ligand." Reaction with tBuOOH produced intramolecular C-H
oxygen atom insertion in the case without the amide group. With the amide group, a
spectroscopically observable FeIII'00tBu species was produced. A model system that addresses
the effect of the hydrogen bonding threonine in MMOH and ToMOH would be of great value.

Fel-Fe2= 3.01

A

el
Ag1

Fe

Ag[Fe 2(OH) 2(PIM)(ArTOICO 2 )(C0 4)2]
All distances in A

Figure 4.1. X-ray structure of Ag[Fe 2 (OH) 2 (PIM)(ArTICO 2)(CI0 4)2] drawn with 50% thermal
ellipsoids. Distances are in angstroms. Hydrogen atoms are removed for clarity and the
carboxylate carbon atoms are colored blue to aid visualization of the structure. Color scheme:
iron (orange), oxygen (red), nitrogen (light blue), sulfur (yellow), chlorine (green), silver (white),
carboxylate carbon (blue), and macrocycle carbon (grey).
Creating biomimetic models for the active sites of carboxylate bridged diiron centers is
challenging due to the propensity for metal carboxylates to form oligomeric structures. The
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asymmetry at the diiron active sites of bacterial multicomponent monooxygenases is also
challenging to replicate.12"

3

For instance, in the reduced state of MMOH, MMOHred, both a

symmetric p-q] :q' bridging carboxylate and an asymmetric u-qjl':17 2 bridging carboxylate are
present. Additionally, reproducing the syn-N coordination of the histidine ligands with respect to
the diiron vector in a model system requires substantial ligand preorganization. A new strategy
that our lab is pursuing is the use of a macrocyclic platform, H 2PIM, which supports the
formation of diiron(II) complexes with the asymmetric features mentioned above.14
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[Fe 2(PIM)(RCO 2 )2]
Chart 4.1. The H 2 X2 PIM ligand labeled with terminology for different parts of the ligand. The
location of the extra binding pocket relative to a diiron complex is showing as a brown dotted
circle in the bottom left.
A unique feature of PIM-type ligands is an extra pocket that allows the binding of small
molecules or ions adjacent to the corresponding iron unit (Chart 4.1). This feature was first
observed in a complex of [Fe2(P-OH)2(CI04)2(PIM)(ArTO'CO2)Ag], where silver(I) ion binds to

donor atoms in the extra binding pocket (Figure 4.1).14 Exploration of dizinc(II) analogs of
diiron(II) PIM complexes afforded [Zn2(C-OH)(PIM)(ArToICO 2)] with a water molecule bound in
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the extra binding pocket through hydrogen bonding interactions (see Chapter 3). These
observations inspired us to study ligand binding to the extra pocket in diiron(II) PIM complexes
and the potential to install secondary coordination sphere hydrogen bond donors within the extra
pocket. A new ligand, H 3PIM2, featuring a secondary alcohol within the extra pocket, was
prepared

(Chart 4.2). Continuing from our study of [Fe 2(PIM)(Ph 3CCO 2)2]

(1)

and

[Fe 2(PIM)(Ar TIC0 2 ) 2] (2),14 we prepared the diiron(II) complexes, [Fe 2(PIM)(AnthCO 2)2] (3)
and [Fe2 (HPIM2)(Ph 3CCO 2)2] (4). The structures of these complexes with ligands bound within
the extra pocket are compared.

H OH

\
N

HO
N~

60
Chart 4.2. Drawing of H 3PIM2.
As a structural mimic for dioxygen bound to these diiron model complexes, azide bridged
complexes, ("Bu4N)[Fe 2(N 3)(PIM)(Ph 3CCO 2)2] (6) and ("Bu4N)[Fe 2(N 3)(HPIM2)(Ph 3CCO 2 )2]
(7) were prepared. In the latter complex the dangling hydroxo group of the HPIM2 system in the
secondary

coordination sphere forms an O-H---Nazide

consequence of this interaction is an

hydrogen bond. An interesting

150 mV increase in the Fe"Fe"'/Fe"Fe" redox potential of

7 compared to that of 6. The potential implications of this finding to the function of the threonine
residue in tuning the redox properties of the diiron centers in MMOH and ToMOH are discussed.

4.2 Experimental
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General. Chemicals were purchased from commercial sources and used as received.
Solvents, except chloroform, were saturated with argon and purified by the passage through two
columns of activated alumina followed by storage over 3 A molecular sieves in an MBraun
drybox. Chloroform was degassed by saturation with nitrogen, followed by simple distillation
and twice dried over 3 A molecular sieves. Compounds H2 PIM,1 4 "Bu4N1 5NN 2 , 5 [Fe 2(mes) 4]' 6

(mes = 2,4,6-trimethylphenyl), ArTICO2H, 7 1-2,'14 L2' and L5 19 were prepared by published
procedures. All manipulations of air sensitive compounds were performed in an MBraun drybox.
UV-Vis spectra were obtained in 6Q Spectrosil quartz cuvettes (Starna) on a Cary 50
spectrophotometer. A ThermoNicolet Avatar 360 spectrometer was used to obtain IR spectra and
the data were processed with the OMNIC software. Solution IR spectra were recorded in CaF 2
cells. NMR spectra were recorded on either a 500 MHz Varian Inova spectrometer or a 300 MHz
Varian Mercury spectrometer. 'H and

13 C

spectra were referenced to residual solvent peaks.

Cyclic voltammograms were acquired using a three-electrode system comprising a 2.0 mm
diameter glassy carbon working electrode, a platinum auxiliary electrode, and a Ag/Ag'
pseudoreference electrode in 1 mM solutions of the complexes in CH2 Cl 2 containing 0.1 M
"Bu4NPF6 as the supporting electrolyte. The measurements were performed under a nitrogen
atmosphere at ambient temperature with a VersaSTAT3 potentiostat (Princeton Applied
Research) operated with the V3 Studio software with scan rates of 100 to 1000 mV s1. Data
were referenced to an external Fc/Fc+ couple.
X-ray Data Collection and Refinement. Single crystals of 1-CH3 CN, 3-CH 3 CN,
4-DMF, and 5-7 were coated with Paratone oil and mounted onto a Bruker SMART APEX CCD
X-ray diffractometer using Mo Ka radiation. Data collection was performed at 100 K and the
diffractometer was controlled with the APEX2 (v. 2010.1-2) software package.2 0 Data reduction
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was performed with SAINT 2 ' and absorption correction with SADABS.22 XPREP 2 was used to
determine the space group through analysis of metric symmetry and systematic absences. Initial
solutions were determined using direct methods and refinement was performed with the SHELX2013 software package using full-matrix least squares refinement on F2 .2 4 PLATON

was used

to check for higher symmetry. Non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were fixed to idealized positions using a riding model except for the hydroxide protons in
7, which were located in the electron density and refined semi-free using distance restraints
appropriate for 100 K. The hydrogen atom isotropic displacement parameters were fixed to 1.5
(methyl) or 1.2 (non-methyl) times the U value of the atom to which they are bound. Bond
distances of disorder atoms were restrained to be similar to other analogous sets of atoms in the
structure and anisotropic displacement parameters were restrained to be similar or the same
amongst the disordered atoms, depending on the severity of the disorder. Structure and
refinement parameters can be found in Tables 4.1, 4.2 and 4.3 below. The remaining details for
each crystal are described below.
Crystals of 4-DMF were obtained from diffusion of ether into a solution of 1:1 DMF and
CH 2 Cl 2 . The crystals form slowly over a couple months. The secondary coordination sphere
hydroxyl group hydrogen bonds with another molecule across an inversion center as suggested
by an O---O distance of 3.008(2) A. The hydroxyl group hydrogen atom is thus likely disordered
about the special position. This hydrogen was not found in the electron density map. A noncoordinated DMF molecule sits disordered across an inversion center and the hydrogen atoms of
which were not modeled.
Compound 6 is a "Bu4N+ salt, which crystallizes in C2/c. The "Bu4N+ cation resides in
two positions, each with half occupancy. The first cation rests on the c-axis between two
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inversion centers on the glide plane in the ac plane. The second cation rests close to a glide plane
in a general position and is disordered across two positions about the glide plane. The second
cation is paired with a CH 2Cl 2 molecule. When the second cation and CH2 Cl2 are in one position,
disordered solvent molecules occupy the other position. An Et20 (66.2%) and CH 2Cl 2 (33.8%)
compose the disordered solvent. Also in the lattice are a CH2C12 disordered across two positions
(54.3 and 45.7%) and an ether with a disordered ethyl group with two positions (78.2 and 21.8%).
Compound 7 is also an "Bu4N+ salt, which crystallizes in P21/c. With two molecules in
the asymmetric unit, there are two "Bu4N+ cations. One cation has a butyl group in which the
outermost ethyl portion is disordered across two positions (56.1 and 43.9%). One CH2 Cl 2
molecule rests close to an inversion center on the ab plane and is disordered about the inversion
center. A non-disordered Et2O and CH2 Cl2 are also found in the lattice.
Compound 1-CH 3CN contains one ether molecule. Compound contains 3-CH3 CN three
benzenes. Compound 5 contains one CH 2Cl 2 molecule and a four-part disorder consisting of four
C2CA2

90

L4.6%,

1 Z.5
6O, a

18. -%/).in 5, the dibenzylether backbone of the PIM ligand

was disordered across two positions (81.2%, 18.8%) and two of the butyl groups were disordered
across two positions (74.7%, 25.3% and 51.7%, 48.3%). Similarity restraints and anisotropic
displacement parameter restraints were placed on disordered atoms.
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Table 4.1. Crystal refinement table A.
1-CH 3CN

3-CH 3CN

C88 H 75Fe 2N 3 0

Formula weight

1478.27

1506.28

Temperature (K)

100

100

Wavelength (A)

0.71073

0.71073

Crystal system

Triclinic

Monoclinic

Space group

P!

P21/n

Unit cell dimensions

a = 13.3562(7) A
b = 13.8767(8) A
c = 20.4216(11) A
a= 79.3800(10)0
P= 89.1980(10)0
y = 81.5610(10)*

a = 17.0338(7) A
b = 20.5983(8) A
c = 20.4350(8) A

Volume (A 3

3679.5(3)

7170.0(5)

Z

2

4

Calculated density (g/cm 3

1.334

1.395

Absorption coefficient (mm-)

0.487

0.500

F(000)

1544

3136

Crystal size (mm 3

0.58 x 0.08 x 0.01

0.56 x 0.29 x 0.10

e range for data collection

1.509 to 28.3040

1.55 to 29.610

-17 < h < 17

-23 < h < 23
-23 <k<23
-28 < l28
<

)

)

)

Empirical formula

10 S

k< 18
1 < 27

C 92 H 7 1Fe 2N 3 0 9 S

P = 90.0120(10)0

Index ranges

-18
-26

Reflections collected

72827

152599

Independent reflections

18180 [R(int) = 0.0882]

20132 [R(int) = 0.0519]

Completeness to 0 (%)

100.0

99.7

Absorption correction

Empirical

Empirical

Max. and min. transmission

0.7457 and 0.6539

0.7459 and 0.6805

Data / restraints / parameters

18180 / 0 / 940

20132 / 0 / 965

1.004

1.033

RI = 0.0572,
wR2 = 0.1164

RI = 0.0434,

RI = 0.1193,
wR2 = 0.1402

RI = 0.0701,
wR2 = 0.1205

1.356 and -0.403

0.870 and -0.670

Goodness-of-fit on F

2

Final R indices [I>2o(I)]
R indices (all data)
)

Largest diff. peak and hole (e .A 3
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wR2 = 0.1039

Table 4.2. Crystal refinement table B.
4-DMF
Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions

)

Volume (A 3

Z

C 87 5 H 70Fe 2N 3.5010 5S
1482.23
100(2)

Cl 04.99H1

0.71073

0.71073

Triclinic
P1
a = 12.8350(13) A
b = 14.4553(15) A
c = 20.198(2)A
= 81.824(2)
= 85.615(2)0
7 = 71.647(2)0

Monoclinic

3518.6(6)

19391(3)
8
1.293
0.475
7952

2

1.399
0.510

Calculated density (Mg/M
Absorption coefficient (mm')
F(000)
Crystal size (mm3)
0 range for data collection
)

3

1543
0.68 x 0.47 x 0.20
1.496 to 29.6310

Reflections collected
Independent reflections
Completeness to 0
Absorption correction
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F 2

R indices (all data)
)

Largest diff. peak and hole (e.A- 3

C2/c
a = 49.005(4) A

b = 13.7955(11) A
c = 29.322(3) A

P = 101.9830(10)0

0.35 x 0.32 x 0.12
1.496 to 29.6570
-I 9<=k<=19,
-40<=l<=40

72967
19392 [R(int) = 0.0347]

206487

99.8

100.0

Empirical
0.7459 and 0.6608

0.7459 and 0.6835

19392 / 0 / 968

Final R indices [I>27(I)]

14 .65C3.34 Fe 2N6

1887.97
100(2)

-68<=h<=67,

-17<=h<=17,
-19<=k<=20'
-27<=I<=28

Index ranges

6

1.034
RI = 0.0436,
wR2 = 0.1081
RI = 0.0622,
wR2 = 0.1237'
1.380 and -0.798

144

27289 [R(int) = 0.0450]
Empirical
27289 / 575 / 1343
1.067
R1 = 0.0680,
wR2 = 0.1959
RI = 0.0938,
wR2 = 0.2183
1.563 and -1.626

O 10 .3 3 S

Table 4.3. Crystal refinement table C.
7
Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions

)

Volume (A3
Z

)

)

Calculated density (Mg/m 3
Absorption coefficient (mm-)
F(000)
Crystal size (mm 3
9 range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0
Absorption correction
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>27(I)]
R indices (all data)
Largest diff. peak and hole (e.A~3)

5

C 101.75H106 50C11 5oFe 2N 6O 9.50S

C90 H 8 7.74 CI4.OIF 2Fe 2N 6 O 9 S

1762.36
100(2)
0.71073

1683.17
100
0.71073

Monoclinic
P2 1/c
a = 20.4423(18) A
b = 26.159(2) A

c = 33.884(3) A

Monoclinic
P2 1/n
a = 15.1387(8) A
b = 12.8136(7) A
c = 42.745(2) A

P = 90.723(2)0

P = 98.8710(10)0

18118(3)
8
1.292
0.450
7428

8192.5(8)
4
1.365
0.573

0.58 x 0.45 x 0.02
1.394 to 25.066'
-24<=h<=24,
-31<=k<=31,
-40<=l<=40

276625

3511
0.49 x 0.32 x 0.08
1.513 to 29.6780
-21 <h<20

-17 < k < 17
-59 < I < 59

31989 [R(int) = 0.1321]

170446
23064 [R(int) = 0.0687]

99.5

100.0

Empirical

Empirical

0.7452 and 0.6626
31989 / 70 / 2235

0.7459 and 0.6683
23064 / 973 / 1270

1.050
RI = 0.0630,
wR2 = 0.1382
RI = 0.1278
wR2 = 0.1705
1.193 and -1.109

1.112
RI = 0.0721,
wR2 = 0.1626
RI = 0.1090,
wR2 = 0.1800
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0.998 and -0.997

Synthesis.
1,3-Bis(3-bromophenyl)propan-2-one (LI). NN'-Diisopropylcarbodiimide (29.8 g, 236 mmol)
and dimethylaminopyridine (6.55 g, 53.6 mmol) were dissolved in 450 mL
CH 2 CL2 . 3-Bromophenyl acetic acid (46.1 g, 214 mmol) was dissolved in 450
Br

2

U

mL CH 2Cl 2 and added to the first solution dropwise over about 1 h. After

stirring overnight, the precipitate was filtered off and washed with CH2 Cl 2 . The filtrate was
washed with 500 mL 1 M HCl (aq) and 2 x 250 mL sat NaHCO 3 (aq) before drying with Na 2 SO 4
and subsequent filtration. The solvent was stripped to dryness and the crude product was purified
by recrystallization using 50 mL of absolute EtOH to yield 19.8 g (50.2%) of yellow crystals of
Li. Spectroscopic data matched the data reported in the literature. 2 6

((1,3-Bis(3-bromophenyl)propan-2-yl)oxy)triethylsilane

(L3). Compound L2 (11.6 g, 31.3

mmol) and imidazole (6.40 g, 94.0 mmol) were dissolved in 60 mL of dry

/ OTES

\Br'

DMF and was cooled to 0 OC. Triethylsilyl chloride (7.09 g, 47.0 mmol)
was then added and the reaction was allowed to warm to rt. After

overnight stirring, 30 mL of H2 0 were added and the product was extracted with 4 x 150 mL
hexanes. The combined hexanes was dried with Na2 SO 4 , filtered, and stripped to a light yellow
oil. Purification was achieved with column chromatography (hexanes) to yield 13.1 g (86.2%) of
a colorless oil of L2. 'H-NMR (CDCl 3, 500 MHz) 6: 7.35 (4H, m), 7.16 (2H, t), 7.09 (2H, d),
4.04 (1H, pent), 2.69 (4H, m), 0.84 (9H, t), and 0.38 ppm (6H, q). 13C-NMR (CDCl 3, 500 MHz)
6: 141.3, 132.9, 129.9, 129.5, 128.4, 122.4, 74.5, 43.6, 6.9, and 4.8 ppm. EI: 453, 455, and 457
(calcd

=

453.0 (50.2%), 455.0 (100.0%), and 457.0 (50.8%) [M-CH 3CH2]*+).
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((2-Hydroxypropane-1,3-diyl)bis(3,1-phenylene))diboronic

acid (L4). Compound L3 (2.0 g,

4.13 mmol) in 30 ml THF and cooled the system to -78 'C before adding

/\

nBuLi (4 mL, 2.5 M in hexanes) dropwise over 2 min. After 2 h,

HO-B

OH

OH

2

B(OMe) 3 (3.43 g, 33.0 mmol) was added over 1 min and then the reaction

mixture was allowed to warm to rt slowly overnight. The reaction was then quenched with 50
mL 1 M HCl (aq) and the product was extracted with 4 x 50 mL EtOAc. The combined organic
fractions were concentrated to about 100 mL and the product was then extracted with 5 x 75 mL
1 M NaOH (aq). The combined basic solution was then acidified to pH 1 using conc HCl
solution. The product was then extracted with 3 x 200 mL EtOAc, dried with Na 2 SO 4 , filtered,
and stripped to 1.17 g (94.7%) of L4 as a white solid. The material was used directly in the next
step without further purification. For NMR analysis, a sample was dissolved in CH 30H,
producing the methyl ester. 'H-NMR (L4-methyl ester, CD 30D, 500 MHz) 6: 7.56 (2H, br), 7.45
(2H, br), 7.26 (4H, s), 4.02 (1H, m), 2.76 (4H, m), 2.15 (4H, s), and 1.99 ppm (4H, s). Methyl
ester CH30- peak integration is lower than expected due to exchange with CD 3 0D. Mp (dec)

=

254 *C.

3',3'"-(2-Hydroxypropane-1,3-diyl)bis(2-hydroxy-5-methyl-[1,1'-biphenyl]-3-carbaldehyde)
(L6). L4 (900 mg, 3.0 mmol), L5 (1.55 g, 7.2 mmol), and K 2 C0 3 (1.87
g, 13.5 mmol) were combined in a Schlenk flask and the system was
\

/

OH placed under vacuum and backfilled with N 2 . THF (15 mL) and
OH

-O

2

degassed H2 0 (5 mL) were then transferred in via a cannula.

[Pd(Ph 3P) 4] (347 mg, 300 jtmol) was then added and the reaction was heated to reflux. After 20 h
of reflux, the reaction was cooled to rt and 30 mL of 1 M HCl (aq) was added. The product was
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extracted with 3 x 75 mL EtOAc, dried with Na2 SO 4 , filtered, and stripped to an oil. L6 was
obtained after column chromatography (20% EtOAc in hexanes) as a yellow solid (694 mg,
48.1%). 'H-NMR (CDCl 3, 500 MHz) 6: 11.33 (2H, s), 9.90 (2H, s), 7.47 (2H, s), 7.46 (2H, d),
7.43 (2H, d), 7.40 (2H, t), 7.34 (2H, d), 7.25 (2H, d), 4.15 (1H, tt), 2.97 (2H, dd), 2.86 (2H, dd),
2.38 ppm (6H). ESI(-): 479.0 (calcd
(dec)

=

479.2 [M-H]~) and 501.1 (calcd 501.2 [M+Na-2H]-). Mp

131 *C.

H 3PIM2. 3,3'-Diaminodiphenylsulfone (215 mg, 1.25 mmol) and L6 (580 mg, 1.25 mmol) were
dissolved in 500 mL CH 3CN. Trifluoroacetic acid (170
~L, 2.5 mmol) was then injected and the reaction was
\

/

-

OH-

OH

HO

\

/

allowed to stir overnight. The product was then
collected by filtration and washed with 2 x 30 mL Et 20

500

lMz)

,S

\

to yield 517 mg (74.6%) of H 3PIM2. 'H-NMR (CDCl 3

,

S

0: 12.O9 (2H, s), 8.27 (2H, s), 7.47 (2H, s), 7.43 (2H, in), 7.37 (2H, m), 7.29

(integration obscured, m), 7.12 (4H, m), 7.04 (2H, s), 6.86 (2H, t), 6.78 (6H, m), 3.56 (1H, m),
2.67 (integration obscured, m), and 2.07 (6H, s). ESI(-): 691.1 (calcd
=

=

691.2 [M-H]~). Mp (dec)

348 *C.

[Fe 2(PIM)(AnthCO 2)2] (3) and [Fe2(PIM)(AnthCO 2)2(CH 3CN)] (3-CH3 CN). H 2PIM (156 mg,
230 ptmol) and AnthCO 2H (102 mg, 460 prmol) were combined in 2.5 mL THF. [Fe 2(mes) 4 ] (135
mg, 230 ptmol), pre-dissolved in 1 mL THF was injected quickly and a red slurry formed. After
2.5 hours, the slurry was cooled to -45 'C, the red solid was collected by filtration, washed 1 x 1
mL THF and 2 x 1 mL ether, and dried under vacuum to yield 199 mg, 70.1% red solid (3). In a
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separate trial at 116 pmol of H2 PIM, crystallization with slow diffusion of pentane into a 1:1
solution of C6 H6 :CH3 CN produced red crystalline material of 3-CH 3CN that were washed 3 x 1
mL ether and dried under vacuum to yield 87.8 mg, 59.7% yield. Mdssbauer (polycrystalline,
apiezon M grease): 6 = 1.14(2) mm/s, AEQ = 2.22(2) mm/s,
(CH2 Cl 2 ): Xmax (s)

=

FLR =

0.34(2) mm/s. UV-vis

280 (sh, 38000 M- cm-1), 328 (sh, 16300 M- cm'1), 350 (16000 M-1 cm 1 ),

367 (22200 M-' cm-'), 387 (23700 M' cm 1 ), 405 (sh, 13800 M 1 cm'), and 510 (sh, 1400 M-1
cm 1 ) nm.

[Fe 2(PIM)(Ph3 CCO 2) 2 j (1) + CH 3CN. Combined 1 (22 mg, 16.1 gmol), 1 mL CH 3CN, 0.5 mL
C 6H 6, and 0.5 mL CH2 Cl 2 . Filtered and set to diffuse ether across two days. A few crystals of the

desired adduct [Fe 2(PIM)(Ph 3CCO 2)2 (CH 3CN)] (1-CH 3CN) were analyzed by X-ray diffraction.

[Fe 2(HPIM2)(Ph3 CCO 2)2j (4). A mixture of H 3PIM2 (50 mg, 72 pmol) and Ph3CCO 2H (42 mg,
144 pmol) in 2 mL of THF was prepared in a drybox. [Fe 2(mes) 4] (43 mg, 72 umol) in 1 mL of
THF was added. After 3 h, the solvent was stripped and the residue was washed with 2 x 1 mL
Et2 0. The material was dissolved in 2 mL of 1:1 CH 2 Cl 2 :C6 H6 and set for slow diffusion of
pentane. The resulting microcrystalline material was collected, washed with 2 x 1 mL of pentane
and dried to yield 61.4 mg (61.8%) of 4. X-ray quality crystals of the DMF adduct, 4-DMF,
were obtained from slow diffusion of ether into a solution of 4 in 1:1 DMF:CH 2Cl 2 . Anal. Calcd

for Fe 2C 83H 64N2 09 S-(2DMF*0.5Et 2O) (4-2DMF-0.5Et2O): C, 70.04; H, 5.36; N, 3.59. Found: C,
69.59; H, 5.16; N, 3.41. IR (KBr): 3473, 3054, 3023, 2920, 2863, 2332, 1619, 1580, 1541, 1472,
1446, 1377, 1321, 1303, 1204, 1156, 1083, 1035, 979, 798, 741, 698, 637, 607, 538, and 521 cm-
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'. UV-vis (CH 2 Cl 2 ):

Xma

(z)

=

286 (30700 M- cm-'), 408 (12600 M- 1 cm-'), and 530 (sh) nm. Mp

(dec) = 255 'C.

[Fe 2 (PIM)(AnthCO 2)2] (5) + ("Bu 4N)N 3. To a suspension of 3 (50 mg, 40.6 ptmol) in 1 mL
C 6H6 was added ("Bu4N)N 3 in 0.5 mL C 6 H6 , forming a brown slurry. After overnight stirring, the
solvent was stripped and the crude material was dissolved in a 3:1, CH 2 C12 :C 6H6 mixture, filtered,
and pentane was added by slow diffusion. Overnight, a few red plates of the desired adduct,
(nBu 4N)[Fe 2(N 3)(PIM)(AnthCO 2)2] (5), were obtained. The structure was determined by X-ray
diffraction.

("Bu4N)[Fe 2(N 3)(PIM)(Ph 3 CCO 2)2 ] (6). Complex 1 (82 mg, 60 umol) was dissolved in 1 mL of
C 6H6 in a drybox. A solution of ("Bu4N)N 3 (17 mg, 60 ,umol) in 1 mL of CH2 Cl2 was added and
the mixture was allowed to stir for 3 h. Diffusion of ether into a 1:1 CH2 Cl 2 :C 6H6 solution
produced 73.3 mg (74.4%) of blue/orange dichroic crystals. The crystals were washed 3 x 1 mL
Et 2O and dried under vacuum. Anal. Calcd for Fe 2 C 9 8H9 8N 6 O9S-(CH 2 Cl 2 ) (6-0.33CH 2 C 2): C,

70.47; H, 5.93; N, 5.01. Found: C, 70.87; H, 5.82; N, 4.75. IR (CHCl 3): 2067 cm~1 (vN). UV-vis
(CH 2 Cl 2 ): Xmax (c)

=

293 (26000 M-1 cm'), 416 (13500 M-1 cm 1), and 598 (sh) (598 M- cm-)

nm. M~ssbauer (polycrystalline, apiezon M grease): 8 = 1.13(2) min/s, AEQ = 2.87(2) mn/s, IFUR
-

0.32(2) mm/s. Mp (dec)

=

159 'C.

("Bu4 N)[Fe 2 (15NN 2)(PIM)(Ph 3CCO 2) 2j (6-15N). Complex 6- 15N was produced in a manner

analogous to the production of 6 except ("Bu4N)15 NN 2 was used as the azide source. IR (CHCl 3):
2054 cm1 (VN3).
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("Bu4N)[Fe 2 (N 3)(HPIM2)(PhCCO 2)2 ] (7). Complex 4 (21 mg, 15 umol) was dissolved in 0.5
mL of C 6H 6 and then ("Bu 4N)N 3 (4.3 mg, 15 umol) in 0.5 mL of CH2 Cl 2 was added. After 3 h of
stirring, the product was crystallized by diffusion of ether into the reaction mixture, which
produced green/orange dichroic crystals. The crystals were washed 3 x 1 mL Et2O and dried
under vacuum to yield 5.4 mg (21.3%) of 7. IR (CHCl 3): 2069 cm~
(c)

=

VN3).

UV-vis (CH 2 C 2 ):

Xmax

290 (24000 M-1 cm-1 ), 415 (12700 M-1 cm-1), and -590 (sh) (1470 M-1 cm-) nm.

4.3 Results and Discussion

Synthesis. H 3PIM2 was synthesized in 7 steps with an overall yield of 15.1% (Scheme
4.1). Li was prepared by a modified literature procedure, 2 6 where DCC was replaced with DIC
for ease of handling. The change did not produce significant differences in yield. Reduction of
the carbonyl group in L2 was performed by a known preparation.' 8 Protection of the alcohol with
TES to make L3 proceeded in 86.2% yield and was chosen over a TBDMS protected analog,
which could only be isolated in 49% yield. For the Suzuki coupling, the brominated
salicylaldehyde synthon L5 was used as a source of a formyl group for subsequent imine
formation. L5 is prepared by bromination of 4-methylsalicylaldehyde.1 9 The diboronic acid, L4,
was prepared from L3 using lithium halogen exchange followed by addition of trimethylborate.
Strongly basic workup followed by strong acidification provides the diboronic acid and
conveniently removes the TES protecting group, which is no longer needed. Suzuki coupling
between L4 and L5 produced L6 in 48.1% yield. The macrocyclization step to form H 3PIM2
proceeded in 72.0% yield.
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Scheme 4.1. Synthetic route to H 3PIM2.
Complexes 3-4 (Scheme 4.2) were prepared by adding I equiv of [Fe 2(mes) 4] to a THF
slurry of 1 equiv of the macrocycle and 2 equiv of the carboxylic acid. Crystallization of 3 was
achieved by diffusion of pentane into a solution of 3 in 1:1 C 6H6 :CH3CN to produce red crystals
of (3-CH 3 CN) in 59.7% yield.
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N
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H2L
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(Bu 4N)N 3
1Fe-''F
N
1:1
0
CH 2CI 2 :C6 H6
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00 1
N
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+

2 RC02H
THF
[Fe2 (mes) 4]

(nBu4 N)

R

N
N/'
'""Fe'
N' I
0,

'*N
o

R
[Fe 2(L)(RCO 2 )2]

(nBu 4 N)[Fe 2(N 3 )(L)(RCO 2 )2

L =PIM; R =Ph 3C (1)
L =PIM; R =ArTOI (2)
L =PIM; R Anth (3)
L = HPIM2; R = Ph 3C (4)

L =PIM; R Anth (5)
L PIM; R =Ph 3C (6)
L = HPIM2; R = Ph 3C (7)

Scheme 4.2: Synthesis of diiron(II) complexes 1-7. The N202 units surrounding the diiron
centers represent the macrocyclic ligand, which is not included for clarity.

Fel-Fe2 = 3.47 A

lot

Fei

Fe

N1

Figure 4.2. Structure of 3-CH3 CN at 50% ellipsoids in two views. The view on the left
highlights the unusual interaction involving the CH3CN. Solvents and hydrogen atoms are
removed for clarity. Distances are in angstroms. Color scheme: iron (orange), oxygen (red),
nitrogen (light blue), sulfur (yellow), carboxylate carbon (blue), macrocycle carbon (grey), and
acetonitrile carbon (green).
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The structure of 3-CH 3CN consists of the typical diiron(II) core with two bridging
carboxylates as seen in 1-2, but includes an addition CH3 CN ligand bound to iron in the extra
binding pocket (Figure 4.2). The Fe-NCCH 3 distance is unusually long at 2.446(2) A and
involves the iron not chelated by the u-ql:t12 bridging carboxylate. The Fe-N distance to the
second iron is 2.763(2) A. Steric interactions between the CH 3CN and the ligand are present.
Efforts to crystallize 2-CH 3CN were not successful. Comparison between the spacefilling models of 2 and 3-CH 3CN (Figure 4.3) shows that in 1, the m-terphenyl wings of the
carboxylate spread over the extra binding pocket of the ligand, which is not blocked in 3-CH 3CN.
Thus, it is postulated that the wings hinder ligand binding in the extra binding pocket, although
binding of CH3CN to 2 could still occur outside of the extra pocket. Further support for this
hypothesis comes from the structure of 1-CH 3CN, which has trityl carboxylates that do not block
the extra binding pocket. In this structure, the CH3CN sits in the extra binding pocket, but the FeNCCH 3distances are not as elongated as in 3-CH3 CN, being 2.270(3) and 2.639(3) A (Figure
4.4). The trityl carboxylates, however, both bridge in u-qi:l modes, unlike all other diiron(II)
dicarboxylate PIM complexes, which contain one U-1 1:q2 and one pt-i1i:tl bridging carboxylate.
The Missbauer spectrum of compound 3 was obtained at 80 K and compared to that of 12 (Table 4.4). A single site fit yielded a 6 value of 1.14 min/s with a AEQ value of 2.22 mm/s
and is consistent with high-spin Fe(II) centers, as is the case with 1-2. The reason for which only
one site is observed in 3 is unknown, given that compounds 1 and 2 display two sites. A similar
discrepancy was observed in the diiron(II) PIM complexes containing Ar4F-PhCO 2 ~ as the
carboxylate

(Ar 4 F-Ph

= 2,6-bis(4-fluorophenyl)phenyl) (see Chapter 2).
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Table 4.4. M6ssbauer Parameters for Compounds 1-3.
Site 1
AEQ
6
(minis)
FULR
la

0.97

2a

0.95
1.14
1.13

3-CH 3CN
6

aRef. 14.

2.25
2.02
2.22
2.87

0.35
0.32
0.34
0.32

Site 2

6
1.18
1.10

47%
37%

AEQ
2.33
2.04

R

Backbone
.

-

l "0

ra
Binding
Pocket

X.--

.'.PHk

- / ' Diron
iro Bindin
Bi?*..t ndin--

Binding Unit

' ,

O,,'8.F
N VN
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-

0.1

FL/R

0.38
0.38

Linker

[Fe 2(PIM)(RCO 2)2]

Extra
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Pocket

Extra
Binding
Pocket

R = ArT

Figure 4.3. Comparison of the space filling models of 2 and 3-CH 3CN. Dotted circles highlight
the occupation of the extra binding pocket with a tolyl unit in 2 and the CH 3CN in 3-CH 3CN.
Color scheme: iron (orange), oxygen (red), nitrogen (light blue), carboxylate carbon (grey),
macrocycle carbon (blue), and acetonitrile carbon (green).
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A

Fe1
Fe2
NI

Figure 4.4. Structure of 1-CH 3 CN drawn with 50% thermal ellipsoids. The ether molecule in the
lattice and hydrogen atoms are removed for clarity. Distances are in angstroms. Color scheme:
iron (orange), oxygen (red), nitrogen (light blue), sulfur (yellow), carboxylate carbon (blue),
macrocycle carbon (grey), and acetonitrile carbon (green).
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Conformation that the added hydroxyl group in complex 4 does not change the primary
coordination sphere of the complex relative to that of 1 is central to this study. The UV-vis
spectrum of 4 is almost exactly the same as that of 1, suggesting that no major changes occur to
the primary coordination sphere. X-ray quality crystals were obtained of 4 as the DMF adduct,
4-DMF (Figure 4.6). Much like the CH 3CN adducts of 1 and 3, the guest DMF coordinates the
diiron(II) center inside the extra binding pocket of the macrocycle. The DMF molecule bridges
the diiron(II) center through the oxygen atom, with Fe-ODMF distances of 2.255(1) and 2.313(2)

A. As in 1-CH 3CN, the coordination of the guest ligand shifts the p-l:r2 carboxylate into a
p-q':rq'bridging mode. The occupancy of the extra binding pocket by DMF forces the secondary
coordination sphere hydroxyl group to point away from the diiron center as indicated by
hydrogen bonding interactions in the crystal structure (Figure 4.6).

Fe(2
Fe(1

(DMF)

Fe(1)
Fe(

Hydrogen bonding between
two molecules across a

crystallographic inversion
center

Figure 4.6. Crystal structure of 4-DMF at 50% thermal ellipsoids highlighting the bonding of
the DMF molecule in the extra binding pocket. The hydroxyl group hydrogen atom was added
based on hydrogen bonding interactions, however no hydroxyl hydrogens were found in the
dataset. Distances are in angstroms. Color scheme: grey (macrocycle carbon atoms), bright blue
(carboxylate carbon atoms), green (DMF carbon atoms), red (oxygen), orange (iron), blue
(nitrogen), and yellow (sulfur).
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Azide Adducts. In order to evaluate the potential influence of a hydrogen bond donor on
the properties of the carboxylate-bridged diiron(II) center containing an additional bridging
ligand, azide adducts of 1 and 4, supported by PIM and HPIM2 respectively, were prepared and
characterized. An X-ray structure of the azide adduct of the PIM complex 3 was also obtained.
The adducts were generated by addition of 1 equiv of ("Bu 4N)N 3 to the corresponding diiron(II)
complex in a 1:1 mixture of CH 2 Cl 2 :C6 H6 (Scheme 4.2). This procedure yielded the complexes
("Bu4N)[Fe 2(N 3)(PIM)(Ph 3CCO 2)2]

(5),

("Bu4N)[Fe2 (N 3)(PIM)(AnthCO 2)2]

(6),

and

("Bu4N)[Fe 2 (N 3)(HPIM2)(Ph 3CCO 2 )2] (7).
N
NP

.Fe2

Eel
Chart 4.3: The angle of which the azide ligand bends out of the Fe-Fe-Nazide plane. X represents
the center between the two iron atoms.
X-ray crystallography revealed that the azide coordinates in a bridging mode to the
diiron(II) centers of 5-7 in the extra binding pocket (Figures 4.7-4.9). Two independent
molecules of 7 are present in its crystal structure and are labeled as 7a and 7b. The azide bridges
the two iron centers in a monohapto mode with Fe-Nzide distances of 2.190(3) and 2.258(3) A in
5, 2.184(2) and 2.193(2) in 6, 2.158(4) and 2.209(4) in 7a, and 2.170(4) and 2.209(4) in 7b. The
azide bends out of the Fe-Fe-Nazide plane with bend angles of 1330, 1420, 1480, and 1460 in 5, 6,
7a, and 7b, respectively. The bend angle is defined by X-N.-N,, where X = the center of the two
iron atoms (Chart 4.3). The Fe- --Fe distances are 3.2544(9), 3.3866(8), 3.3604(9), and 3.3476(9)

A in 5, 6,

7a, and 7b, respectively. The Feint-Od interaction of the p-qr:r/2 carboxylate is 2.420(3)
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A in 5, but in 6-7, a carboxylate shift occurs, moving the carboxylate into a u-q'1:r' mode. Most
importantly, complex 7 features a hydrogen bonding interaction between the secondary
coordination sphere hydroxyl group and the terminal nitrogen atom of the u-1,1 bridged azide
(Figure 4.10). Nazide---H-0 distances of 2.15(4) and 2.09(4) A, Nazide---Ohydrxide distances of

2.893(5) and 2.850(5) A, and Nazide---H-O angles of 146(4)0 and 151(4)0 for 7a and 7b,
respectively, are all consistent with hydrogen bonding. This complex is the first structural model
for the secondary coordination sphere threonine in the diiron active sites of BMMs. The
hydrogen bonding interaction with a diiron bound small molecule justifies the use of this
macrocyclic strategy in biomimetic chemistry.

Fei-Fe2=3.25 A

Fe

Fe2

Figure 4.7. Structure of 5 at 50% ellipsoids (left) and space-filling model (right) showing the
azide bound in the extra binding pocket. In the ellipsoid plot, disordered atoms, solvent
molecules, and hydrogen atoms are removed for clarity. Distances are in angstroms. Color
scheme: grey (macrocycle carbon atoms), dark blue (carboxylate carbon atoms), red (oxygen),
orange (iron), blue (nitrogen), yellow (sulfur) and white (hydrogen).
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Fe(2)
Fe(2)

Fe(1)

Figure 4.8. Two views of 6 in its crystal structure with 50% probability ellipsoids. Color
scheme: grey (macrocycle carbon atoms), dark blue (carboxylate carbon atoms), red (oxygen),
orange (iron), blue (nitrogen), and yellow (sulfur).

Fe(2)
Fe(2)'

e(1)'
Fe(1)

A phenylsfone phenyl group in the molecule on the rigN
was removed for clarity

Figure 4.9. Two molecules of 7 in the asymmetric unit of its crystal structure at 50% ellipsoids.
Color scheme: grey (macrocycle carbon atoms), dark blue (carboxylate carbon atoms), red
(oxygen), orange (iron), blue (nitrogen), yellow (sulfur) and white (hydrogen).
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N-H-O z:151(4)*
146(4)l

148.12*
146.48*

Fe(1)

e(2)

I

All distances inA

Figure 4.10. View of a molecule of 7 depicting the hydrogen bonding interaction of the
secondary coordination sphere hydroxyl group with the bridging azide. Distances are in
angstroms. Color scheme: grey (macrocycle carbon atoms), dark blue (carboxylate carbon
atoms), red (oxygen), orange (iron), blue (nitrogen), yellow (sulfur) and white (hydrogen).
IR spectroscopy was used to confirm that azide remains bound in CHC13 solution. The
"Bu4NN 3 starting material displays an azide stretching vibration at 2012 cm-' under these
conditions. A vibration at 2067 cm~1 in 6 provides evidence for metal binding in solution (Figure
4.11). A single terminal 1 5N label on the azide shifts the vibration to 2054 cm~1 and slightly
broadens the peak. The breadth is attributed to the two ways the 15N1 4N2~ anion can bridge the
diiron site in a p-1,1 mode, leading to slightly different vibrational energies. The vibration in 7 is
only 2 cm~1 higher in energy than that of 6, indicating that the hydrogen bonding interaction only
mildly perturbs the azide stretching frequency (Figure 4.12).
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Figure 4.11. Solution IR (CHCl 3) of 6 and 6- 15N. The blank spectrum containing only CHC13
was subtracted out.
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Figure 4.13: UV-vis spectra of 6 (left) and 7 (right) in CH2 C1 2

The UV-vis spectra of 6 and 7 were recorded in CH2 Cl 2 (Figure 4.13). Complex 6 has
two absorption bands at 293 and 416 nm and a shoulder at -598 nm. No significant spectral
shifts were observed for 7, the absorption maxima occurring at 290 and 415 nm with a shoulder
at -590 nm. As for 1 and 2,14 the high energy band at -290 nm is assigned as a n-to-n* transition
and the lower energy band at -415 nm to a phenoxide-to-Fe(II) LMCT band.'

Because the

azide does not contribute to these spectroscopic features, it is not surprising that the addition of
the secondary coordination sphere hydrogen bond in 7 does not significantly alter the UV-vis
spectrum of 6. The Mtssbauer spectrum of the latter was obtained at 80 K and the data were fit
to a single site, consistent with X-ray structure, which reveals the two iron sites to be similar
(Table 4.4). The 8 value of 1.13 mm/s and AEQ value of 2.87 mm/s are consistent with high-spin
Fe(II) centers.
The photochemistry of the azido diiron(II) complexes was investigated at 254 and 400
nm. Irradiation induced azide photolysis, producing N 2, as judged by the detection of 15N 14N in
the reaction headspace using

15

N labeled complex, but the chemistry was complicated due to

concomitant photodecarboxylation detected by headspace analysis and IR spectroscopy.
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Figure 4.14: Cyclic voltammograms of the Fe"Fe"'/Fe"Fe" couple in 6 at 100 mV/s (top left),
and at at varying scan rates (top right). The bottom trace exhibits the full voltammogram of 6 at
700 mV/s. Conditions: 100 mM "Bu4NPF 6 in CH2 Cl 2 , glassy carbon working electrode, room
temperature.
Electrochemistry. Cyclic voltammetry (CV) was used to determine and compare the
redox properties of 6 and 7. Both complexes display a reversible redox wave (Figure 4.14 and
4.15, top) with E

2

values of -238 mV and -84 mV vs. Fc/Fc+ for 6 and 7, respectively. This

wave is assigned to the Fe"Fe"'/Fe"Fe" couple, producing the neutral, mixed-valent form
[Fe2 (N3)(L)(Ph 3CCO 2)2] (L = PIM or HPIM2) and is analogous to the MMOHmv/MMOHred
couple. The 154 mV increase in reduction potential following addition of a hydrogen bond donor
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in 7 is important. Significant increases in the reduction potential induced by secondary
coordination

sphere hydrogen bonds have previously been reported for Cu(II)

TPA

derivatives. 2 9 ,3 0 The shift to a higher potential is reflected the increased Lewis acidity of the
diiron centers induced by hydrogen bonding to the azide ligand, rendering iron easier to reduce
and shifting the potential to a more positive value. Both complexes show irreversible features at
higher potentials (Figure 4.14-4.15, bottom),

possibly induced by chemical reactions

accompanying oxidation of the second iron atom, which were not further investigated.
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Figure 4.15: CV of the Fe"Fe"IFe""Fe couple of 7 at 100 mV/s (top left), CV of the
Fe"FeI/Fe"Fe" couple of 7 at varying scan rates (top right), and CV showing all observed
electrochemical features of 7 at 700 mV/s. Conditions: 100 mM "BU4NPF6 in CH2 Cl 2 , glassy
carbon working electrode, room temperature.
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The error in the electrochemical values has not been determined. It is possible that the
-150

mV difference is within the error of the experiment. The implications of these

electrochemical results in following discussion assume that the difference is significant.
Relevance to BMMs. Potentiometric studies of MMOH isolated from Methylococcus
capsulatusand Methylosinus trichosporiumOB3b have been reported.3 1-36 Redox potentials were
determined for the first (E1 *) and second (E2 ') one-electron reductions of MMOHox and its
complexes with the regulatory protein, MMOB, and the reductase, MMOR. Binding of MMOB
to MMOH decreases E1* and E2' by 29 to 136 mV, depending on the study, whereas binding of
MMOR to MMOH causes the opposite effect. Binding of MMOR to MMOH isolated from M
trichosporium, increases El* from 76 to 80 mV and E2' from 21 to 114 mV vs. NHE.36 Thus,
MMOHx and MMOHmv are easier to reduce when bound to MMOR. It is postulated that binding
of MMOR to MMOH causes a conformational change, which could be responsible for the
36 37
observed increase in the reduction potentials. ,
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Figure 4.16: Representations of the diiron active sites of T4MOH bound by T4MOC;
coordinates were taken from PDB 4PlC (top) and 4PlB (bottom). Labels from water-derived
molecules are chosen to match those in the PDB files. Hydrogen atoms involved in hydrogen
bonding are omitted because their exact positions are unknown. Distances are in angstroms.
Several crystal structures of T4MO provide possible explanations for the observed
differences in reduction potentials.7 38 Structures are available for the oxidized hydroxylase
(T4MOHox), the Rieske protein bound to the hydroxylase (T4MOHC), and the regulatory protein
bound to the hydroxylase (T4MOHD). Two structures of T4MOHC were obtained. The first
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contains a polyethylene glycol (PEG) molecule that provides an alkoxo ligand bridge between
the iron atoms in the active site (PDB 4P1C) and the second contains a pu-rl:rj' acetate bridge
(PDB 4P1B).i When T4MOC binds to T4MOH, residues T201, N202, and Q228 in the outer
sphere combine to form a hydrogen bonding network involving solvent water molecules, which
further hydrogen bond with either the bridging PEG or acetate ligands (Figure 4.16). In the
structure of T4MOHoX (PDB 3DHG), 3 8 these outer sphere residues do not interact with the diiron
center (Figure 4.17, left). A hydrogen-bonding network involving T201 and Q228 forms when
T4MOD binds T4MOHx (PDB 3DHH),38 but again the bridging ligand is not involved (Figure
4.17, right). Similar structural rearrangements may occur when MMOR binds MMOH, but the
crystal structure of the MMOH-MMOR complex is not available. The effect T4MOC binding
has on the redox potential of the diiron center in T4MOH is also unknown.
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taken directly from the PDB files. Hydrogen atoms involved in hydrogen bonding are omitted
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Studies of ToMO and T4MO reveal that T201, N202, and Q228 are important for
catalysis. 2 -4,6,3 9 ,4 0 N202 and Q228 in ToMOH mediate water flux and modulate proton transfer to
the diiron site, preventing quenching of activated intermediates. 40 N202 and Q228 also play a
role in protein-protein interactions with ToMOC and ToMOD.40 In MMOH, the analogous
residue to Q228 is E240; the reason for this difference is unclear but is likely to be of functional
significance. Site-directed mutagenesis of T201 affects the formation and decay kinetics of the
diiron peroxo intermediate in ToMOH 4 ; the analogous threonine residue is proposed to stabilize
the diiron peroxo intermediate in T4MOH. 2 The effect, if any, of these residues on the redox
potential of the hydroxylase upon binding of the reductase or the Rieske protein to the
hydroxylase has yet to be elucidated.
The azide complexes 6 and 7 serve to model the diiron(II) active site of T4MOH and
T4MOHC, respectively. The absence of the hydroxyl group in 6 mimics the structure of T4MOH
in which T201 is unavailable to interact with the bridging ligand of the diiron center through
hydrogen bonding. The hydroxyl group in 7 mimics the role of T201 in T4MOHC by providing a
hydrogen bonding donor to interact with the bridging azide. As discussed above, the hydrogen
bonding networks in the crystal structures of T4MOHC involve the bridging alkoxo or acetate
ligand. Because the addition of the hydrogen bonding interaction in 7 increases the redox
potential by 154 mV, we suggest that the hydrogen bonding network in T4MOH that forms upon
T4MOC binding may similarly increase the redox potential of the carboxylate bridged diiron
center in the enzyme. The coupling of proton transfer through the pore region to the diiron core
with electron transfer is also expected to contribute to this increase. The redox potential increase
of MMOH upon MMOR binding supports this hypothesis, because of structural similarities
between the T4MOH and MMOH active site threonine residues. Thus, MMOR may control
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electron transfer to MMOH by organizing the pore residues to create a hydrogen bonding
network, which (1) facilitates proton transfer and (2) makes reduction more favorable. As
described elsewhere,,4

E240 most likely supplies the protons from the exterior of the

hydroxylase.

4.4 Conclusion

Novel diiron(II) complexes that mimic aspects of the active site and outer sphere
threonine residue of MMOH were prepared and structurally characterized. The addition of a
hydroxyl group acting as a hydrogen bond donor to the azide-bridged diiron(II) complex 7
induces a 154 mV increase in the Fe"Fe"'/Fe"Fe" reduction potential with respect to the analog
lacking a hydroxyl group (6). The present results suggest that binding of MMOR to MMOH
might result in formation of one or more new hydrogen bonds to an iron-bridging ligand from the
outer coordination sphere that could be responsible for the increase of the enzyme redox
potential upon formation of a complex between these proteins.
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CHAPTER 5: Synthesis and Characterization of a Linear
Dinitrosyl-Triiron Complex

Reproduced in part with permission from Victor, E.; Minier, M. A.; Lippard, S. J. Synthesis and
Characterization of a Linear Dinitrosyl-Triiron Complex. Eur. J Inorg. Chem. 2014, 5640-5645.
Copyright 2014 John Wiley & Sons, Inc.
Contribution from Mikael A. Minier: X-ray structure refinement, Cyclic voltammetry, Evans'
method measurement, and manuscript revision.
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5.1 Introduction

Nitric oxide (NO) is encountered by bacteria following reduction of nitrate or nitrite
during denitrification, or from a host immune response during infection.El Multiple forms of
nitric oxide reductases (NORs) exist that contain heme and/or non-heme iron active sites (Chart
5.1).[2] These NORs can be membrane-bound or dissolved in the cytosol. Flavodiiron proteins
(FDP) have been proposed to serve as scavenging NORs in the cytosol by reducing NO to
N 2 0.

31 FDPs

contain non-heme, non-sulfur diiron sites where the iron atoms are five- and six-

coordinate and are bridged by a solvent-derived ligand (H2 0/OH) and by an aspartate.[ 41 Each
iron atom binds two histidine residues and a terminal oxygen atom from either aspartate or
glutamate residues. The open coordination sites on the iron atoms are syn with respect to one
another.
Synthetic analogues capable of reproducing this chemistry have not been well explored.
The first published carboxylate-bridged diiron(II)-dinitrosyl species was the diiron complex
[Fe 2 (Et-HPTB)(O 2 CPh)(NO) 2](BF 4)2

(1;

Chart

5.1).[5

The

related

compound

[Fe 2 (BPMP)(O 2CC 2H 5)(NO) 2](BPh4) 2 (2) forms N 2 0 upon two-electron reduction by bulk
electrolysis, making it the first functional FDP model. 6 1 Recently the synthetic mononitrosyldiiron complex [Fe2 (Et-HPTB)(L)(NO)(DMF) 2] 3+ (3), where L is either hydroxide or Ncoordinated DMF, was reported. 71 Complex 3 forms from [Fe 2 (Et-HPTB)(DMF) 4] 3* by oneelectron oxidation with NOBF 4 or by addition of ferrocenium ion and Ph3 CSNO.
We investigated the NO reactivity of the site-differentiated diiron complex, [Fe 2 (pOH)(p-Ph 4 DBA)(TMEDA) 2(OTf)] (4), which more closely resembles the coordination sphere of
the protein active site.[81 This complex contains both a five- and a six-coordinate iron atom. The
product of nitrosylation is [Fe 3(p-OH) 2(U-Ph 4 DBA)2(TMEDA) 2 (NO)2](OTf) (5), which was
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characterized by X-ray crystallography, M~ssbauer, Evans' method, FTIR, and UV-Vis
spectroscopy (Scheme 5.1).
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Chart 5.1. Active site of FDP and previously reported synthetic nitrosylated models.

5.2 Results and Discussion

To further the understand the reactivity of reactive nitrogen oxide species with
carboxylate-bridged diiron complexes, we wished to exploit differences in the coordination
environment of the two iron centers of 4 with the goal of forming a mononitrosyl-diiron species;
however, upon reaction with NO(g) or Ph3 CSNO complex 5 was formed.
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Scheme 5.1. Reaction of 4 with NO(g) or Ph3 CSNO forms 5.
Table 5.1. Selected geometric and vibrational
1
bond length, A
1.774(2)
1.749(8)
Fe-NNo
1.750(7)
1.796(3)
N-0
1.156(8)
1.156(3)
1.172(3)
1.151(8)
2.057(19)
2.017(5)
Fe-Oridge
2.020(2)
2.006(5)

parameters of 1-3 and 5.
3
2
1.787(2)
1.109(6)
1.952(2)
2.044(2)

5

1.778(5)
1.799(5)
1.18(4)
1.19(2)a
1.963(4)
1.979(3)
1.961(4)
2.025(4)

1.777(5)
1.779(4)
1.17(4)
1.16(1)a
1.965(4)
1.953(4)
1.971(3)
2.023(4)

139(2) a
139.8(7)a
123.8(2)
121.7(2)
1792

139(1) a
145(2)a
122.1(2)
123.8(2)
1722

*

bond angle,

Fe-N-O
Fe-O-Fe

166.6(7)
168.3(7)
117.7(2)

155.4(2)
144.7(2)
116.71(9)

171.0(30
130.0(1)

1760
1785
v(NO),cm '
the major component of the disordered NO.

aFrom

We were able to understand this result following an X-ray structural investigation of the
product. Two molecules of 5 and disordered molecules of ether and methylene chloride fill the
asymmetric unit of crystals grown by vapor diffusion of diethyl ether into a methylene chloride
solution of 5 (Figure 5.1). The three iron atoms form a chain with adjacent iron atoms that are
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bridged by two carboxylate ligands and a hydroxide ion. This triiron motif containing bridgingcarboxylate ligands was observed previously, but never with bound nitrosyls.1 91 The bridging
oxygen atoms were assigned as HO- rather than 02- based on the Fe-Oridge distances that range
from 1.95-2.03 A (see Table 5.1), and the fact that the hydoxide hydrogen atoms could be found
-

in the electron density map. The central iron is bound only to oxygen atoms of the Ph4 DBA2

ligands and the bridging oxygen atoms. The outer iron atoms are bound to a bent nitrosyl and
chelated by a TMEDA ligand. The Fe-N-O bond angles of 5 are more acute by ~10-30* than
the angles of other published nitrosyl-diiron complexes. The orientation of the nitrosyls differs
for each iron. One nitrosyl points towards the central iron atom and the other is directed
perpendicular to the Fe-Fe vector.

01
N1

N181

02
0122 0222

0121

0221

N2

N281

0jeFe2

/

Fe3

0100

O200
0251

N185

0151

0252

0152

N285

Figure 5.1. ORTEP representation of the inner shell coordination environment of the triiron
chain in 5. Thermal ellipsoids are shown at 50% probability. The non-coordinating portions of
the Ph4 DBA 2- ligands, hydrogen atoms except for O-H hydrogens, anions, and solvent molecules
are omitted for clarity. Color scheme: iron, yellow; nitrogen, blue; oxygen, red; carbon,
colorless; open sphere, hydroxo hydrogen atoms.
The

57

Fe M6ssbauer spectrum of 5 was fit with three sites (Figure 5.2). The first and

second have similar isomer shifts of 0.70 and 0.68 mm/s, but different quadrupole splitting
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parameters of 1.02 and 1.47 mm/s, respectively. These sites are consistent with {Fe(NO)} 7
centers. For instance, the second site fit matches well with the value published for 1 (6, 0.67
mm/s; AEQ, 1.44 mm/s). 51 The third site fit (6, 0.51 mm/s; AEQ, 0.95 mm/s) matches closely
published values for high spin iron(III) atoms in the oxygen-rich coordination environment of the
complex [Fe4 (p"-OH)6 (PIM)(Ph 3CCO 2)2] (6, 0.51(2) min/s; AEQ, 1.06(2) mm/s) and is similar to
that of the species formed in the reaction of 4 and 02 at low temperature (5, 0.53(1) mm/s; AEQ,
1.28(3) mm/s), suggesting that this site corresponds to the central iron. [8,131 The M6ssbauer data
are therefore consistent with the assignment of one high spin iron(III) and two {Fe(NO)} 7 sites.

-2

-1

1

0

2

3

Velocity (mm/s)
Figure 5.2. 57Fe M6ssbauer spectrum of 5 collected at 80 K. Color coding: raw, black; full fit,
red; site 1, blue; site 2, green; site 3, pink. Site 1: 5, 0.70(2) mm/s; AEQ, 1.02(2) mm/s; F, 0.32(2)
mm/s; Area, 0.30%. Site 2: 5, 0.68(2) mm/s; AEQ, 1.47(2) mm/s; F, 0.35(2) mm/s; Area, 0.26%.
Site 3: 6, 0.51(2) mm/s; AEQ, 0.95(2) mm/s; F, 0.49(2) mm/s; Area, 0.44%.
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Figure 5.3. Representative cyclic voltammogram of 5 in CH2Cl 2 at ambient temperature using a
scan speed of 100 mV/s. A 3-electrode set-up was employed comprising a glassy carbon working
electrode, platinum wire auxiliary electrode, and a Ag(s)/Age(s) wire pseudo-reference electrode.
Three times recrystallized (Bu 4N)PF6 was used as the supporting electrolyte. The
electrochemical data were referenced internally to the ferrocene/ferrocenium. Peak and trough
potentials are highlighted in blue.
Compound 5 does not display an EPR signal at ambient temperature or at 77 K, similar to
results previously obtained for 1-3.~71 Typically high spin Fe3

systems exhibit an EPR

spectrum from 4-9 G,E 11 but such is not observed in this case. The cyclic voltammogram of 5
reveals irreversible electrochemical processes at -1.06 V, -0.69 V, and 1.00 V vs Fc/Fc+ (Figure
5.3). At 292 K, the trinuclear compound has a gff of 6.30 pB in solution, which correlates to an S
= 5/2 system. The overall spin state is consistent with antiferromagnetic interactions between the
three iron atoms, where the outer {Fe(NO)}7 units have S = 3/2 and the central iron is high spin
with S = 5/2. The spin assignment is supported by the 57Fe M~ssbauer spectrum, discussed above.
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Figure 5.4. 'H NMR (500 MHz) of 5 in CD2 Cl 2 with ((CH 3 ) 3 Si) 2 0 as a standard for Evans'
method measurement. The CH3- peaks of the standard within the sample tube and from an
internal reference sample without 5 are highlighted. Because of the paramagnetism, peaks
corresponding to the complex cannot be assigned without further work.
When the reaction of 4 and NO(g) is followed by UV-Vis (Figure 5.5) in acetonitrile at
25 'C, two absorption bands initially grow in at 434 nm and 617 nm together with a shoulder at
347 nm. The spectrum continues to change, with the shoulder at 347 nm increasing in intensity
and the band at 431 nm red-shifting to 452 nm and decreasing in intensity; there is an
approximate isosbestic point at 420 nm. These changes suggest that the reaction is multi-phasic
with more than one kinetically distinguishable step. One possibility is that the reaction proceeds
through oxidation of the iron centers followed by disproportionation into 5 and an unidentified,
non-nitrosylated iron species.
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Figure 5.5. UV-Vis spectrum (left) and kinetic traces of selected wavelengths (right) of the
reaction of 4 and excess NO(g) in acetonitrile at 25 'C. Scans were collected every 30 seconds.
The reaction can also be followed by ReactIR in CH2Cl 2 at ambient temperature (Figure
5.6). Four bands were monitored that change in intensity with different rates. The intensity of
bands at 1722 cm 1 and 1602 cm-1 increases, while an initial band at 1627 cm-' diminishes. A
band at 1615 cm' initially forms, but begins to decrease after 4 min. The band at 1722 cm' is a
v(NO) stretch, whereas the 1602 cm-1, 1615 cm-1, and 1627 cm'1 bands correspond to vibrations
from the carboxylate groups. No intermediate iron-nitrosyl species were observed, even at low
temperature. The changes in band intensities suggest that oxidation of the iron atoms and
rearrangement of the iron-carboxylate coordination environment may occur prior to NO binding.
The v(NO) band is 40-80 cm- 1 lower in energy than in other published synthetic nitrosyl-diiron
compounds[5

7],

but closer to the resonance Raman v(NO) frequency of 1681 cm-1 observed for a

mononitrosyldiiron species, FDP(NO). 2 a] The FDP(NO) derivative is proposed to have a bent
nitrosyl oriented towards the non-nitrosylated iron atom, a geometry that we observe in the
crystal structure of 5. The lower v(NO) energy in the complex may also be attributed to more
anionic ligands bound to the {Fe(NO)} 7 units in 5 compared to complexes 1-3, a phenomenon
previously reported in mononuclear iron-nitrosyls.[ 2
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Figure 5.6. ReactIR spectrum (left) and kinetic traces of selected wavenumbers (right) of the
reaction of 4 with NO(g) recorded in CH 2 Cl 2 at ambient temperature. The spectra were
referenced to the initial scan of compound 4 and collected every 1 min.
5.3 Conclusions

A novel dinitrosyltriiiron complex was prepared by direct reaction of 4 with NO(g) or the
S-nitrosothiol, Ph3CSNO. This complex consists of an arrangement of three iron atoms having
two bent nitrosyls bound to the terminal metal ions. The central iron is six-coordinate with only
oxygen donor ligands. The vibrational spectroscopic parameters of 5 match those of the mononitrosylated active site of FDP more closely than other previously prepared synthetic model
complexes.

5.4 Experimental

General. All manipulations were performed under an atmosphere of nitrogen gas using an
MBraun glovebox. NO (Airgas, 99%) was purified by a literature procedure.1 4 The NO gas
stream was passed through an Ascarite column (NaOH fused on silica gel) and a 6 ft. coil filled
with silica gel that was cooled to -78 'C using a dry ice/acetone bath. NO was maintained in a
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standard gas storage bulb and transferred via gas tight syringes. Diethyl ether, methylene
chloride, and acetonitrile were purified by passage through activated alumina then stored over 4-

A molecular sieves prior to use. ' 51 Compound 4 and Ph3 CSNO were synthesized as previously
published. ['161 All reagents were purchased from Sigma-Aldrich and used as received.
Physical Measurements. FTIR spectra were recorded on a Thermo Nicolet Avatar 360
spectrometer running the OMNIC software package. X-Band EPR spectra were obtained with a
Bruker EMX EPR spectrometer at ambient temperature or at 77 K using a quartz finger dewar in
2-MeTHF. Low-resolution mass spectra were obtained with an Agilent 1100 Series LC/MSD
mass spectrometer. The Evans' method experiment was performed on a 500 MHz Varian Inova
NMR spectrometer in CD 2Cl 2 using hexamethyldisiloxane as the standard.[ 71 The temperature
was determined by measuring the residual peak separation of the 'H NMR of neat CD 30D.[18 1
Diamagnetic corrections were estimated using Pascal's constants.'193 UV-Vis spectra were
recorded on a Cary-50 spectrophotometer in airtight rubber septum-capped quartz cells at 25.0
'C. Samples for
These

57Fe

57Fe

Mssbauer studies were prepared by grinding solids with Apiezon-N grease.

M6ssbauer samples were placed in an 80 K cryostat during measurement. A 57Co/Rh

source was moved at a constant acceleration at room temperature against the absorber sample.
All isomer shift (6) and quadrupole splitting (AEQ) values are reported with respect to "Feenriched metallic iron foil that was used for velocity calibration. The displayed spectrum was
folded to enhance the signal-to-noise ratio. Fits of the data were calculated by the WMOSS plot
and fit program, version 2.5.[20] In situ IR spectra were recorded on a ReactIR iC 10 instrument
from Mettler Toledo equipped with a 1 in. diameter, 30-reflection silicon ATR (SiComp) probe.
In a typical experiment, the instrument was blanked with a solution of 4 in CH2 C

2

(30 mM).

After the first data collection time point was taken, NO(g) was added to the anaerobic sample
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compartment through a rubber septum with a gas tight syringe. The data were referenced to the
initial scan and imported to Origin 8.0 as a *.spc file to generate the figures. X-Band EPR
spectra were recorded on a Bruker EMX EPR spectrometer at ambient or liquid nitrogen
temperature using a quartz finger dewar. Electrochemical measurements were performed at
ambient temperature in a glovebox on a VersaSTAT3 Princeton Applied Research potentiostat
running the V3-Studio electrochemical analysis software. A 3-electrode set-up was employed
comprising a glassy carbon working electrode, platinum wire auxiliary electrode, and a
Ag(s)/Age(s) silver wire pseudo-reference electrode. Triply recrystallized (Bu 4N)PF6 was used as
the supporting electrolyte. All electrochemical data were referenced internally to the Fc/Fc+
couple at 0.00 V.

X-ray Data Collection, and Structure and Solution Refinement. Crystals of 5 suitable for Xray diffraction were mounted in Paratone N oil and frozen under a nitrogen cold stream
maintained by a KRYO-FLEX low-temperature apparatus. Data were collected on a Bruker
APEX CCD X-ray diffractometer with Mo Ka radiation (k= 0.71073 A) controlled by the
APEX2 software package. 2 1 Empirical absorption corrections were calculated with SADABS.

22

1

The structure was solved by direct methods with refinement by full-matrix least-squares based
on F 2 using SHELXTL-97.

23

1 All

non-hydrogen atoms were located and their positions refined

anisotropically. Hydrogen atoms were assigned to idealized positions and given thermal
parameters equal to either 1.5 (methyl hydrogen atoms) or 1.2 (non-methyl hydrogen atoms)
times the thermal parameters of the atoms to which they were attached. Hydrogen atoms of the
briding hydroxide ion were located in a difference electron density map and 0-H bond distances
were fixed to 0.84 A. Hydrogens were not modeled for the disordered solvent molecules. Two
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molecules of 5 occur within the asymmetric unit. All NO units were disordered over two
positions. In one molecule of 5, the TMEDA unit was disordered across two positions. In the
other molecule of 5, a phenyl group was disordered over two postions. One molecule of diethyl
ether was modeled without disorder and a second was disordered across two positions. A
complicated four-part solvent disorder consisting of three methylene chloride molecules and one
diethyl ether molecule was also modeled. Both triflate counterions were disordered across two
positions. Bond distances, angles, and anisotropic displacement parameters of the disordered
atoms were constratined to be similar. The anisotropic displacement parameters of the four-part
disorder were constrained to be equal. Space group verification was performed using Platon.[24 1
Figures were generated using the Olex 2.1 graphical user interface. 251

185

Table 5.2. Crystal Data and Structure Refinement Parameters for 5 0.36CH 2Cl 2 -1.64Et 2O.
Empirical formula

C9 7 .92 H 9 1Cl1O. 73 F 3 Fe 3N 6 O 18 .14 S

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

1924.35
100(2) K
0.71073 A
monoclinic
P21/c
a = 12.7875(6) A
b = 43.8787(19) A
3= 95.6640(10)0
A
c = 33.2642(15)
18573.4(15) A3
8
1.376 g/cm 3
0.583 mm~ 1
7992
0.20 x 0.11 x 0.06 mm 3
0.771 to 25.170'
-15 < h < 15
-52 < k < 52
-39 <1< 39
297152
33241 [R(int) = 0.0929]
99.5%
Full-matrix least-squares on F2
Semi-empirical from equivalents
0.7452 and 0.6091
33241 / 1522 / 2729
1.132
RI = 0.0803

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 0 = 25.03'
Refinement method
Absorption correction
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F 2
Final R indices [I>2ci(I)]

wR2 = 0.1805

R indices (all data)

RI

=

wR2

Largest diff. peak and hole

0.1142
=

0 1 QQ4

1.461 and -0.692 e. -3

186
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Figure 5.7. ORTEP representation of the crystal structure of 5. Thermal ellipsoids are shown at
50% probability. Hydrogens and minor components of disorder are omitted for clarity. Color
scheme: iron, orange; sulfur, yellow; fluorine, light green; chloride, green; nitrogen, blue;
oxygen, red; carbon, grey.
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[Fe 3(U-OH) 2(u-Ph4DBA) 2 (TMEDA) 2(NO) 21(OTf), 5. Method A. In a 50 mL Erlenmeyer flask,
compound 4 (150 mg, 137 gmol) was dissolved in methylene chloride (15 mL). In a separate 20
mL vial, Ph3CSNO (83.6 mg, 274 pLmol) was dissolved in methylene chloride (15 mL) and
instantly poured into the reaction flask and capped with a rubber septum. Throughout the course
of the reaction, 40 - 60 pL aliquots were taken to monitor the reaction by solution IR between
CaF 2 salt plates. After no further growth or decay in bands was observed in the 1500 - 1850 cm1 region

(6 h), the reaction mixture was poured into 300 mL pentane and stirred for 10 min. The

mixture was filtered over Celite and the remaining solid was extracted with 15 mL methylene
chloride. The volume of the methylene chloride extract was reduced to 4 mL. Diethyl ether
vapor was diffused into the methylene chloride solution to yield 60.5 mg of dark green crystals
of 5

(33.3

pmol,

24.3%)

suitable

for X-ray diffraction

study.

Anal.

Calc'd

for

C 93 Hs 4 F 3Fe3 N 6 O17S-(CH 2 C 2 ). 2 5 : C, 58.95; H, 4.54; N, 4.38. Found: C, 58.84; H, 4.37; N, 4.49.
ESI-MS (MeCN, m/z): 148.7 ([OTff , 149.0). FT-IR (CH 2Cl 2 , C1m 1): 1722 (vNO, m).

FT-IR

(KBr, cm 1): 3057 (w), 2954 (m), 2923 (s), 2852 (m), 1724 (VNO, m), 1591 (s), 1492 (m), 1468
(s), 1444 (m), 1423 (w), 1375 (s), 1264 (s), 1223 (w), 1186 (m), 1156 (m), 1063 (w), 1030 (s),
951 (w), 860 (w), 801 (w), 767 (m), 741 (m), 725 (m), 700 (m), 680 (w), 638 (s), 575 (w), 517
(w), 492 (w). Magnetic moment (uB; 292 K): 6.30.

Method B. In a 20 mL vial, compound 4 (23.1 mg, 21.1 pmol) was dissolved in methylene
chloride (3 mL) and the vial was sealed with a rubber septum. NO(g) (2.5 mL, 102.6 p1mol) was
injected into the reaction vial using a gas-tight syringe. After 6 h, the reaction mixture was
poured into 100 mL of pentane and stirred for 10 min. The mixture was filtered over Celite and
the remaining solid was extracted into 5 mL methylene chloride and layered with diethyl ether to
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yield 7.8 mg (4.3 pmol, 19%) of green-brown crystals. The sample spectroscopically and
crystallographically matched the isolated product from Method A.
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CHAPTER 6: Doubly and Triply Carboxylate Bridged
Bis(ethylzinc) Complexes and Formation of the (FtOxo)tetrazinc Carboxylate [Zn 40(Ar TOJCO 2 ) 61

Reproduced in part with permission from Minier, M. A.; Lippard, S. J. "Conversion between
Doubly and Triply Carboxylate Bridged Bis(ethylzinc) Complexes and Formation of the (gOxo)tetrazinc Carboxylate [Zn 4 O(ArTICO 2 )]." Organomet. 2014, 33, 1462-1466. Copyright
2014 American Chemical Society.
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6.1 Introduction

The steric bulk of m-terphenylcarboxylates facilitates assembly of biomimetic diiron(II)
complexes that act as models for the active site of soluble methane monooxygenase.-

These

complexes share the general formula, [Fe2 (RCO 2)4 (L)1- 2], where R is an m-terphenyl group and L
is a neutral donor (Scheme 6.1). Within this diiron family, doubly, triply, and quadruply
carboxylate-bridged compounds have been isolated as solids, but the role, if any, of the neutral
ligand L in modulating the number of bridging carboxylates remains unclear. In particular,
reaction

of

[Fe 2(ArTolCO 2 ) 4 (THF) 2]

dimethylethylenediamine

(4)

(NN-Me 2en)

[Fe2(ArTroCO 2 )4(N,N-Me 2en)2]

(5),

(Arrol
produces

triply-bridged

=

2,6-bis(p-tolyl)phenyl)
a

mixture

of

with

NN-

doubly-bridged

[Fe 2 (ArT*'CO 2)4(N,N-Me 2en)]

(6),

and

[Fe(ArT O'CO 2 )2(N,N-Me 2en)2] (7), all characterized in the solid state (Scheme 6.1).! "F NMR
spectroscopy of a fluorinated analogue of 4 revealed the interconversion between doubly- and
quadruply-bridged forms,! for which triply-bridged intermediates were proposed.L

The

speciation of these diiron(II) complexes in solution during the oxidation of tethered substrates
remains unclear, however, and is important for understanding the reactivity of these complexes.
One approach to studying the solution dynamics of m-terphenylcarboxylate-bridged
diiron(II) complexes is through parallel work on the redox stable dizinc(II) analogs. With the use
of diamagnetic zinc complexes, NMR spectroscopic techniques can be employed to probe
solution

structures.

An excellent

candidate for

such a study

is the ethylzinc

m-

terphenylcarboxylate, [Zn2 (ArTo1CO 2)2 (Et)2(THF) 2] (1), which was discovered during our pursuit
of a dizinc analog of the biomimetic diiron(II) carboxylate, [Fe 2(PIM)(Arl1CO 2) 2] (8).1 NMR
spectroscopic experiments revealed the presence of a dynamic equilibrium between doublybridged 1 and the triply carboxylate-bridged complex [Zn 2 (ArTo1CO2)3 (Et)(THF)] (2), which
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forms along with diethylzinc (Et2Zn) in solution (Scheme 6.1). This equilibrium may be relevant
to related diiron carboxylate complexes like 4-7. Compound 1 can lose its coordinated THF
molecules, and evidence for a THF-free species having trigonal-planar zinc centers is presented
here. The oxozinc m-terphenylcarboxylate complex, [Zn 4 O(ArTOICO 2 )6 ] (3), formed in air by
decomposition of 1 or 2, has a unique structure of T symmetry constructed by alignment of Th
and Td local symmetries.
Scheme 6.1. (A) Diiron ArT*CO 2 - complexes and (B) the equilibrium between 1, 2, and Et2Zn.
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Figure 6.1. X-ray crystal structure of 1 (top) with thermal ellipsoids at 50% probability, showing
the chair and boat conformations of 1 and 13 (bottom), respectively. Hydrogen atoms are omitted
for clarity.
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6.2 Results and Discussion
Ethylzine carboxylate 1 was prepared by addition of 1 equiv of Et2 Zn to a solution of
ArTo CO 2 H in THF. X-ray diffraction quality crystals of 1 formed directly from the reaction

mixture, and the solid-state structure was determined (Figure 6.1). In 1, the two carboxylates
bridge in a p- 1,3 mode, creating an eight-membered ring with a Zn- --Zn distance of 4.06

A.

The

ring adopts a chair conformation, with the ethyl groups and the THF molecules trans to each
other across the ring, as required by a crystallographic inversion center in the middle (Figure 6.1).
Further details about the crystal structure, including selected bond distances and angles, are
provided in the experimental section.
Table 6.1. Summary of Ethylzinc Carboxylates and their Carboxylate-to-Ethyl Ratios.
Compound
RCO 2 :Et
Solvent
Ref.
[Zn5(CH 3CO 2)6 (Et)4] (9)
3:2
C 7H 8 , C 6H6
9
[Zn(CH 3CO 2)(Et)]n (10)
1:1
THF
10
[Zn(PhCO 2)6(Et)6 ] (11)
1:1
CH2Cl 2, C 6H 14
8
[Zn 2(PhCO 2)3 (Et)(THF)] (12)
3:1
THF
11
M
7
Cl
CH
1:1
[Zn 2(Ar eSCO 2) 2 (Et)2] (13)
2
2
a
THF
1:1
[Zn 2(ArTICO 2 ) 2(Et)2(THF) 2] (1)
a
C 7H8 , C 6H6
3:1
[Zn 2(ArT01CO2 )3(Et)(THF)] (2)
aThis work.
Compound 1 is a member of the well-known class of alkylzinc carboxylates, interest in
which has increased in recent years because of their use as starting materials for oxozinc
carboxylates and in polymerization catalysis.i Original work on alkylzinc carboxylates dates
back to the 1960s, and in 1974 it was demonstrated that the simple ethylzinc carboxylates of
acetate, trifluoroacetate, and benzoate have increased reactivity toward methanol compared to
Et2Zn itself.

Although aggregation in solution was described, structures of the simple ethylzinc

carboxylates with acetate and benzoate reported in recent years display large variations in
nuclearity and overall structure. Ethylzinc acetate can be formulated in solution either as a
pentazinc complex, [Zn5 (CH 3CO 2)6 (Et) 4] (9), in C 6H6 or toluene, or a dinuclear species,
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[Zn 2 (CH 3 CO2 ) 2 (Et)2 ] (10), in THF.k Additional solution studies revealed that these two motifs

could be interconverted by heating in an appropriate solvent. Ethylzinc benzoate also has two
forms. From non-coordinating solvents, a hexazinc barrel-shaped structure, [Zn6 (PhCO 2 )6 (Et)6 ]
(11),

is obtained with a carboxylate-to-ethyl ratio of 1:1. From THF, a dizinc complex,

[Zn 2 (PhCO 2)3(Et)(THF)] (12),2 crystallizes, with a ratio of 3:1. One report of an ethylzinc mterphenyl carboxylate, [Zn2 (ArM esCO 2)2(Et)2] (13),1- is particularly interesting because it features
two trigonal zinc centers (ArMe = 2,6-bis(mesityl)phenyl). The structure of 1 differs from 13 in

that 13 has an 8-membered ring in a boat conformation (Figure 6.1), trigonal planar zinc, and a
Zn- - Zn distance of 3.58 A. The 1H NMR spectrum of 13 in C6 D6 supports the persistence of this
structure in solution. 1 A summary of the carboxylate-to-ethyl ratios of the simple ethylzinc
carboxylates is presented in Table 6.1.
When crystals of 1 are dissolved in C6 D6 or toluene-d, more than one species is observed
in the 1H NMR spectrum (Figure 6.2-6.3). In the aromatic region, two sets of peaks from the 2,6bis(p-tolyl)phenyl groups are present, but the signals are not fully resolved. Resolution is
obtained for the two tolyl methyl groups (2.08 and 1.97 ppm) and two ethyl groups (-0.28/1.28,
and 0.17/1.23 ppm for the CH2/CH3 resonances, respectively). The upfield CH2 resonances
suggest that both ethyl groups are bound to zinc. Large, broad THF resonances occur at 3.49 and
1.37 ppm. Another set of broad resonances, appearing at 2.80 and 1.14 ppm, is also assigned as
THF. Because a chemical shift of 2.80 ppm is unusual for the OCH 2 resonance of THF, 1 was
prepared from THF-d8 and its 'H NMR spectrum acquired. The disappearance of peaks at 3.49,
2.80, 1.37, and 1.14 ppm confirmed the THF assignments (Figure 6.4). Heating the mixture in
toluene-d8 to 100 *C results in coalescence to a single species (Figure 6.5), which suggests that
the compounds either exchange ligands, interconvert or both.
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Figure 6.2. Upfield region of the 'H NMR spectrum (500 MHz) of 1 dissolved in C 6D 6 . Labels
A, B, and C are used to distinguish between the three species present in equilibrium. The ethyl
resonances at 3.26 and 1.11 ppm correspond to a minor zinc ethoxide impurity.
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Figure 6.3. 'H-NMR spectrum (500 MHz) of crystals of 1 dissolved in C6 D 6 . The asterisk
indicates residual solvent. The ethyl group resonances at 1.11 and 3.26 ppm (highlighted by
arrows) are due to a small amount of zinc ethoxide impurity.
The species with a methyl group at 2.08 and 1.97 ppm are hereby referred to as A and B
respectively. Adding THF has an effect on the speciation of A and B (Figure 6.6). Species B and
the ethyl group at -0.28/1.28 ppm decrease in intensity with addition of increasing amounts of
THF and are most likely the same species. The THF resonances at 2.80/1.14 ppm also disappear,
presumably due to increased exchange with excess THF. The methyl resonance of species A
increases and shifts from 2.08 to 2.14 ppm upon addition of 50 equiv of THF, and the broad
Et2Zn ethyl group CH2 resonance shifts from 0.17 to 0.27 ppm. The changes upon addition of
THF suggest that it shifts an equilibrium from B towards A.
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Figure 6.4. 'H NMR spectrum (500 MHz) of 1-THF-d8 in C 6 D6. Compound 1-THF-d8 is the
same as 1 except that the THF protons have all been deuterated. Compared to the 'H NMR
spectrum of 1 (Figure Si), the resonances at 3.49, 2.80, 1.37, and 1.14 ppm have disappeared.
This result confirms that the unusual broad resonances at 2.80 and 1.14 ppm correspond to THF.
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Figure 6.6. 1H-NMR spectra (500 MHz) of 1 dissolved in C 6D 6 and in the presence of increasing
amounts of THF. Labels for resonances corresponding to complex 1 and 2 are labeled for
selected peaks. The intensity of 2 decreases with increasing THF while the intensity of 1
increases. The chemical shifts of 1 also shift with the increase in THF concentration. The THF
peaks have been removed for clarity.
To gain a deeper insight into the nature of the species present, DOSY spectra were
recorded at different concentrations of THF. In C6 D6 or toluene-d8 and with no extra THF added,
three species are observed: m-terphenyl carboxylate complexes A and B; and another having an
ethyl group, C (Figures 6.7-6.8). Species C has a calculated hydrodynamic radius (RH) of 3.31

A,

which is close to, but larger than, the X-ray-determined radius (Rx-ray) of Et2Zn (3.14 A),
calculated from the crystal structure of Et 2Zn. 2 Because we expect Et2Zn to coordinate THF
under these conditions, an RH value larger than Rx-ray is reasonable. Isolated Et2Zn in C6 D6
resonates at 0.10 and 1.08 ppm. The slight deviation of the resonances in our system from the
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values for Et2Zn, 0.17 and 1.23 ppm, may indicate an interconversion or exchange process. As
the amount of THF is increased, the diffusion coefficient of C decreases (Table 6.2, Figures 6.86.9). This observation implies that Et2Zn is in equilibrium with larger species in solution,
possibly A and/or B. The possibility that Et 2Zn self-associates into oligomers cannot be ruled out.
Et2Zn is on the same side of the equilibrium as B (see following paragraphs), and because the
proportion of B decreases with increasing amounts of THF, there must be an ethyl group
associated with A. Thus, the observed ethyl group resonance of C is a mixture of species A and
Et2Zn. As A becomes the dominant species in solution with increasing THF, the calculated
hydrodynamic radius of 6.38 A is consistent with the formulation of 1 (Rx-ray = 6.47 A),
supporting the assignment of A as 1.

i.....
...............
-a.,It~

B

-- 4

U'

E
a

-4A

-

------

---Ij ST

6

C

"4
L&.

HF

4

2

F2 IppmI

0

Figure 6.7. DOSY NMR spectrum (400 MHz) of 1 dissolved in toluene-d8 . Species A, B, C, and
THF are indicated by the colored lines.
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Table 6.2. Summary of DOSY Data and Calculated Hydrodynamic Radii (RH) Values.
Compound Peaks Used (ppm) Diff. Coeff. (avg, x 1010 m2 /s) RH Value (A)
Spectrum
2.09
Fig. S9
1
6.18
6.09
Fig. S9
2
1.97, 1.12, -0.44
5.43
6.93
Znfa
Fig. S9
Et2
1.19, 0.14
11.37a
3.31a
THF
Fig. S9
3.44, 1.38
13.91
2.71
Fig. S10
1
7.47, 2.16
5.90
6.38
2
Fig. S10
1.97, 1.08, -0.48
5.54
6.80
Fig. S10
Et 2Znfa
1.33, 0.20
7.51a
5.01a
Fig. S10
THF
3.55, 1.46
20.81
1.81
7.33, 7.23, 6.96,
Fig. S11
2
4.82
7.81
2.75, 1.97, -0.43
aThe resonances labeled as diethylzinc are in equilibrium with 1 and 2 (see text). Because the
equilibrium is shifted toward compound 1 in Figure S10 from that in Figure S9, the diffusion
coefficient from the "diethylzinc" peaks is significantly lowered.
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The equilibrium described above is shifted by removing Et2Zn from the solution under
vacuum. When crystals of 1 are dissolved in toluene, stripped to dryness, and redissolved in
deuterated solvent, the 1H NMR spectrum in C6D6 reveals species B, for which the THF and
ethyl

group

resonances

can

now

be

confidently

assigned

(Figures

6.13-6.14).

The

carboxylate/ethyl/THF ratio in B is 3:1:1. This ratio is the same for 12 (Table 6.1) and supports
the formulation of B as [Zn2(ArT*"C02)3(Et)(THF)] (2). Preparation of 2 in bulk quantities and its
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subsequent crystal growth by slow diffusion of pentane into a benzene solution of the compound
produces colorless plates suitable for X-ray diffraction. The structure confirms the assigned
formula (Figure 6.10). The molecule is a triply m-terphenylcarboxylate-bridged dizinc compound
with a Zn- - Zn distance of 3.32 A. This value is smaller than that in 1, as expected following the
addition of a third bridging carboxylate. A pseudo-C 3 symmetry axis exists along the Zn-Zn
vector, which, in conjunction with the lack of a collinear improper axis of rotation, produces A
and A isomers, both of which occur in the crystal structure (Figure 6.18).

C2 01

Zn1

02

Zn2

07

C1

Figure 6.10. Structure of a single isomer of 2 (top) with 50% thermal ellipsoids. Hydrogen and

disordered atoms are omitted for clarity.
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Figure 6.1. 'H DOSY NMR spectrum (400 MHz) of 2 dissolved in toluene-d8

The DOSY NMR spectrum of 2 was also obtained and the calculated hydrodynamic
radius of 7.81

A is

larger than Rx-ray (7.20 A), but still consistent with retention of this structure

in solution (Figure 6.11). With the formula of the species in solution now in hand, a balanced
equation (eq 1) describing the solution equilibrium can be written:

3 [Zn 2 (ArToICO2 )2 (Et) 2 (TH F)(2/3+n/ 3)]
(1)
2 [Zn 2 (ArTOCO 2 )3(Et)(THF)] + 2 Et2 Zn + n THF
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Figure 6.12. Upfield region of the 'H NMR spectrum (500 MHz) of 2 in C6 D6 upon addition of
Et 2Zn. The red arrows indicate the observation of 1. The peaks between 0.8-1.0 ppm and an
underlying multiplet at 1.19-1.23 ppm correspond to hexane and methylcyclopentane impurities
in the Et2Zn solution.

To further test the presence of this equilibrium in solution as well as its reversibility,
Et 2Zn and THF were added to isolated 2 in an attempt to produce 1. Addition of THF to a sample
of 2 in C 6D 6 does not afford any 1, and the only observable change in the 'H NMR spectrum is a
broadening of the THF resonance of 2 owing to exchange with free THF (Figure 6.15). When
Et2Zn is added to a solution of 2 in C6 D6 , however, 1 is clearly detectable along with a THF
OCH 2 resonance at 3.30 ppm (Figures 6.12, 6.15). This experiment proves that extra THF is not
required for the conversion of 2 to 1. Integration of the methyl and THF OCH2 resonances in 2
reveals that 2 retains all its bound THF. Based on the stoichiometry of the balanced equation
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between 1 and 2, only % of a THF molecule is available per molecule of 1. It therefore appears
that THF-free 1, [Zn2 (ArTOlCO 2 ) 2 (Et) 2] (1'), may exist in solution. In combination with DOSY

experiments that confirm dinuclearity of these species in solution and the crystal structure of 13,
1' most likely contains two coordinatively unsaturated trigonal planar zinc centers. Generation of
such potentially reactive zinc centers suggests that zinc m-terphenylcarboxylates might be good
catalysts. Addition of both THF and Et2Zn to a sample of 2 in C 6 D6 restores the 'H NMR
spectrum to that of a mixture of 1 and 2 similar to the one obtained upon dissolution of crystals
of 1 in C 6 D6 or toluene-d8 (Figure 6.15). Again, THF is not required for the conversion of 2 to 1
although it promotes the conversion between 1' and 1.
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Figure 6.13. 'H-NMR spectrum (400 MHz) of 2 dissolved in toluene-d. The peaks at 0.87 and
1.25 ppm correspond to pentane.
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The conversion between solvated species of 1, [Zn 2(ArT'lCO 2 )2(Et) 2 (THF)0-.2], probably
occurs through simple association and dissociation of THF molecules. However, the mechanism
of conversion of 1 to 2 is still unclear and more than one pathway may be involved. The
demonstrated interconversion between doubly and triply carboxylate-bridged species 1 and 2
depends on the amount of THF present. The diiron complexes, 5, 6, and 7, represent analogs of 1,
2, and Et2Zn respectively, where the ethyl groups are replaced by ArolCo 2-, and THF by NNMe 2en. Thus, the equilibrium between 1, 2, and Et2Zn provides insight into why iron complexes
5, 6, and 7 could be isolated from the same reaction mixture. The present equilibrium suggests
that increasing the concentration of neutral ligand shifts it toward the doubly-bridged dimetallic
complexes. These equilibria are crucial when considering oxidation reactions supported by diiron
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complexes in solution because a species different from that observed in the solid state structure
may be responsible for the reactivity. From the results of the present study of 1 and 2 as a
starting point for understanding interconversion between doubly and triply carboxylate-bridged
diiron complexes, it may be possible to use paramagnetic '9F or

2H

NMR spectroscopy to assign

solution speciation involved in the oxidation of m-terphenylcarboxylate-bridged diiron(II)
complexes.
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Figure 6.15. 'H NMR spectra (500 MHz) of 2 in C6D6 including peak assignments and the same
spectrum with addition of THF, Et2Zn, or both. The blue arrows indicate the presence of 1. The
peaks between 0.8-1.0 ppm and an underlying multiplet at 1.19-1.23 ppm correspond to hexane
and methylcyclopentane impurities in the Et2Zn solution.
Unlike the interconversion between ethylzinc carboxylate compounds 9 and 10, which
occurs at elevated temperatures,- interconversion between 1 and 2 occurs readily at room
temperature. The reason for this difference may be a higher energy barrier associated with
formation and disassembly of 9, owing to its tightly packed pentazinc cluster core. Thus,
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modification of the carboxylate R group in ethyl zinc carboxylates may change the kinetics of
structure interconversion as well as the nuclearity of the corresponding complex. Understanding
these simple zinc carboxylate compounds can provide insight into the manner by which
carboxylates can be used effectively for producing well-defined metal complexes.

oil.

T

Th

Td

-

Zn1

Zn3

Figure 6.16. On top are stereographic projections of Td (red) and Th (blue) symmetry and their
superposition which preserves the elements of T symmetry (purple). On bottom are the Td core
structure of 3 with the ArTlI groups removed for clarity (left) and space filling diagram of 3
showing the Th shell created by the Ar* groups (right). Disordered atoms are removed for
clarity.

Upon exposure to air, compounds 1 and 2 decompose into the oxozinc carboxylate
[Zn 4O(Ar ToICO 2 )6] (3). Colorless crystals of 3 were obtained by allowing an NMR spectroscopic
sample of 1/2 in C 6D 6 to slowly react with air over the course of a week. Compound 3
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crystallizes in the rhombohedral space group R3 with 1 /6th of a molecule in the asymmetric unit.
The six m-terphenyl wings align with Th symmetry (Figure 6.16). The Zn4O core has Td
symmetry, however, and the alignment of Th and Td symmetries limits the symmetry of 3 to T.
This concept can be visualized with stereographic projections shown in Figure 6. To the best of
our knowledge, the superposition of Th and Td symmetries to produce T symmetry in a molecule
is unique. None of the 45 T symmetric molecules contained in the CSDSymmetry database

3

provide similar examples. The two enantiomers in the crystal lattice are related by the
crystallographic inversion center. Variations of the orientation of the tolyl groups show that the
,

symmetry in the solid state is only pseudo-T-symmetric. In the H NMR spectrum of 3 in CD 2 Cl 2
the tolyl CH3 resonance is observed at 1.43 ppm, which is 1 ppm upfield from that of the free
carboxylate (Figure 6.17). The large shift is attributed to positioning of the methyl groups above
a neighboring m-terphenyl benzene ring and is consistent with the crystal structure. Because a
single set of resonances is observed in the NMR spectrum, the molecule must have T symmetry
on average in solution at 25 *C.
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Figure 6.17. 'H-NMR spectrum (500 MHz) of crystals of 3 (black) and Arro*CO 2H (blue) in
CD 2 Cl 2 superimposed. The superimposition highlights the large difference in chemical shifts in
the resonances in 3 from those of the free acid. The large shift of greater than 1.00 ppm of the
methyl resonance from 2.47 ppm in the free acid to 1.43 ppm in 3 is explained by the Thsymmetric shell of 3 that forces each ArT* methyl group to be positioned above the aromatic
system of another ArTo phenyl ring.

6.3 Conclusion
This report demonstrates that two formulations of ethylzinc 2,6-bis(p-tolyl)benzoate, 1
and 2, readily interconvert in solution. This behavior differs from that of the ethylzinc acetate
complexes, which require heat to interconvert them between 9 and 10. With the knowledge of
the solution equilibrium between 1, 2, and Et2Zn, we can now propose interconversion of doubly
and triply carboxylate-bridged diiron(II) and mononuclear iron(II) complexes, such as those
observed in discrete solid state complexes 5, 6, and 7. Furthermore, the use of sterically
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demanding m-terphenyl substituents provides access to coordinatively unsaturated zinc centers,
providing a possible strategy for use in zinc-catalyzed reactions.

6.4 Experimental

General. Diethylzinc (1 M in heptane or hexanes) was purchased from Aldrich and used as
received. A solution of Et2Zn in toluene-d8 for NMR spectroscopic experiments was prepared by
adding toluene-d8 to Et 2Zn in hexanes and distilling off the hexanes. Solvents were saturated
with argon, passed through two columns of activated alumina, and stored over activated 3 or 4 A
molecular sieves. The compound 2,6-bis(p-tolyl)benzoic acid (ArTOICO 2 H) was prepared by a
literature procedure.I-4 All manipulations of compounds 1 and 2 were performed under a nitrogen
atmosphere in an MBraun drybox. IR spectra were obtained on a ThermoNicolet Avatar 360
spectrometer using the OMNIC software.

NMR Spectroscopy. Spectra were referenced to residual solvent peaks. 'H,

13 C,

and VT-NMR

data were obtained on 500 MHz Varian Inova spectrometers or a 400 MHz Bruker Avance
spectrometer. The 'H DOSY NMR data were recorded on a 400 MHz Bruker Avance
spectrometer using the ledbpgp2s pulse program with sine shaped gradients. The gradient length
was set to 1700 ps, the recovery delay to 0.1 ms, and the diffusion delay to 0.1 s. The data were
collected at 298 K across 32 experiments ranging from 5% gradient strength to 95% gradient
strength at linear increments.
DOSY data analysis. Diffusion coefficients from the DOSY data were determined from fitting
the exponential decay of intensity for each peak using the relaxation module in Bruker TopSpin
3. The average of the diffusion coefficients of each well resolved peak for a particular compound
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was used as its diffusion coefficient. Hydrodynamic radii (RH) were determined by the StokesEinstein relation:
kT
RH= 6xrrD

(2)

Here, k is the Boltzmann constant, T is temperature, ri is the viscosity of the solvent, and D is the
measured diffusion coefficient. X-ray radii (Rx-ray) were determined by dividing the unit cell
volume of the crystal structure by Z and computing that volume by using the equation of a
sphere. 15

X-ray Data Collection and Refinement. Single crystals of 1, 2, and 3 were coated with
Paratone oil and mounted on a Bruker SMART APEX CCD X-ray diffractometer using Mo Ka
radiation (k = 0.71073 A). Data were collected at 100 K and the diffractometer was controlled by
the APEX2 (v. 2010.1-2) software package.-

SAINT-1

was used for data reduction and

SADABS- was used to apply empirical absorption corrections for 1 and 3 and TWINABS1 was
used for 2. Initial solutions were determined by Patterson methods and were refined by fullmatrix least squares based on F- of the data with the SHELXTL-97 software package for 1 and
SHELX-2013 for 2 and 3.2 PLATON was used to check for higher symmetry.- Non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were placed at idealized positions and
refined using a riding model with the thermal parameters set to 1.5 (methyl hydrogen atoms) or
1.2 (non-methyl hydrogen atoms) times the equivalent isotropic displacement parameters of the
atom to which they are attached. Refinement details and selected structural parameters for 1-3
are provided in the tables below.
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Table 6.3. X-ray Data Collection and Refinement Parameters for 1, 2, and 3.
3
1
2
[Zn 206 C 54H 60]
935.76
100(2)
0.71073
Triclinic

Empirical formula

Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

PT
a

9.9717(7)

A

[Zn 20 7 C6 9 H 44] (C 6 H6 ) 3 .42 (C 5H 10 ) 2 .17

2412.14

100(2)
0.71073
Triclinic
P!
a = 15.384(2)

[Zn 4 0 13 C 126.22H 102 .18]a

2088.34
100(2)
0.71073

Trigonal

R3

A

b = 19.152(3) A
c =23.061(3) A
cc= 68.151(2) 0

Z

10.6664(8) A
11.9804(9) A
a=114.4700(10O)0
p 97.5130(10) 0
y 94.7570(10)
1136.50(14)
1

Calculated density (g/mm 3

1.367

1.282

7680.1(5)
3
1.355

1.106

0.822

0.991

492
0.10 x 0.08 x 0.05

2522
0.55 x 0.31 x 0.20
1.602 to 29.6600
-21<=h<=21
-24<=k<=26
0<=l<=32
155896'

b
c

Unit cell dimensions

)

)

Volume (A 3

Absorption coefficient
(mm1)
F(000)
)

Crystal size (mm 3
0

range for data collection

Index ranges
Reflections collected
Independent reflections

/

Completeness to 0
Absorption correction
Max. and min. transition
Data / restraints
parameters
Goodness-of-fit on F 2
Final R indicies
[I>2(- (I)]
R indicies (all data)

0

6250.5(15)
4

A
A
A

Semi-empirical
0.7453 and 0.6630

100.0%
Semi-empirical
0.745908 and 0.554282

3250
0.30 x 0.20 x 0.12
1.631 to 29.589
-34<=h<=34
-34<=k<=34
-19<=l<=19
55471
4795
[R(int) = 0.0352]
100.0%
Semi-empirical
0.7459 and 0.6883

4343/0/282

34565 / 366 / 1663

4795 / 2125 / 610

1.037
RI = 0.0314,
wR2 = 0.0620
RI = 0.0469,

1.043
R1 = 0.0656,
wR2 = 0.1450
RI = 0.1198,

1.258
RI = 0.0811,
wR2 = 0.1866
RI = 0.0904,

= 0.0671

Ax,2 = n.1711

wR2

0.994 and -0.784

0.409 and -0.634

1.90 to 25.790
-12<=h<=12
-13<=k<=13
-14<=l<=14

18019
4343
[R(int) = 0.0401]
99.7%

__2

0.384 and -0.393

[R(int) = 0.0506]

-

A 1AA6

)

Largest diff. peak and hole
(eA

P = 89.974(2)
y = 82.900(2)

a = 24 .9722(6)
b = 24.9722(6)
c = 14.2207(6)

aError

in the empirical formula results from the error in modeling a three part disorder using the

SUMP command in SHELX.
reflections across both domains.

bTotal
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Table 6.4. Selected Bond Distances and Angles for Compound 1.
01

02'

Znl'-03'

/\

C1

/

03-Znl

Bond Distances (A)a
Znl -Zn 1'
Znl-C1
Znl-01

C1'

02

01'

Znl-02
Znl-03

4.0641(5)
1.970(2)
1.988(2)

1.998(2)
2.108(1)

Bond Angles (*)a

C1-Znl-01
121.74(8)
C1-Znl-02
121.88(8)
114.44(8)
C1-Znl-03
aThe number scheme used matches the cartoon
in the X-ray structure.

108.43(7)
01-Znl-02
01-Znl-03
91.58(6)
02-Zn1-03
89.85(6)
above and not necessarily the numbers assigned

Refinement detailsfor 1: Structure solution and refinement for 1 was straightforward. Half the
molecule sits in the asymmetric unit and the full molecule is generated by an inversion center
located in the center of the two zinc centers.

Table 6.5. Selected Bond Distances and Angles for Compound 2.
01'

07--

05.

02

04

nn1n.

06

Bond Distances (A)a,b

Znl-Zn2
Znl-01
Znl-03
Znl-05
Znl-07
Bond Angles
01-Znl-03
01-Znl-05
01-Znl-07
03-Znl-05
03-Znl-07

3.326(2),
1.915(3),
1.939(3),
1.923(3),
2.013(7),

3.320(3)
1.907(3)
1.919(3)
1.940(3)
2.012(5)

Zn2-C1
Zn2-02
Zn2-04
Zn2-06

1.956(7),
2.031(3),
2.085(3),
2.066(2),

1.942(8)
2.072(3)
2.080(3)
2.039(3)

Cl-Zn2-02
Cl-Zn2-04
Cl-Zn2-06
02-Zn2-04
02-Zn2-06

122.8(2),
109.9(2),
122.7(2),
102.6(1),
100.6(1),

120.2(2)
108.6(2)
119.7(2)
104.1(1)
100.5(1)

(O)ao

125.2(1), 127.4(1)
112.7(l), 110.0(1)
96.1(2), 94.4(1)
114.8(2), 114.7(1)
100.8(2), 97.3(l)
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05-Znl-07
100.3(2), 107.3(1)
04-Zn2-06
97.0(1), 97.7(1)
aThe numbering scheme matches the cartoon above and not necessarily the numbers assigned in
the X-ray structure determination files.
bThe two metrics correspond to the two isomers located in the asymmetric unit
respectively.
Metrics for the minor components of the disordered atoms in 2 are not included.

Figure 6.18. View of a ball and stick model of 2 along the Zn-Zn vector. The ArTI terphenyl
groups are colored to aid in visualizing the pseudo-C3 axis which gives rise to mirror image
isomers as shown.

Figure 6.19. View of chains of 2 along c in the crystal lattice. The three ArTI groups of each
molecule conform in either a A or A configuration and the configuration alternates along the
chain. The colored ArTol groups and arrows demonstrate how rotation into the alternative
configuration would switch the configuration along the entire chain by a domino effect.
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Refinement detailsfor 2: In the solid state, compound 2 exists as mirror image isomers generated
from a pseudo-C3 axis along the Zn-Zn vector (Figure S13). The conformation of one isomer
affects that of the neighbor and, to a first approximation, in the solid state 2 exists as chains of
alternating mirror image isomers along the c axis (Figure S14). A twin-law was applied for a
second domain due to non-merohedral twinning discovered by CellNow- (final contribution of
the second domain was 26.2%). The space group is PT and each asymmetric unit contains one of
each enantiomer. Each molecule of 2 has two zinc environments. Each molecule of 2 has
disorder that involves the exchange of the two zinc environments. This exchange creates an
inversion of configuration. Thus, considering only the m-1,3-bis(p-tolyl)phenylcarboxylate
portions of the molecules, the molecules align in chains of alternating configuration along c. Due
to the disorder that switches configuration on a local level, the chains of 2 along c are actually
random sequences of mirror image isomers. The percent contributions of the main component of
each molecule in the asymmetric unit are 78.3% and 80.5%. To model the -20% smaller
component, distance restraints were applied based on the metrics of the main component. During
anisotropic refinement, the anisotropic parameters of the disordered components of 2 were
restrained to be similar to prevent non-positive definite parameters. The large amount of disorder
within the main component of the crystal structure resulted in a large variation in the anisotropic
displacement parameters of non-solvent molecules. In the unit cell, a non-disordered benzene
was found as well as a disorder between two pentane molecules and a benzene (45.3%, 38.9%,
and 16.9% occupancy). The solvent molecule C-C distances were restrained to expected values
and the benzene molecules were enforced to lay flat in the same plane. The anisotropic
parameters of the solvent were set to be the same for each given solvent molecule.
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Table 6.1. Selected Bond Distances and Angles for Compound 3.
01

3
Zn1

04,
0 3Zn1'
Bond Distances (A)a
Znl-Znl'
Znl-01

3.187(2)
1.948(7)

''' Zn1'"0 3
Znl"03

Zn 1-02
Zn 1-03

1.957(5)
1.952(6)

Bond Angles (,)a

02 -Zn1-04
112.0(2)
108.2(3)
01-Znl-02
03 -Znl-04
109.0(2)
109.4(2)
01-Znl-03
Zn -04-Zn
01-Znl-04
109.3(2)
108.60(5), 110 .3 3 (5)b
108.9(2)
02-Zn1-03
aThe numbering scheme matches the cartoon above and not necessarily the numbers assigned in
the X-ray structure determination files.
bThe remaining four Zn-04-Zn angles are related by symmetry and take one or the other value.

Mirror

A Face

A Face

Zn

A

A

Zn

-A

ZnZnZn

AA

A2

Figure 6.20. Space filling models of 3 and cartoons of the Zn4 core showing four faces of the Thsymmetric shell aligning with zinc centers and four faces without zinc centers. Circular arrows
show the designation of L and D faces. There are then two enantiomers, AAAA and AAAA.
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Refinement detailsfor 3: Compound 3 crystalizes in the space group R3 with Z equal to 3. As
discussed in the text, the structure of 3 is composed of a Th-symmetric shell of ArT,1 groups and a
Td

basic zinc carboxylate core. The alignment of these symmetries creates a T-symmetric

molecule to a first approximation in the solid state and 3 can be thought of as AAAA and AAAA
isomers as shown in Figure S15. Because the generation of T symmetry occurs at the intersection
of the Td core and Th shell, the chirality is 'hidden' within the symmetric Th shell. Thus, for a
racemic crystal, the orientation of the Td core is random throughout the lattice. This random
distribution is observed in the Zn401 3 tetrahedral core of the molecule, which sits on an inversion
center and thus renders both enantiomers on the same average position. Indeed, the electron
density within the Th shell shows a chemically unreasonable Zn8 O cube surrounded by 24
oxygen atoms. The core disorder was modeled by setting the carboxylate oxygen atoms at half
occupancy, the central oxygen on the inversion center at one sixth occupancy, the zinc atom on
the three fold axis at one sixth occupancy, and the zinc atom that sits on a general position at half
occupancy. The carboxylate -C02

carbon was set at full occupancy. The ArTol wing is

disordered across three parts and required restraints to be placed on the anisotropic parameters of
all ArTOl carbon atoms to orient in similar direction (the SIMU card in SHELX). These
anisotropic parameter restraints add greater than 2000 restraints to the model, which increases
the data-to-parameter ratio, which was 7.86 before restraints were added and 11.34 after. This
increase makes the model pass the recommendation that data to parameter ratios for structures
exceed 10. In addition, similarity restraints were applied to the benzene rings of the ArI wings
and the seven atom sets of the tolyl groups were restrained to lie in the same plane. The final
occupancies of the three parts of the disorder are 39.5%, 38.9%, and 21.9%. The benzene carbon
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attached to the carboxylate group (C301) is the atom that is closest to its disorder counterparts
and thus, despite anisotropic parameter restraints, remains oblate in shape.

Synthesis. [Zn 2(ArTo'CO2) 2 (Et)2(THF)2] (1). ArTolCO 2 H (50.8 mg, 168 [imol) was dissolved in 1

mL of THE. Diethylzinc (170 pL, 1 M in heptane) was injected into the reaction mixture with
stirring. After 20 s, stirring was stopped and the solution was allowed to sit overnight, forming
colorless crystals of 1. The solution was decanted and the crystals were washed twice with 1 mL
of pentane before drying under vacuum to yield 67.1 mg (71.7 pimol, 85.4%) of 1. NMR:
Compound 1 does not exist as the only species in solution. See text for discussion. IR (KBr):
3055, 3025, 2980, 2924, 2881, 2850, 2808, 1917, 1597, 1515, 1453, 1410, 1381, 1111, 1037, 986,
883, 842, 819, 802, 784, 768, 734, 703, 605, 583, 544, 517 cm-1. Anal. Calcd for C 54 H60 O 6Zn2 : C
69.31, H 6.46. Found: C 68.88, H 6.32. Decomposes above 136 'C (turns yellow-brown).
[Zn 2 (ArTOlCO 2) 2 (Et)2 (THF-d8) 2] (-THF-d 8 ).

The same procedure was used for the

synthesis of I except that THF-d8 was used as the solvent. Yield: 46.2 mg (48.5 pmol, 57.8%).
[Zn2 (ArTOCO2) 3(Et)(THF)](2). A sample of 1 (48.0 mg, 51.3 pmol) was dissolved in 2.5
mL toluene and the solvent was removed under vacuum. The crude material was dissolved in
800 gL benzene and pentane was allowed to slowly diffuse into the solution slowly. After 5 d,
colorless plates of 2 (31.5 mg, 81.2%) were obtained. 'H NMR (C 6D6 ): 6 7.40 (d,

(t, 3JHH
0.28 (q,

=

3

JHH=

7.7 Hz, 6H), 7.12 (t, 3JHH = 7.7 Hz, 3H), 7.02 (d,

6.4 Hz, 4H), 1.97 (s, 18H), 1.28 (t,

3JHH=

8.1 Hz, 2H).

13 C{'H}

JHH=

3JHH=

8.1 Hz, 3H), 1.13 (t,

3

JHH=

8.1 Hz,

7.7 Hz, 12H), 2.80

JHH=

6.6 Hz, 4H),

-

12H), 7.27 (d,

3

NMR (C 6D 6): 6 178.2, 140.8, 139.3, 136.7, 136.1, 129.7,

129.4, 128.8, 128.6, 69.55, 25.0, 21.0, 13.1, -2.4. IR (KBr): 3054, 3022, 2920, 2849, 2807, 1727,
1604, 1544, 1515, 1454, 1408, 1385, 1151, 1109, 1033, 1028, 845, 817, 801, 789, 767, 733, 706,
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585, 540 cm'. Anal. Calcd for C69H640 7Zn2 : C 72.95, H 5.68. Found: C 73.33, H 5.96, N 0.05.
Decomposes above 246 'C (turns yellow-brown).

Reactivity. Exposure of 1 and 2 to air. An NMR solution of 1 dissolved in C6 D 6 was allowed to
slowly react with air through a plastic cap over a week. Colorless prisms of [Zn4 O(ArTOlCO 2 )6]

(3) were obtained. NMR was used to confirm that the crystals correspond to a single species in
solution. No further attempts were made to isolate the compound in bulk quantities.
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APPENDIX A: Synthesis and Characterization of
Mononuclear, Pseudotetrahedral Cobalt(III) Compounds

Reproduced in part with permission from Kozhukh, J.; Minier, M. A.; Lippard, S. J. Synthesis
and Characterization of Mononuclear, Pseudotetrahedral Cobalt(III) Compounds. Inorg. Chem.,
2015, 54 (2), 418-424. Copyright 2014 American Chemical Society.

Contribution from Mikael A. Minier: DFT calculations, Evans' method measurement, and
manuscript revision.
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A.1 Introduction

The tetraazamacrocyclic architecture of the tropocoronand ligand provides a flexible
scaffold that can accommodate varied coordination environments and stabilize unusual or
otherwise unachievable geometries at transition metal centers (Chart A. 1).1
< (CH 2 )m>

N

HN

NH
(CH2)n
Chart A.1. The tropocoronand ligand scaffold, H2TC-m,n, where m,n represent the number of
methylene groups in each polymethylene linker chain.
In the absence of entatic tuning, cobalt(II) metal centers display a proclivity toward highspin octahedral or tetrahedral configurations, and cobalt(III) centers prefer low-spin octahedral
geometries.- Square-planar coordination environments are also readily observed for fourcoordinate cobalt(III) complexes, but small molecules with cobalt(III) centers in tetrahedral
environments are significantly scarce. The cobalt(III) center in [CoW12 O 40] 5 exists in a
tetrahedral environment,I as does cobat(111) in [Co(nor)4'-,I where nor is the norbornyl anion. A
small number of mononuclear cobalt(III) imides have been prepared and structurally
characterized, and in these species the multiple bond character of the metal-imide interaction
stabilizes the pseudotetrahedral geometry of cobalt(III).
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The reason for the rarity of cobalt(III) in tetrahedral environments becomes clear upon
comparison of orbital splitting diagrams for a d6 metal center in square-planar versus tetrahedral
geometries. The orbital filling diagram for a square-planar da center is shown in Figure A. 1 for
an S = 1 electronic configuration.

The allocation of electrons corresponds to minimization of
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electron repulsion interactions and is the observed electronic distribution in [Co(TC-4,4)]+
complexes.1 In contrast, the orbital distribution in a d6 tetrahedral orbital splitting diagram
results in the partial occupancy of two destabilized t2 molecular orbitals, with no contribution to
minimization of electron repulsion interactions. That is, the transition from square-planar to
tetrahedral geometry results in partial filling of orbitals that are destabilized in the tetrahedral
configuration relative to the square-planar one, without minimizing electron repulsion. The
square-planar configuration also minimizes the electron-ligand repulsion from the d,2-y2 orbital.
z
y
x

A

0
2b

t2

*
6

to8
2 ag

b

Figure A.1. Orbital correlation diagram for the transition from square-planar to tetrahedral
geometry, shown for the electron occupancy corresponding to a a metal center. Modified from
Albright, Burdett, and Whangbo.14
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Having the ability to control the environment at the metal center simply by changing
tropocoronand linker chain length places us in a unique situation to examine unusual
coordination environments. The previously established series of four-coordinate cobalt(III)
tropocoronand complexes comprises [Co(TC-3,3)](X) (X = BPh 4 , BAr' 4) and [Co(TC4,4)](BPh 4 ).-

These species exist in square-planar or distorted square-planar geometries, with

twist angles, defined as the angle between planes formed by the metal and the two sets of
aminotroponeiminate nitrogen atoms, of 80 and 410 for the four-coordinate complexes.-

In our

pursuit to examine the size dependence of cobalt(II) and cobalt(III) tropocoronands on their
ability to tune reactivity with nitric oxide,'

we prepared and structurally characterized two

pseudo-tetrahedral cobalt(III) complexes, [Co(TC-5,5)](BF 4) and [Co(TC-6,6)](BPh 4). Their
synthesis and properties are described here.

A.2 Experimental Methods

General Considerations. Handling of air- and moisture-sensitive materials was conducted in an
MBraun glovebox under a nitrogen atmosphere. Reagents were used as purchased, without
further purification. Methylene chloride and tetrahydrofuran (THF) solvents were purified by
passage through activated alumina and stored over 4 A molecular sieves under a nitrogen
atmosphere prior to use. Deuterated NMR solvents were obtained from Cambridge Isotope
Laboratories, stored under an inert nitrogen atmosphere, and used without further purification.
The syntheses of [Co(TC-5,5)], and [Co(TC-6,6],

[Zn(TC-5,5)],j

and [Zn(TC-6,6)]-L are

described elsewhere. Fc(BPh 4) was prepared according to previously published procedures.

20

Synthesis of [Co(TC-5,5)](BF4). To a solution of [Co(TC-5,5)] (150 mg, 0.35 mmol) in
methylene chloride was added Fc(BF 4) (94.4 mg, 0.346 mmol). The reaction was left to stir
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overnight. The solution was evaporated to dryness and the resultant solid was washed with
diethyl ether to remove ferrocene. The solid was dried in vacuo. Recrystallization from
DCM/Et2O at -30 C yielded X-ray quality crystals (174 mg, 97% yield). UV-Vis-nIR (CDCl 3) A
(e) 349 (13650 M-1 cm-1 ), 412 (15670 M-' cm-1 ), 757 (11420 M' cm-'), 1166 (9183 M 1 cm-)
nm; IR (KBr) (cm-1) vC=N 1501, vc=c 1586. Anal. Calc'd. for C 24H 30BCoF4N4 -0.32 CH2C

2

: C,

53.35; H, 5.64; N, 10.23. Found: C, 53.33; H, 5.89; N, 10.21. Evidence for CH 2Cl 2 appeared in
2

.

the NMR spectrum taken in CD2 C

Synthesis of [Co(TC-6,6)](BPh4). To a solution of [Co(TC-6,6)] (200 mg, 0.4 mmol) in
methylene chloride was added Fc(BPh 4 ) (218 mg, 0.434 mmol) in the dark. The reaction was
allowed to stir overnight. The solution was evaporated to dryness and the resultant solid was
washed with diethyl ether to remove ferrocene. The solid was dried in vacuo. Recrystallization
from DCM/Et2 O at -30 C yielded X-ray quality crystals (330 mg, 97% yield). Note: We found
methylene chloride solutions of Fc(BPh 4) to be unstable, and attribute variations in product yield
to this property. UV-Vis-nIR (CDCl 3) 2 (e) 271 (60900 M-1 cm'), 349 (21470 M-1 cm), 424
(34560 M-1 cm-1), 702 (2362 M' cm-1 ), 981 (561 M-1 cm-1), 1240 (475 M 1 cm-) nm; IR (KBr)
(cm-1)

VC=N

1504, vc=c 1595. Anal. Calc'd. for C 50H 54BCoN 4 : C, 76.92; H, 6.97; N, 7.18. Found:

C, 76.68; H, 6.71; N, 7.33.

Synthesis of [Ga(TC-5,5)j(GaCI4). To a solution of H 2TC-5,5 (300 mg, 0.8 mmol) in THF was
added NaHMDS (292 mg, 1.59 mmol) and the reaction was allowed to stir for 10 min. GaCl 3
(448 mg, 1.59 mmol) was added to the solution as a solid, and the reaction was left to stir
overnight. The solution was evaporated to dryness, suspended in CH 2 C 2 , and filtered through
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Celite. The resultant solid was washed with diethyl ether and dried in vacuo. Recrystallization
from CH2 Cl 2/Et 2O at -30 C yielded X-ray quality crystals (370 mg, 70% yield). 1H NMR
(CD2 Cl 2 )

8

1.68 (in, 8H, CH2), 1.91 (in, 4H, CH2 ), 3.74, (in, 4H, CH2 ), 3.85 (in, 4H, CH2), 7.10

(t, J= 10 Hz, 2H, Ar-H,) 7.26 (d, J= 8 Hz, 2H, Ar-H), 7.64 (t, J= 12 Hz, 2H, Ar-H); ESI-MS
[M-GaCl 4]* m/z 433.1 (Calc'd 433.12); UV-Vis (CDCl 3) 2 (e) 274 (sh, 63390 M~' cm-1), 280
(70810 M~ cm'), 365 (40920 M-1 cm-), 416 (sh, 19480 M-1 cm-), 433 (27090 M-1 cm'1) nm; IR
(KBr) (cm^) vC=N 1512, vc=c 1513. Anal. Calc'd. for C 24 H 30N 4 Ga 2 Cl4 : C, 43.96; H, 4.61; N, 8.54.
Found: C, 43.88; H, 4.44; N, 8.42.

Synthesis of [Ga(TC-6,6)J(GaCl 4). To a solution of H 2TC-6,6 (54 mg, 0.13 mmol) in THF was
added NaHMDS (45 mg, 0.27 mmol) and the reaction was allowed to stir 15 min. GaCl 3 (70 mg,
0.27 mmol) was added to the solution as a solid, and the reaction was left to stir overnight. The
solution was evaporated to dryness, suspended in CH2 Cl 2 , and filtered through Celite. The
resultant solid was washed with diethyl ether and dried in vacuo. Recrystallization from
CH 2Cl 2/Et2 O at -30 C yielded X-ray quality crystals (52 mg, 57% yield). 'H NMR (CD 2 Cl 2 )

8

1.13 - 1.26 (in, 8H, CH2), 1.44 (in, 4H, CH2), 2.19 - 2.26 (in, 4H, CH2), 3.64 - 3.71 (in, 4H,
CH2), 3.97 - 4.02 (in, 4H, CH2 ), 7.12 (t, J= 8 Hz, 2H, Ar-Hy) 7.35 (d, J= 8 Hz, 2H, Ar-H) 7.60
(t, J= 6 Hz, 2H, Ar-Hp); ESI-MS [M-GaCl 4] ,m/z 471.1 (Calc'd 471.20); UV-Vis (CDCl 3) A (C)
272 (sh, 73750 M-1 cm-1), 280 (83830 M-1 cm'1), 363 (45720 M-1 cm'1), 410 (sh, 22980 M-1 cm-1),
422 (sh, 28930 M~ cm-1), 429 (37980 M-1 cm) nm; IR (KBr) (cm') vC=N 1514, vc=c 1595. Anal.
Calc'd. for C 26 H 3 4 N 4 Ga2 C 4 : C, 45.67; H, 5.01; N, 8.19. Found: C, 45.98; H, 4.93; N, 7.86.
Physical Measurements. 1H NMR spectra were collected on a 400 MHz Bruker Avance
spectrometer. Evans' method

2

measurements were made in CD 2C
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2

on a 500 MHz Varian

Inova spectrometer, and the temperature was measured by the residual peak separation of the 1H
NMR of neat CD 30D.- Optical spectra were recorded on a Varian Cary 5000 UV-Visible-nIR
Spectrophotometer in 6SQ Starna cells. Solutions were prepared under a nitrogen atmosphere.
FT-IR spectra were recorded on a Thermo Nicolet Avatar 360 spectrometer running the OMNIC
software package. ESI-MS analyses were performed on the Agilent 1100 Series LC/MSD Trap
spectrometer. Cyclic voltammograms were recorded under nitrogen using the VersaSTAT3
potentiostat (Princeton Applied Research) and the V3 Studio software. A glassy carbon working
electrode, silver wire pseudo-reference electrode, and Pt wire auxiliary electrode were used.
Samples were prepared as 3-5 mM solutions in methylene chloride with 0.1 M (n-Bu 4N)(PF 6) as
supporting electrolyte. Reported spectra were recorded at 50 mV/s scan rates. The reversible
Fc/Fc+ couple appeared at 0.57 V vs. Ag/Age.

X-ray Crystallography. Crystals were mounted in Paratone N oil and frozen at 100 K under a
cold nitrogen stream controlled by a Cryopad low-temperature apparatus. Data were collected on
a Bruker APEX CCD X-ray diffractometer with graphite-monochromated Mo-Ks radiation (k =
0.71073 A) controlled by the APEX2 software package.- 4 Empirical absorption correction was
performed with SADABS.-5 The structure was solved by direct methods using SHELXS-97 and
refined by full-matrix least-squares on F2 using the SHELXL-97 program incorporated into the
SHELXTL software package.2 Possible higher symmetries were evaluated by PLATON.- Nonhydrogen atoms were located and their positions refined anisotropically. Hydrogen atoms were
assigned idealized positions and given thermal parameters 1.2 times the thermal parameters of
the atoms to which they are attached. The structure of [Ga(TC-6,6)](GaCl 4) contained voids
filled with heavily disordered solvent molecules. The program SQUEEZE
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was used to remove

the contributions of the disordered solvent to the structure factors. The electron density attributed
to disordered solvent molecules created a channel along the 65 screw axis, and corresponded to 7
molecules of methylene chloride or diethyl ether. The crystal of [Ga(TC-6,6)](GaCl 4 ) was an
inversion twin, and the percentage of the main twin component was refined to 58.2%. Thermal
ellipsoid plots were generated by ORTEP-IJI.-29
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)

)

Table A.1. X-ray data collection and refinement parameters for all structures.
[Ga(TC-6,6)]
[Co(TC-5,5)]
[Co(TC-6,6)]
[Ga(TC-5,5)]
(GaCl 4
(GaCl 4
(BF 4)
(BPh 4)
Empirical formula
Formula weight
Crystal system
Space group
a (A)
b (A)
c (A)
a (deg)
#8(deg)
y (deg)

C 24H 30 BCoF 4N 4

C 5 oH 54BCoN 4

520.26
Monoclinic
P2 1/c
11.137(8)
24.040(19)
8.549(7)

780.71
Triclinic
P~
10.824(3)
13.521(4)
14.593(4)
87.014(4)

655.76
Monoclinic
P2 1/c
15.6905(10)
12.8780(8)
14.2525(9)

105.35(2)

109.8660(10)

0.40 x 0.10 x 0.05

84.962(4)
74.812(4)
2052.3(10)
2
1.263
100(2)
0.458
1.40 to 26.33
0.40 x 0.09 x 0.02

99.3

Max, min peaks
(e/A 3
Goodness-of-fit"

Total no. of data
No. unique data

2207(3)

Pcalc (g/cm 3

1.566
100(2)
0.833

)

V (A3
Z

)

4

)

Temperature (K)
p (Mo Ka), (mm-)
0 range (deg)
Crystal size (mm 3
Completeness to 0

C 24 H 30Cl 4Ga 2 N4

C 26 H 34 C14 Ga 2N 4

683.80
Hexagonal
P6 5

21.9860(8)
11.9576(8)

2708.5(3)
4

5005.7(4)

1.608

1.357
100(2)
1.955

100(2)
2.405

6

2.10 to 26.81

1.07 to 25.66

0.40 x 0.20 x 0.20

0.20 x 0.07 x 0.03

98.9

99.9

100.0

0.406 and -0.364

0.692 and -0.622

1.092a and -0.810

0.467 and -0.339

1.042

1.051

1.407

1.094

37590
4665

33495
8290

47316
5798

83492
6340

3.98

0.41(7)
4.18

1.69 to 26.76

)

(%)

Flack parameter
R1 (%)C

3.57

5.58

9.33
8.13
7.59
12.26
wR2 (%)d
aThe maximum residual electron density peak appears near a carbon atom that is part of a
disordered polymethylene chain in the tropocoronand ligand.
bGOF = [Z w(F0 2-F,2) 2 /(n -p)] 112 where n is the number of data and p is the number of refined
parameters.
dR, = |Y{X F0| |-F),
dwR2 = {y[W(FO2-FC2)2]/E[w(FO2)2]j1 m
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Table A.2. Summary of bond lengths (A) and angles (deg) of interest for [Co(TC-

5,5)](BF 4 ).a
Co(1)-N(1)

1.850(2)

N(2)-Co(1)-N(3)

103.34(9)

Co(1)-N(2)
Co(1)-N(3)
Co(1)-N(4)

1.832(2)
1.845(2)
1.857(2)

N(2)-Co(1)-N(1)
N(3)-Co(1)-N(1)
N(2)-Co(1)-N(4)
N(3)-Co(1)-N(4)
N(1)-Co(1)-N(4)

82.69(9)
151.43(8)
125.24(8)
83.01(8)
116.66(8)

aThe atom-labeling scheme is shown in Figure 2, left. The numbers in parentheses correspond to the
estimated standard deviation of the last significant figures.

Table A.3. Summary of bond lengths (A) and angles (deg) of interest for [Co(TC6,6)](BPh4 ). a
Co(1)-N(1)
1.817(3)
N(1)-Co(1)-N(4)
116.97(13)
Co(1)-N(2)
1.834(3)
N(1)-Co(1)-N(3)
132.83(13)
Co(1)-N(3)
1.823(3)
N(4)-Co(1)-N(3)
82.15(13)
Co(1)-N(4)
1.823(3)
N(1)-Co(1)-N(2)
82.37(12)
N(4)-Co(1)-N(2)
133.80(14)
N(3)-Co(1)-N(2)
116.35(12)
aThe atom-labeling scheme is shown in Figure 3, right. The numbers in parentheses correspond to the
estimated standard deviation of the last significant figures.
Table A.4. Summary of bond lengths (A) and angles (deg) of interest for [Ga(TC5,5)](GaCl4)a
Ga(1)-N(1)
1.859(11)
N(3)-Ga(1)-N(1)
125.2(7)
Ga(1)-N(2)
1.890(14)
N(3)-Ga(1)-N(2)
118.1(9)
Ga(1)-N(3)
1.858(12)
N(l)-Ga(1)-N(2)
85.9(4)
Ga(1)-N(4)
1.898(19)
N(3)-Ga(1)-N(4)
86.4(5)
N(l)-Ga(1)-N(4)
117.0(8)
N(2)-Ga(1)-N(4)
129.1(13)
aThe atom-labeling scheme is shown in Figure 3, left. The numbers in parentheses correspond to the
estimated standard deviation of the last significant figures.

Table A.5. Summary of bond lengths (A) and angles (deg) of interest for [Ga(TC6,6)](GaC 4).a
Ga(1)-N(1)
1.891(5)
N(1)-Ga(1)-N(2)
86.0(2)
Ga(1)-N(2)
1.891(5)
N(1)-Ga(1)-N(3)
123.4(2)
Ga(1)-N(3)
1.893(5)
N(2)-Ga(1)-N(3)
123.4(2)
Ga(1)-N(4)
1.903(5)
N(l)-Ga(1)-N(4)
121.1(2)
N(2)-Ga(1)-N(4)
122.2(2)
N(3)-Ga(1)-N(4)
85.4(2)
aThe atom-labeling scheme is shown in Figure 4, right. The numbers in parentheses correspond to the
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estimated standard deviation of the last significant figures.

N3A

N2A
N2A
GaA

N
N4A

N1
N1A

N4

Figure A.2. Thermal ellipsoid plot of [Ga(TC-5,5)](GaCl 4), depicting the disorder of the
tropocoronand ligand. The dashed bonds connect atoms of the minor component of the disorder.
Atoms NiA, N2A, N3A, and N4A belong to the minor component of the disorder. Thermal
ellipsoids are shown at 50% probability. Hydrogen atoms and the gallium tetrachloride
counteranion are omitted for clarity.

'31 A

k/

,3.8

A

Figure A.3. Crystal packing for [Co(TC-6,6)](BPh 4), emphasizing the contacts of the
aminotroponeiminate rings of [Co(TC-6,6)]+ with the phenyl rings of (BPh 4)~. A phenyl ring of
(BPh4)~ subtends an angle of 71.9' with each aminotroponeiminate ring of [Co(TC-6,6)]*. The
phenyl group that participates in the contact lies 3.8 A from the plane of the aminotropiminate.
Carbon atoms depicted in black denote aryl groups that participate in perpendicular contacts.
Otherwise, the color scheme is: carbon, white; nitrogen, blue; cobalt, magenta; boron, lime green.
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Computational Results. To address the ambiguity of the spin state of the pseudo-tetrahedral
Co(III) complexes

[Co(TC-5,5)](BF 4) and [Co(TC-6,6)](BPh 4 ),

DFT calculations were

performed on the [Co(TC-n,n)]+ series of cations using ORCA.41-47 Geometry optimizations at
the BP/SVP(TZVP on Co) level were performed starting from the X-ray structure coordinates of
the [Co(TC-n,n)]+units from their respective X-ray structures. For [Co(TC-4,4)]+ at S = 2, this
geometry optimization procedure produced three small imaginary frequencies. An improved
geometry was obtained starting from the X-ray structure coordinates of the one electron reduced
[Co(TC-4,4)]. Regardless, the improved geometry still resulted in imaginary frequencies (350.70, -255.39, and -60.37 cm'1). We believe that the energy values from this calculation do not
deviate greatly from the ideal optimized structure, which could not be found. All 7 remaining
calculations produced no imaginary frequencies. Frequency calculations were performed at the
same level of theory and single-point energy and TD-DFT8 calculations were performed at the
B3LYP/def2-TZVP level. All computations included the COSMO 49 solvent model to model the
cations in CH 2Ci 2 . The above computational procedure was applied to both cations at the S = 1
and S = 2 spin states and the results were compared. Simulated UV-Vis-nIR spectra were
visualized with Gabedit50 and replotted. The DFT results are discussed below and optimized
coordinates and energies are presented thereafter.
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RMSD I Max. D
S=1

0.0546 10.1197

0.1829 10.3530

0.3982 10.7248

0.0884 0.1535

0.2805 |10.5171

0.2276 10.4123
[Co(TC-4,4)]+

0.1617 | 0.3077

0.4180 | 0.6051

[Co(TC-5,5)]+

[Co(TC-6,6)]+

S =2

[Co(TC-3,3)]*

Figure A.4. Structural overlays of [Co(TC-n,n)]* species comparing experimental structures
with computed geometries (blue) at the BP/SVP(TZVP on Co) level. RMSD and Max. D values
are in A.
Table A.6. Experimental and computed twist angles in the [Co(TC-n,n)]* series.
Twist Angle (0)

X-ray

S= 1

S=2

[Co(TC-3,3)]*

8

7

28

[Co(TC-4,4)]*

41

40

58

[Co(TC-5,5)]*

65

61

80

[Co(TC-6,6)]+

74

76

89

Geometries: The computed geometries for the series were overlaid with their X-ray
structures and root-mean-square deviations (RMSD) and maximum deviations (Max. D) were
computed (Fig. A.4). The geometry comparison favors the S = 1 state for n = 3-4, 6, and the S =
2 state for n = 5. Packing interactions could not be accounted for in the comparison. The twist
angles of the optimized geometries all favor the S = 1 state (Table A.6). The twist angles for the
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S

=

2 state are 13-21' larger than that of the S = 1 state, consistent with the correlation between

geometry and spin-state.
Triplet-quintet gap: For all compounds, the S = 1 state was predicted to be the ground
state, but the energy gap between the S = 1 and S = 2 state decreases as n increases (Fig. A.5).
For n = 3 and 4, the triplet-quintet gap of 24.9 and 18.9 kcal/mol support that the molecules are
in the S = 1 state. For n = 5 and 6, the energy gap of 8.0 and 7.2 kcal/mol suggest that the S = 2
state is close in energy and could be thermally accessible. The absolute energies from this level
of theory may not correctly predict the ground spin-state, but the series of calculations surely
predicts the correct trend. Further, the triplet-quintet gap changes almost linearly with
experimental twist angle with a R2 value of 0.936 (Fig. A.5).
TD-DFT: UV-Vis-nIR spectra predicted from the TD-DFT calculations were compared
to experimental data, but the results are inconclusive. Graphs comparing the S = 1 and S = 2
calculations and the experimental data are provided below.
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Figure A.5. Triplet-quintet energy gaps computed for the [Co(TC-n,n)]+series.
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Figure A.6. Simulated spectrum of [Co(TC-3,3)]+. Reported experimental values: 342 nm
(16200 L1 mol- cm 1 ), 389 nm (12100 L1 mol~' cm-'), 496 nm (10500 L mol 1 cm1), and 545
nm (28300 L-1 mol~1 cm~ ).
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Figure A.7. Simulated spectrum of [Co(TC-4,4)]+. Reported experimental values: 372 nm
(25400 L1 mol~1 cm-1), 532 nm (10000 L1 mol~1 cm-1), and 804 nm (7800 L1 mol-1 cm~1.
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Figure A.8. Simulated spectrum of [Co(TC-5,5)]+ (left) and UV-Vis-nIR spectrum of [Co(TC5,5)](BF 4 ) (right).
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Figure A.9. Simulated spectrum of [Co(TC-6,6)]+ (left) and UV-Vis-nIR spectrum of [Co(TC6,6)](BPh 4) (right). The inset shows a higher concentration of [Co(TC-6,6)](BPh 4 ) so the nIR
bands can be visualized.
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Table A.7. Computational
Final Single Point Energya
Total Thermal Correction
Final Gibbs Free Enthalpy
Co 1.99984430512146
N 3.70221377791491
N 1.94527304728569
N 0.35719102244004
N 2.13143417389683
C 4.17056841693326
C 5.51370710604893
C 6.18763301982511
C 5.72298656775828
C 4.42764341306588
C 3.30661507063127
C 3.13617521659833
C 0.18846737528284
C -0.90212436019618
C -1.25184814833753
C -0.61232756062105
C 0.56427533715630
C 1.36480335836602
C 1.24119766790493
C 4.56330108900583
C 3.78922318447069
C 3.16131353807934
C 0.76739079369234
C -0.52839065828735
C -0.67491202233234
H 6.14037274706184
H 7.24356385051520
H 6.44761460274798
H 4.25925919512813
H 2.41733492335142
H -1.58414853551442
H -2.16529768905645
H -1.07498876698437
H 0.92121802763818
H 2.24230707392621
H 5.37927906345696
H 5.05109542930783
H 4.48877423579132
H 3.00300107800327

results and coordinates for [Co(TC-3,3)]+ with S = 1.
-2376.697171 Eh
0.33519548 Eh
-2376.361976 Eh
5.80799646976653
1.99266412790735
1.61187148837915
5.10324091409693
6.05581012186297
0.13002262842579
6.63890834400597
2.38146713256654
5.72471225086252
3.86624352503878
0.35892046180891
5.35008428009254
-0.01616385719786
5.06309248664247
-1.23156096885758
5.24510553130687
-2.44776287509854
5.77228741346517
6.24701199167529
-2.71144109570964
-1.87249872866490
6.30705996329344
-0.51291961059146
5.92100657837918
3.67488512681205
7.02407853813615
7.84328067482629
4.08271273516819
8.34827346419204
5.34259554743803
6.58339796156259
8.19170596722575
6.83032186729078
7.46529879899806
6.72701128759508
5.94838319223608
6.49249785748633
4.54960107306555
4.41146451828847
2.56901750204252
3.77075972204509
3.88865001329020
4.99705454934713
4.60474418976761
-0.63050001841786
6.46909687824079
0.11264221429419
6.17438402656729
6.97127213667400
1.40106181867477
4.63824895122020
0.77909742410091
-1.22027107853815
4.92894554945875
-3.27548450554672
5.82402613916612
-3.72916168865355
6.63577214002326
-2.34871825824720
6.74014785152781
8.14636352767432
3.27750189219190
8.96579086050893
5.35079592343065
8.69380001869422
7.44693616451748
7.47469607972501
7.87368838618193
6.26887688911062
6.42239697748261
5.08997850194650
2.91421311886697
3.55058898631099
2.06345267941480
4.41612651813369
3.31967366359343
3.43735949122952
3.17690425570100
243

H
H
H
H
H
H
H
H

2.70685739933576
4.54315267805645
5.51147096660576
5.69838215645084
4.95745828257974
3.95379762370408
0.75131899138277
5.92266884108895
-1.59703879273360
0.82598663181584
7.55595562385604
-0.87434226391384
-1.37877672617020
6.42891134280360
-0.55188996657870
-0.59950233779228
0.32943616240204
5.08633675664826
-0.65219729786583
1.17323331715571
8.06347279643920
-1.67356325148708
1.83857808993186
6.75470633367802
aAs determined at the B3LYP/def2-TZVP level. bObtained from the frequency calculation at the
BP/SVP level with a TZVP basis set on the Co atom.

Table A.8. Computational results and coordinates for [Co(TC-3,3)]1 with S
Final Single Point Energya
-2376.652871 Eh
Total Thermal Correction
0.33060954 Eh
Final Gibbs Free Enthalpy
-2376.322262 Eh
5.33910800502208
1.96072214810839
Co 1.77536363280001
4.87797597196080
1.56748057811472
N 3.66359582266063
0.04601399839513
5.84267432609237
N 1.85725409799373
2.40023906310372
N 0.20302571500244 6.46368352155961
3.92146237279949
5.51247049663286
N 2.01676552107274
0.38599010271675
5.30553501766588
C 4.14054615657685
0.05659156173373
5.19921190223476
C 5.52743469761174
5.55495302340572 -1.09456691048363
C 6.23883673124404
-2.28956895521232
6.13813865036879
C 5.78070794320809
-2.59470466580906
6.50315705883630
C 4.45714762156532
-1.82095733270041
6.38638908618186
C 3.29752919187685
-0.50562895268422
5.87000490581939
C 3.08192873572711
3.64231363117117
6.97575259789769
C 0.17275408803401
4.02724224386334
7.94559129987359
C -0.80395426525241
8.59561059253719
5.24387276729367
C -1.03822122958038
6.46870501781655
8.48208698432942
C -0.35633007262830
6.74147375527230
7.66209292552149
C 0.75319324606994
5.90269262708060
6.77635967404035
C 1.43755861644225
4.53322115226241
6.41932006661841
C 1.23632160907425
2.55864390378504
4.23674320589862
C 4.52239727465489
3.76129795965526
3.71966060347424
C 3.72463132773611
4.63162422363883
4.80297942667919
C 3.07671364244992
-0.68123078390468
6.28981009612620
C 0.67311460494784
0.10099739146810
6.01770545566265
C -0.61752641367015
1.39130250439827
6.82843568605955
C -0.78712130092784
0.84921040944381
4.76162203372766
H 6.15157785797910
H 7.32031572582997
-1.05098678291715
5.34430087672291
244

=

2.

6.53681507092669
6.33105017437149
-3.06684199905079
4.30371833367851
-3.59055736019297
6.95040983728951
2.39086133365328
-2.31617773774260
6.76183219484115
3.22438428389297
-1.49622434175145
8.23681065940987
5.23342913357464
-1.88475266744375
9.30244238447708
-0.72714604350828
7.29987628448831
9.10190138081377
1.14994575371116
7.76847485475028
7.72384586629887
2.28344130857722
6.38626208031411
6.26802388484628
4.94902454871337
5.30641718489490
2.90975524322634
5.06158187810522
3.37981203311551
2.09454893705889
4.41525086938250
3.13545545131377
4.40338066597390
2.94403479439557 3.00567866208898
3.41410426727615
2.66376649521415
4.32639890964038
5.54955289460296
4.97497731817578
3.85886383013877
5.52038039493335
0.61281350660710
5.76695700659777
-1.66213341490945
7.37890683216431
0.74905734874150
-0.91009844179486
-1.47472911378526
6.25279694729068
-0.56259878349843
4.93053858118658
0.33064584586596
-0.69129627151332
-0.71981388293316
1.15916724252978
7.91784578548144
-1.81320496559014
6.65629997417624
1.78969965704923
aAs determined at the B3LYP/def2-TZVP level. bObtained from the frequency calculation at the
BP/SVP level with a TZVP basis set on the Co al om.

Table A.9. Computational results and coordinates for [Co(TC-4,4)]+ with S = 1.
Fina1 Single Point Energya
-2455.273353 Eh
Tota 1 Thermal Correction
0.38676915 Eh
Fina1 Gibbs Free Enthalpy
-2454.886583 Eh
Co 12.70288127172679
6.26684973839892
3.84984281853002
N 13.51125124315520
4.64545893807377
7.77596099093353
2.39143281200616
6.62227837996350
N 13.84953377905853
4.43376110707954
3.66266312609332
N 12.39966092428208
6.24704785164633
4.68987981763306
N 11.03396481832393
8.39478308887243
C 14.43038763601480
3.85385021973262
9.62428837089032
4.24134733853548
C 15.03556203280829
3.64469586142055
C 16.04277535446343 10.39517236500907
C 16.77085797661298
10.16368767306382
2.46735191662251
C 16.60859778961087
9.07743850597482
1.59313159682731
C 15.70200106233067
1.64876875346593
8.00992871633403
C 14.68120012972184
7.68244056326656
2.58702191850157
C 11.21899858875210
4.14411731149478
3.96912928118536
C 10.82501612888720
2.60990051764789
4.00629616504299
C 9.69418383675748
4.47526425564714
1.92803840753175
245

8.60041435196631
2.40718615997986
5.21574125634159
8.39761052780014
3.72522885720792
5.65886768054794
9.19859750055726
4.86111955820247
5.48317835564263
10.43363327988438
5.03564628326179
4.80022311169388
13.30664197099757
8.29650189790190
6.00998319708954
12.43129623178873
7.43734081450782
6.92796979543578
10.92096839281535
7.63405025185970
6.74356753423424
10.47181974553945
7.46013190710570
5.28189307331437
13.89560698119568
5.93489392872474
1.08745207169323
12.78423244560605
4.91119183487718
0.83214764090665
13.03154833180816
3.52532544190454
1.44170853669627
13.34752813416946
3.58172607604250
2.94668945040662
14.64307167318176 10.05777825033431
5.16953166830753
16.29987002348234 11.31557332551219
4.19476588743515
17.54203764345329 10.90457653320519
2.20507376701160
17.28578285785160
9.05685842745600
0.72305881855572
15.81044108500444
7.30033128379522
0.81811763728305
11.52745181464519
3.44451728155126
1.97804508161797
9.66675056375002
0.85597774196388
4.21994474392432
7.82108601735275
1.67405601297853
5.47618888971321
7.47149518942798
3.90079922627433
6.23041375379083
8.79470522432904
5.77101880779010
5.94759937964854
12.87989029677317
9.32590295197632
5.96121156788999
14.30953296872482
8.40062169037732
6.47876005152093
12.69769005155778
7.69518657981203
7.97348836609100
12.70678245577400
6.36811443527374
6.79979602368112
10.37593358754926
6.92281211017233
7.39906439437567
10.62617970686049
8.65407319277390
7.07187125342531
9.36459029314809
7.46829626708703
5.20049867535660
10.82878146157177
8.31377874776855
4.67225828752713
14.88481196225839
5.43609571658177
0.96164317311652
13.84143784206872
6.71546780991924
0.29732959681162
4.80194614945515
12.68301035208444
-0.26701567266115
11.81643125555290
5.32830577997809
1.18516473718012
2.88393419010267
12.14275707146131
1.26350870963860
13.88627764890765
3.02991520824913
0.93304137675561
13.37896938236325
2.56357149666171
3.38739861965218
4.01096341350928
14.35638210423082
3.10644045878760
aAs determined at the B3LYP/def2-TZVP level. bObtained from the frequency calculation at the
BP/SVP level with a TZVP basis set on the Co al om.

Table A.10. Computational results and coordinates for [Co(TC-4,4)]+ with S = 2.
246

Final Single Point Energya
Total Thermal Correctionb
Final Gibbs Free Enthalpy
Co 7.16924301860340
N 6.54868437902774
N 5.22366536611283
N 7.96037457000529
N 8.53664867283348
C 5.21515521593457
C 4.63797439410015
C 3.31078476504534
C 2.12179256500379
C 2.01881252791989
C 3.02187575337485
C 4.45277441650978
C 4.58893919116865
C 5.53106706067854
C 6.27610455562430
C 7.25642780469745
C 9.02439761996906
C 9.67667191672878
C 10.80518731256824
C 11.64634716281949
C 11.51841497213234
C 10.54550164397569
C 9.39565720510011
C 8.71928838911301
C 9.47031195629210
C 8.94023635639426
C 7.46590944705565
H 5.37167804654919
H 3.18758720920401
H 1.17794830541838
H 0.99207803499299
H 2.63106812521040
H 4.00168177561392
H 3.84697481698852
H 6.24831535622844
H 4.90307321906737
H 6.83872223801593
H 5.54915817572608
H 7.95027468769051
H 6.69424084124601

-2455.235933 Eh
0.37947169 Eh
-2454.856461 Eh
3.86186063000864
1.52500827977760
2.02187919311524
1.60451903601162
4.24568169349008
1.75045779659453
1.11145954276319
5.56820719815773
2.94874605689708
3.92528215354109
1.66181583514060
1.85424123007950
1.67297960787562
0.54597647441736
1.72043054002963
0.10633586705829
1.74468729029469
0.85441205066919
2.25712675434257
1.73257179476398
1.72120268551181
3.23078453535671
3.13997523026221
1.72094296784517
1.83396398496525
5.56791969323942
2.09630445563362
6.75362340002872
7.36669600800006
0.89663355806969
0.16278071803209
6.42181838544384
1.83463087860737
5.95550041416073
7.20425326001861
1.60404808835808
2.19656679231865
7.78111366847312
3.20192020508968
7.27191424045898
3.86914856730677
6.03752022257193
3.73443233850576
5.04418718737994
4.95469942674124
2.88539859665135
2.74867028007857
3.78780052152700
1.62629658069144
3.03576489711762
1.62645325028299
1.30032610273872
0.88029109205055
1.53328268840983
1.63524419613097 -0.27074847846258
1.72463757474225 -0.98970400524054
0.28787525929167
1.76776660727105
2.65909243614755
1.73928309014973
4.25668107871948
1.71645269190009
0.90443303082269
5.75967599051613
2.66340566710124
5.54884448171012
6.47136995088659
2.89575179158380
2.53253342697679
7.55848479827254
1.26879994375479
8.24945043418754
0.15064398900166
7.75293580117382
-0.48074636874628
7.00737790713399
-0.52247217101833
5.75285168255145
247

H 9.22482938116535
0.80526581009211
7.81116953237616
H 11.08031924422942
1.79961320523462
8.77153278552145
H 12.49785806717158
3.49779550656471
7.90477504729142
H 12.29252744907219
4.62461265230306
5.82415507266141
H 10.67998728139831
4.41292558027336
4.18827677481779
H 9.24335780673124
4.73969336382253
2.97976071119971
H 7.70712149496386
4.07156911588059
2.39463699806002
H 10.54312307867247
2.94952256696598
1.90391461856620
H 9.43367931486717
3.66922824276304
0.71351299932565
H 9.55281512218321
1.21141993898564
0.47318049891816
H 9.11292922243825
0.93910898154427
2.16324587311399
H 7.23861992513606
2.34260023096743
0.14950574779323
H 7.29919854123035
0.57297336055090
0.33952703089259
aAs determined at the B3LYP/def2-TZVP level. bObtained from the frequency calculation at the
BP/SVP level with a TZVP basis set on the Co al tom.

Table A.11. Computational results and coordinates for [Co(TC-5,5)]' with S = 1.
Final Single Point Energya
-2533.846455 Eh
Total Thermal Correctionb
0.43664474 Eh
Final Gibbs Free Enthalpy
-253 3.40981 Eh
Co 6.22218124835016 21.82162876122279
4.61866203466043
N 5.24157576819993
21.48080615900046
6.19140930733491
C 5.65985329039566 21.95413039044337
7.51480850902829
H 6.75545047076061
22.12523342578527
7.46516421240768
H 5.51128103414247 21.13425622529629
8.25087263462207
N 5.06183155227665 20.60564611514526
3.84124461829721
C 6.06817986762762 24.80981580849874
4.79839855152189
H 5.65093093035803 25.18578947982870
3.83598288760885
H 6.74187079326685
25.60948164619316
5.18003295478545
N 7.90794227691890 21.34646399882908
3.94990232748914
C 4.14878917457212 20.69804833566091
6.01059066706193
C 8.41116986035720
19.97207701267229
3.97645860533938
H 7.98035172107854
19.49041087866207
4.87981148106018
H 9.50621083784047 20.01376887308097
4.15565708183238
C 4.02876699574190 20.19646506953641
4.62080868359994
C 1.82475266949009
18.88054429051852
4.71897493780385
H 1.15842911930301
18.31537619663459
4.04668342815382
C 1.41855270934847
18.95707478772640
6.05996601566022
H 0.48011795505233
18.44473774243095
6.32272773525673
C 2.97123757107852
4.10284156979151
19.40310142742345
H 3.06191498052680
19.15800477083067
3.03523826552791
N 6.85086367394576 23.59943890624695
4.50680406763862
248

20.38656285690651
3.25786817324468
7.07795395460848
3.52719076461783 20.82706591666482
8.04785279861012
24.63942433404533
4.93311875415294
5.81021626325774
4.29247889448145 23.78085701825117
5.51755380731300
4.28759509411104 25.53493214437315
5.69647094239471
4.97667907144755
23.23908312322230
8.01800975641545
3.87164683932844 23.12228329523572
7.97946907895149
5.23922796541089 23.33700394656304
9.09362828856922
5.18567385960307 20.29890828295854
2.41191340943160
5.93885790782315 21.00552039725752
2.00849797567973
4.23067361904944 20.55211023579156
1.89937629953233
2.08573596954373
7.10509350177932
19.62228016903629
1.60713442666258 19.55421283506419
8.09586108063161
5.39917191941059 24.51904694056929
7.28509734643153
6.50795498562990
24.60344156977317
7.33533411172439
5.01200320520008
25.38675461077836
7.85896515342682
8.63861733085924 22.39300671539440
3.49917850476844
8.02568491679714 23.70565473721711
3.82164680641510
2.04676820754807
5.59778953842292
18.85917098980019
2.18213688618888
4.73665818869988
18.17091106603077
5.80521242419040
18.87031082244649
0.95417403206019
2.80609038955580
9.86834954280618 22.19308087538796
10.13407688187215
2.64826346580393
21.13789092192962
2.79521916487978
6.80250921746450
18.26792498449621
2.35936001259782
6.98114560070910
17.26269329106910
3.85723229637558
18.07857269676520
6.53001396897038
8.56788889191970 24.96874696052127
3.45540931514065
7.97089125847551
25.83544712116711
3.76641259444732
2.75691964301335
8.12932047641760
19.05998717353803
2.74047029101840
8.96100778905401
18.32503675122098
19.63816793860492
1.81205478946388
8.22462335260668
2.77102852926261
9.74297488971204 25.31815622731610
2.63720680077503
9.88561056140779 26.40342464757665
2.27604783609847
10.79424368184836 23.09726275223363
1.79936681925353
11.67198209020716 22.63066135155604
2.24405883277069
10.75451676654827 24.50271491328899
1.75111843732257
11.59780868066150 25.01144408428086
aAs determined at the B3LYP/def2-TZVP level. Obtained from the frequency calculation at the
BP/SVP level with a TZVP basis set on the Co atom.
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Table A.12. Computational results and coordinates for [Co(TC-5,5)]+ with S = 2.
Final Single Point Energya
-2533.8318 Eh
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Total Thermal Correction"
Final Gibbs Free Enthalpy
Co 6.54117025919067
N 5.17796527795247
C 5.44257671724314
H 6.53171711835994
H 4.92795500541889
N 5.20075027485112
C 6.00719439547153
H 5.40599315706146
H 6.65439946315388
N 8.20512322927135
C 4.04488500852213
C 8.85037135136732
H 8.58441673407413
H 9.95618540092507
C 4.04314912986277
C 1.67929952396763
H 1.03975182059072
C 1.11286534452906
H 0.09238090981435
C 2.94520872643986
H 3.12634922237753
N 6.84660955880702
C 2.97645015914952
H 3.17251140573495
C 5.07128865690531
H 4.41001835822143
H 4.40390025129650
C 5.11522060722616
H 4.01426895072454
H 5.43457584008104
C 5.49287979319242
H 6.30592510228118
H 4.62553431578122
C 1.71464209968542
H 1.10085408982857
C 5.81353623396721
H 6.84057697746900
H 5.97234091421894
C 8.67918062000967
C 7.86852000095719
C 5.92691233125659

0.43480192 Eh
-2533.396998 Eh
21.60871813650052
5.17642779151638
21.24835026687210
6.51518527001900
21.57481120941645
7.91744374985763
21.41719510340319
8.08281961527524
20.87641790578713
8.61101450272433
20.75856930505165
4.01471355473453
24.64026330858446
4.86375634647724
24.93768394578387
3.97379014279834
25.51254366215473
5.11118270720779
21.33264852190566
4.23931906263817
20.66498478646727
6.08239254261029
20.02117239932993
4.26817426513023
19.54410748517783
5.23645135042657
20.13375519749408
4.27950242006561
20.41577063733517
4.60559269154711
19.44177588688379
4.25111183194319
19.08632983130252
3.42645026239693
19.37241252981192
5.53571665699585
18.96512514549808
5.60492835963429
19.89083354824940
3.85793654993758
19.82814036550869
2.77469220351563
23.48622655177175
4.52411716874112
20.33404988295840
6.97059291032588
20.57270562139255
8.02568836257836
24.35616101520943
6.04155615818140
23.50959393693786
5.76918392141201
25.23484119643902
6.16541632144743
23.03984106784831
8.28033320083258
23.19610062339785
8.26051222245815
23.18654217656279
9.33347494761317
20.53319646440386
2.60474115442099
21.23515823608323
2.32797842956160
20.80034214324684
1.96095166726370
19.77566894521462
6.74221836534578
19.64263321701603
7.64844584688140
24.06281348442548
7.36552263681982
23.68762276508485
7.14156173069725
25.01431017664502
7.91616640951214
22.36164131241715
3.50764307451945
23.60778321649596
3.66501945875443
19.08291118420556
2.29420671284071
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18.42672955392186
2.34896277702748
5.03170621654318
19.06057377009147
1.23223875996398
6.25616251167245
2.69557447877316
22.22605020157804
9.84589227418426
2.73904776031210
21.23407777582226
10.31637257682926
7.01526003055718
18.46476788986583
3.19156080340794
17.39413049403579
7.08135599730471
2.90564085195030
6.66590896538611
4.24829750544460
18.45981202415589
8.12654622556719 24.84366415299675
2.97902304483031
7.40456487359357
25.64205162722476
3.19771535885088
19.06246510385744
8.44186887428243
3.12383272777785
18.22897089955035
3.16914370614249
9.17368779431973
19.55700524531192
2.14258428811234
8.61292645585762
2.06739353381822
9.11606517438514 25.21233773766784
1.69815435000452
9.03888469803952 26.24819755628529
1.85082669236271
10.50566847224126 23.12770513246091
1.35170158467990
11.39979466468590 22.72047939973193
10.19252404912306 24.46245604422496
1.55035020939871
0.83851698948318
10.85554780818848 24.97882799494156
aAs determined at the B3LYP/def2-TZVP level. bObtained from the frequency calculation at the
BP/SVP level with a TZVP basis set on the Co atom.
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H
C
H
C
H
H
C
H
C
H
H
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C
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Table A.13. Computational
Final Single Point Energya
Total Thermal Correction"
Final Gibbs Free Enthalpy
Co 12.39040596445876
C 12.66749494053339
C 11.79539283364191
C 12.75374094817044
H 12.82390378117948
C 11.50122775956562
H 10.69821199429922
C 12.02957325653515
H 11.95736191567567
C 13.92643771871447
H 14.81413747147257
C 13.26149885220651
C 12.85244330250818
H 13.36127597623353
C 14.14034864508416
H 15.17063079666407
C 11.19221894503765

results and coordinates for [Co(TC-6,6)]+ with S = 1.
-2612.44265 Eh
0.49006687 Eh
-2611.952583 Eh
10.34073525470717
8.90398297265555
12.32375305623142
7.03812868136696
12.88939342787082
8.10383988934322
11.80532779991762
5.35301166349050
4.40120860333488
12.35454578085537
11.25008062524287
5.66665657007152
4.93448993309207
11.43619432834537
5.96975753828357
15.30851390992621
16.25339793974492
5.40867341804468
6.12466955274728
11.73390996053455
12.22471351514091
5.69371173914319
8.22450393328212
10.40774686937162
14.31186527706928
5.41788575716546
4.47707031297067
14.57763767882287
11.12892574082816
7.36994716848758
11.21608105975424
7.74519095568415
8.08317125752692
14.17737559752252
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10.52408189722685
11.28990652780804
10.69497591272792
11.85121923460424
13.12699166401837
13.82695825740742
11.11584394724864
10.05759580233651
11.59749517953884
10.98285773495661
10.02093705817343
10.71881588975449
11.92987416291481
11.95017147384939
11.46910337025701
13.37764791556271
13.99837985868460
13.79161057785409
13.54317921545720
13.51263659654608
12.67486661618100
14.82980974787268
14.92283641289800
15.72619785626495
14.90964243636448
15.78038062763477
15.09668809982149
13.66510456799727
13.02173311777075
10.01476018063308
9.21502281838121
9.69926307124763
10.12704617885726
10.16582498282145
9.18121447487000
11.34306576927357
12.26372255873139
11.41472042779055
11.32328282247784
10.85746812657361
10.65781039836211
12.69836608522891
12.53971043854366

8.93271304562205
14.38101190294556
7.16220264073519 15.22841740517814
7.41702872426330 16.12064092411477
10.04897830017263
7.91279393053858
5.88709775445021
13.02081112818986
5.26032774950655
12.44907403256001
10.48876083911111
6.77799081506064
10.18903355203989
6.77880928953585
9.13213261463950 12.03044559129102
10.40289177773284 12.41441044068893
10.24704327120254 12.95203548194612
10.92733056641480 11.47450858287715
11.28245719446262 13.27452463684699
10.87938307971569 14.30894183032006
12.29194287301397 13.34535975500171
11.38369106101170 12.75842285688093
11.88161457700496 13.53392926696471
10.35469585388418
12.67654057589352
11.42192192300603
12.13352306807158
11.61268447783064
13.22772617796949
11.93087311539507
10.75785858047976
11.80462951895589 10.64189772240110
9.79679694133656
12.51888532359106
11.28063647562167
11.96172358496640
10.35909434646596 10.08145755191349
9.39474102705104
10.26860850431904
9.63853847594226 10.90241492497078
9.43239947691931
9.94749885748371
11.03821915529388
7.27492956360981
8.67448660007013
8.56171674346191
9.25659650702636
8.33411735197404
8.20788414855794
9.67559743615983
7.36436813653655
7.69358952243656
7.75483307516900
6.65476916957152
7.77070172260551
6.78480187556504
6.44491706800340
7.91667682249258
7.85558286439628
7.06591718769921
5.73820148639140
7.06252508276249
9.23444629836679
5.64516180646164
6.25016586624437 10.04248703716888
4.76349169923179
9.11524703719949
9.73061503268768
5.16104654082462
4.46419155294095 10.58083181323113
252

aAs determined at the B3LYP/def2-TZVP level. bObtained from the frequency calculation at the
BP/SVP level with a TZVP basis set on the Co atom.

Table A.14. Computational
Final Single Point Energya
Total Thermal Correctionb
Final Gibbs Free Enthalpy
Co 12.82880554938299
C 12.46903760742256
C 11.78040777680694
C 12.24693969988710
H 12.15104940915026
C 11.13080887107028
H 10.24991662482685
C 11.38024522023144
H 11.11679965072677
C 13.47507179884802
H 14.23865081334259
C 13.19175495074994
C 12.20798460638351
H 12.53618925107309
C 13.87080868335607
H 14.89065333152453
C 11.05085430470579
H 10.53858509379500
C 10.85971915816784
H 10.21971800036730
C 11.85395123203771
C 12.66774232996973
H 13.29311410385115
C 10.97472187238338
H 9.99271923575008
N 11.88276510051203
C 11.37448546693841
H 10.36432112460248
H 11.23804464751881
C 12.32264195205642
H 12.37572590977518
H 11.85236896440768
C 13.74308276900022
H 14.40328196667584
H 14.15577157908640

results and coordinates for [Co(TC-6,6)]+ with S = 2.
-2612.42957 Eh
0.48846624 Eh
-2611.941104 Eh
8.77619923048656 10.29393995833991
12.33027140683252
6.87555409760618
12.83109758057528
8.10903602544871
12.13874452843525
5.51305569279285
4.60892307847085
12.75982183724410
11.35845081204612
5.86447822706343
5.20908104694745
11.46166587977299
5.97661762388778
15.25284232834253
5.44813987328538
16.18234650017577
12.20442088149690
6.19652984375692
12.86106627021620
5.74758844998700
10.65727747077254
8.24249070222547
14.34806458863377
5.28749336317736
4.28531911538130
14.66740217929725
11.57128453498093
7.37841294137670
7.70158942658199
11.82344974292196
14.05908294605977
8.19313919554379
14.21679487459228
9.15315294513898
15.09532463221737
7.27380013848990
15.91742110704906
7.63411497036211
10.04089711095982
7.96507652049211
13.08730360517236
5.67926457338398
12.58592222493424
4.92588522819741
10.44534453281443
6.91207187579804
6.93059224942461
9.95184107036527
11.99454491538355
9.15629709710659
12.32914808536953
10.48480795751584
10.42544935121493
12.79052403582240
11.02707958495855
11.37123281789077
11.28310808831329
13.25488775616006
14.24055655762201
10.77420149025120
12.27354363798576
13.44129236328808
11.46578082033628
12.69251033305247
11.87499566091845
13.48655552140088
10.45936775298791
12.45892365297974
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C
H
H
C
H
H
C
H
H
N
N
C
H
H
C
H
H
C
H
H
C
H
H
C
H

13.80495959567189
12.37372572609818
11.44922812059006
13.81509040525009
13.43789371471289
11.76785997209951
12.25295808763059
12.87485108898704
10.85358899702674
12.12514121780776
15.00042432301087
10.51629469214500
14.98721251640536
12.88890324810628
9.71050017022430
15.96029953166751
12.26520270634640
11.05969806378229
15.04249529325235
10.71094172387380
9.88155121809826
15.80898681977528
10.68423451551500
9.07454060281960
15.38228478502096
9.97838464921714
10.64374913541584
10.23645944144802
13.74351795533476
9.39359764939334
12.93890231835828
7.00005243221541
11.07759923572385
10.30296504467901
8.27174465025022
8.69372458516757
9.43018571942289
8.43858616388205
8.91146527844865
10.08377902027528
7.84473693289685
9.69277350322016
10.43315777918779
7.13602416659951
7.65228525437087
10.55250153895691
7.58458352385832
6.64323227247890
9.46608588841427
6.58656757167035
7.63539872268773
6.16273093796673
7.92086539185019
11.59420064601309
6.75379742492284
12.53418010559595
7.98459521486700
5.49851672734480
7.04024192593354
11.72474469313560
5.30700864572497
11.40813729411645
9.18846050360161
5.88531344967511
10.84658159271382
9.95373586553486
10.76507670512074
4.43228172378099
8.95251982182247
12.70712715065977
4.80459460249490
9.83805334746870
4.11864649926266 10.67053608242333
12.44283388255407
aAs determined at the B3L YP/def2-TZVP level. bObtained from the frequency calculation at the
BP/SVP level with a TZVI I basis set on the Co atom.

A.3 Results and Discussion

[Co(TC-5,5)] was successfully

oxidized to [Co(TC-5,5)](BF 4) by reaction with

ferrocenium tetrafluoroborate in dichloromethane (Fig. A.10, left, Tables A.1 and A.2).
.

Structural characterization of [Co(TC-5,5)](BF 4) revealed the twist angle at the cobalt to be 65'

The average bond distance between the metal center and coordinating nitrogen atoms, Col - Nave,
is 1.85 A, comparable to the 1.86 A and 1.87 A values in [Co(TC-3,3)](BPh 4 ) and [Co(TC4,4)](BArF 4 ), respectively.
254

F1

N3

o

Col

B

N1

N2
N2

N1

)

Figure A.10. Thermal ellipsoid plots for [Co(TC-5,5)](BF 4 ) (left) and [Co(TC-6,6)](BPh 4
(right), shown at 50% probability. Hydrogen atoms have been omitted for clarity.
Table A.15. Bond lengths and twist angles in [Co(TC-m,n)]
reported to date.
4,4a
4,5a
[Co(TC-m,n)]
3,3a
Co-Nave (A)
1.86
1.88
1.96
Twist Angle
90
320
590
[Co(TC-m,n)]+ 3 ,3bbb
--Co-Nave (A)
1.86
1.87
--Twist Angle
80
410
--aRef 3. "Ref 15. cThis work.
We

also

oxidized

[Co(TC-6,6)]

to

and [Co(TC-m,n)]* complexes
5,5a
1.97
700
5,5c

1.85
650

[Co(TC-6,6)](BPh 4)

6,6a
1.97
850
6,6c
1.82
740

with

ferrocenium

tetraphenylborate and structurally characterized the resulting cobalt(III) product (Fig. 10 right,
A.2, Tables A. 1 and A.3). The twist angle in [Co(TC-6,6)]* is 740, the largest value observed for
cobalt(III) tropocoronands to date.

The Col-Nave bond distance is 1.82 A, somewhat shorter

than in previously reported cobalt(III) tropocoronand coordination compounds.m A comparison
of bond lengths and twist angles four coordinate Co(II) and Co(III) tropocoronand complexes is
provided in Table A. 15.
Tetrahedral geometry is rare for cobalt(III) and, to our knowledge, has been observed in
mononuclear small molecules only for [Co(nor) 4]~ and a handful of cobalt(III) imido complexes
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to date. 6 '3 The paucity of cobalt(III) in tetrahedral environments and the unusual geometries of
the metal centers in [Co(TC-5,5)]+ and [Co(TC-6,6)]+ raised the possibility that oxidation of the
parent cobalt(II) compounds occurred at the ligand rather than the metal center. We therefore
prepared and characterized [Ga(TC-5,5)](GaCl4) and [Ga(TC-6,6)](GaCl 4), and compared their
structural and electrochemical properties with those of the cobalt complexes (Fig. A. 11, Tables
A.1, A.4 and A.5).

N2

N2

GlN3
N4

Figure A.11. Thermal ellipsoid plots for [Ga(TC-5,5)](GaCl4) and [Ga(TC-6,6)](GaCl 4 ),
depicted at 50% probability. Hydrogen atoms and the gallium tetrachloride anions are omitted
for clarity.
The [Ga(TC-5,5)](GaCl4) complex crystallizes in P21/c and exhibits crystallographic
disorder over the entirety of the tropocoronand ligand (Fig. A.1). The N4-coordinated
gallium(III) center has a twist angle of 810, displaying distorted tetrahedral geometry. The
average gallium-nitrogen distance, Gal-Nave, is 1.88

A.

[Ga(TC-6,6)](GaCl 4) crystallizes in P6 5

and exhibits nearly perfect tetrahedral coordination at the gallium(III) center. The twist angle in
[Ga(TC-6,6)]+ is 890 and Gal-Nave is 1.89 A.
Comparison of analogous bond distances between the [Co(TC-nn)]+ and [Ga(TC-nn)]+
complexes provided insight into the electron distribution in the former species (Figs. A. 12 and
A.13). The metal-nitrogen bonds in both cobalt complexes are shorter than in the analogous
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gallium(III) tropocoronands. The elongation of the Ga-N bond relative to the Co-N bond could
be a consequence of the more covalent character of the cobalt-tropocoronand compared to the
gallium-tropocoronand.3
1.380
1.3891.1

1.376

1.470

1.331

1.3

1.413

1.898

1.845

1.347
1.393

1.402

1.379

Co

1.360

1.480

SGal

1.857

1.341

1.388

1.858
1.411
1.388

Figure A.12. Comparison of structural parameters for [Co(TC-5,5)](BF 4) (left) and [Ga(TC5,5)](GaCl4) (right). Distances shown are representative of bond distances within the
tropocoronand ligand.

1.379
1.388

1.391
1.392

1.463
1.384
1.350

1.407
1.335
1.823
1.823

Gal1.0
Col

-9

1.326

1.894
S 1.344

1.406
1.480

1.379

1.412
1.369
1.394
1.344

Figure A.13. Comparison of structural parameters for [Co(TC-6,6)](BPh 4) (left) and [Ga(TC6,6)](GaCL4) (right). Distances shown are representative of bond distances within the
tropocoronand ligand.
In a review of the experimental and theoretical properties of transition metal complexes
bound to redox non-innocent ligands, Ray, et al. note difficulties in using X-ray structural
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parameters to draw conclusions regarding ligand- versus metal-based oxidation in delocalized
systems, where the electron of a ligand radical is shared between two different ligands.L The
tropocoronand complexes provide such a delocalized system, for if a ligand radical were to form,
the electron would be able to travel between the two aminotroponeiminate rings via the metal
center. We are also aware of reports describing non-innocent ligands that undergo negligible
structural rearrangement upon changes in redox state.3 1-38 We therefore turned to electrochemical
methods for further evidence that oxidation of [Co(TC-5,5)] and [Co(TC-6,6)] results in
cobalt(III) species.
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Figure A.14. Cyclic voltammograms of (a) [Co(TC-5,5)]; (b) [Co(TC-6,6)]; (c) [Ga(TC5,5)](GaCl4); and (d) [Ga(TC-6,6)](GaCl 4). Traces are referenced to Fc/Fc+.
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Previously published cyclic voltammetry studies of [Co(TC-5,5)]L5 and [Co(TC-6,6)]1
were repeated and compared to the results of analogous studies of [Ga(TC-5,5)](GaCl 4) and
[Ga(TC-6,6)](GaCl 4)

(Fig.

A. 14).

We

observed

reversible

couples

at

-0.344 V vs. Fc/Fc+ for [Co(TC-5,5)] and -0.367 V vs. Fc/Fc+ for [Co(TC-6,6)]. We assign these
processes to metal-based redox reactions by comparison with electrochemical studies of [Zn(TC5,5)] and [Zn(TC-6,6)].L The absence of similar reversible processes in the voltammograms of
the zinc complexes is consistent with these redox events being metal-based. Additionally, we
assign the irreversible features at 0.467 V in the [Co(TC-5,5)] voltammogram and at 0.646 V in
the [Co(TC-6,6)] voltammogram to ligand-based oxidations. The cobalt(II)/cobalt(III) couples
observed here appeared at ~100 mV more negative than those previously published.The reason for this discrepancy is unknown and the current values are considered to be
correct. Cyclic voltammetry of [Ga(TC-5,5)](GaCl4) and [Ga(TC-6,6)](GaCl 4) revealed ligandbased oxidations at 0.846 V and 0.920 V vs. Fc/Fc+, respectively. Metal-based redox processes
were not observed. Ligand oxidation occurred at more positive potentials in the gallium(III)
complexes than in the analogous zinc(II) and cobalt(III) compounds.

The shift to more positive

potentials in the gallium(III) tropocoronands relative to the zinc(II) analogues can be attributed
to the higher oxidation state of the gallium center. Ligand oxidation in the gallium complexes
may occur at more positive potentials than in the corresponding cobalt species because the cobalt
center may be better able to stabilize the additional charge through covalent metal-ligand
interactions than gallium.
Bond valance sum analysis of [Co(TC-5,5)](BF4) and [Co(TC-6,6)](BPh 4) resulted in
bond valence sum values of 3.084 and 3.275, respectively. These values are consistent with the
cobalt(III) oxidation state assignment, providing additional evidence against ligand oxidation.
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We attempted to characterize [Co(TC-5,5)](BF 4) by X-band EPR spectroscopy, but were
unable to observe any signal at 77 K. Helium temperature EPR spectroscopic studies of [Co(TC6,6)](BPh 4) were equally unrevealing. The 'H NMR spectrum of [Co(TC-5,5)](BF 4) shows broad,
low intensity peaks in the diamagnetic region of the spectrum, which may correspond to a
tropocoronand-containing species (Fig. A. 15). These features may be attributed to the ligand in
[Co(TC-5,5)](BF 4). Peaks corresponding to protons of the tropocoronand ligand are absent in the
1H NMR spectrum of [Co(TC-6,6)](BPh 4 ), but peaks for the tetraphenylborate counteranion are
readily observed (Fig. A.16).
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Figure A.15. 'H NMR spectrum of [Co(TC-5,5)](BF 4), recorded in CD 2Cl 2 . The observed peaks
cannot be assigned at this time.
Previous studies have shown that as the total length of the linker chains (n + m) of a (TCm,n)2- complex increases, both the geometry of the metal center and spin state can change. The
spin state of the distorted square-planar [Ni(TC-4,5)] is S = 0 and that of the distorted tetrahedral
[Ni(TC-5,5)] is S = 1.2- In the Co(II) system, the spin state change is observed between [Co(TC4,4)] (S

=

/) and [Co(TC-4,5)] (S

= 3/2).!

As for the Co(III) series at hand, we previously
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reported that [Co(TC-3,3)](BPh 4) (twist angle = 80) and [Co(TC-4,4)](BPh 4) (twist angle

=

410)

are S = 1 at rt and have magnetic moments of peff = 3.1 and 3.6 B, respectively.h To determine
if a spin state change occurs in the [Co(TC-m,n)]+ series, the magnetic susceptibility of [Co(TC6,6)](BPh 4 ) was measured by Evans' method at rt. The magnetic moment was calculated to be
5.38 pB which corresponds to S = 2, confirming that a spin state change does occur.
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Figure A.16. 1H NMR spectrum of [Co(TC-6,6)](BPh 4), recorded in CD 2Cl 2 . Only peaks fo r
protons of the tetraphenylborate anion are observed.

Calculations were performed at the B3LYP/def2-TZVP level with ORCA

to

supplement our understanding of the electronic structure of the [Co(TC-5,5)]+ and [Co(TC-6,6)]+
cations. Electronic transitions predicted for the S = 2 state of [Co(TC-6,6)]+ greatly resembled
the experimental UV-Vis-nIR spectrum, but the S = I state did not match well (Fig. A.9). Thus,
the calculation further supports the S = 2 assignment of

[Co(TC-6,6)](BPh 4). Simulated

electronic spectra for [Co(TC-5,5)]+were less conclusive (Fig. A.8) and further discussion is
provided in the SI along with other computational details. MOs involved in the electronic
transitions for both complexes contained significant mixing between the cobalt and the
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tropocoronand orbitals. Thus, assignments for the transitions in the electronic spectra could not
be made without further work.

A. 4 Summary and Conclusions

Comparison of structural and electrochemical properties of the cobalt and gallium species
[Co(TC-5,5)]+, [Co(TC-6,6)]+, [Ga(TC-5,5)]+, and [Ga(TC-6,6)]+ confirmed the cobalt(III)
character

of the

metal

centers

in

[Co(TC-5,5)](BF 4 ) and

[Co(TC-6,6)](BPh 4).

The

characterization of [Co(TC-5,5)](BF 4) and [Co(TC-6,6)](BPh 4) augments the number of
cobalt(III) species having the rare pseudotetrahedral geometry. In combination with previous
results, a spin state change from S = 1 to S = 2 was observed to occur from pseudosquare-planar
[Co(TC-n,n)](BPh4 ) (n = 3, 4) complexes to the pseudotetrahedral [Co(TC-6,6)](BPh4).
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APPENDIX B: Synthetic Strategies toward Sterically
Demanding Macrocyclic Ligands
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B.1 Summary

In exploring the diiron chemistry of the H2PIM ligand, multiple tetrairon complexes and
one triiron complex were obtained as undesired products.' These higher nuclearity iron
complexes are undesirable because they do not mimic the isolated diiron centers in non-heme
diiron enzymes. Therefore, modifying the H 2PIM ligand in such a way to prevent the formation
of iron complexes of nuclearity higher than 2 is of high priority. Analogous to picket-fence
porphoryins, adding steric bulk around the macrocycle is the proposed method of obtaining a
ligand with the desired properties. This appendix summarizes the effort towards creating the
picket-fence H2 PIM derivative, H2tipp 4 PIM, which features 2,4,6-triisopropylphenyl (tipp)
groups at the meta positions of diphenylsulfone and dibenzyl ether linkers on the PIM ring
(Scheme B.1, Figure B.1).
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Scheme B.1. Retrosynthetic analysis of H 2tipp 4PIM.
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Figure B.1. Strategy for modifying the electronics and steric bulk of the PIM ligand system.
Calculated acidities and basicities of a few salicylideneimine units are shown below.
Early attempts at synthesis in 2011 were unsuccessful, but provided insight into a
synthetic strategy in which 12 out of 18 steps were completed. The synthetic scheme for
H 2tipp4PIM is in scheme B.2. Compound B2 was prepared in two steps from 1,3,5tribromobenzene using literature procedures.2- 3 2,4,6-Triisopropylphenylboronic acid (B15) was
prepared in one step following the literature. 4 Suzuki coupling of B2 and B15 yielded B3 in 85%
yield. The ligand SPhos' was required to obtain good yield. Demethylation of B3 using boron
tribromide failed due to attack of the formyl group to form a gem-dihalide, but AlI 3 worked,
allowing the isolation of B4 in 56% yield. Adding the triflate with triflic anhydride and base to
B4 yielded B5 in quantitative yield. From B5, the synthetic scheme splits to produce either the
bulky dibenzyl ether backbone or the bulky diaminodiphenyl sulfone. For the former route, B5
was converted to B6 using NaBH 4 in 82% yield and subsequently converted into B7 using
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tetrabromomethane and triphenylphosphine in 89% yield. In the bulky sulfone pathway, a
symmetric C-S coupling reaction8 using B5, NaS, Cul, and K 2 C0 3 produced B8 in 95% yield.
The first attempt to oxidize B8 with oxone to produce B9 resulted in a complicated mixture of
products. Separately, 3a was prepared in 3 steps as discussed earlier.
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Scheme B.2. Proposed synthetic scheme for H2 tipp4 PIM.

B.2 Experimental
General Physical Methods. Reagents were purchased from Aldrich Chemical Co., Alfa Aesar,
or Combi-blocks and used without further purification. Air-sensitive manipulations were
performed under nitrogen using Schlenk techniques. Solvents were saturated with argon and

268

passed through a column of activated alumina. NMR data were obtained on a Varian Inova-500
NMR spectrometer and residual solvent peaks were used as a reference for chemical shifts.

Synthesis.
H2tipp4PIM Synthesis
2',4',6'-Triisopropyl-5-methoxy-[1,1'-biphenyl]-3-carbaldehyde
H3CO

S

(B3).

Sphos (29 mg, 70

pmol), Pd(OAc) 2 (16 mg, 70 jmol), 2,4,6-triisopropylphenylboronic acid
CHO
CH(1.5 g, 6.04 mmol), 3-bromo-5-methoxybenzaldehyde (620 mg, 2.88
mmol), and K 3PO 4 (1.9 g, 8.92 mmol) were added to a dry Schlenk flask.
The system was placed under vacuum and back-filled with nitrogen three
times. Toluene (25 mL) was added with a syringe and then the reaction

mixture was heated to 100 'C with a preheated oil bath. After 20 h of stirring, the reaction
mixture was cooled to room temperature, diluted with ether, and passed through a silica plug.
Solvent was stripped to yield an oil. Purification by column chromatography (hexanes to 2.5%
ethyl acetate in hexanes) yielded a white solid (830 mg, 85.2%). 'H-NMR (CDCl 3 , 500 MHz): 3
9.99 (s, 1H), 7.41 (q, 1H), 7.30 (t, lH), 7.08 (s, 2H), 7.04 (q, lH), 3.89 (s, 3H), 2.95 (sep, 1H),
2.57 (sep, 2H), 1.32 (d, 6H), 1.11 (dd, 12H). GC-MS

=

338 [M]+.

5-Hydroxy-2',4',6'-triisopropyl-[1,1'-biphenyl]-3-carbaldehyde (B4). The aluminum triiodide
CHO prepared in this reaction is light sensitive, thus the reaction flasks were wrapped

HO

in aluminum foil and the hood light was turned off during the reaction. Al 0 (4

I

mg, 148 pmol) and 1.5 mL of dry benzene was added to a flask under N 2. 12 (60
mg, 236 gmol) was added and the system was heated to reflux for 2 h before
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cooling back to room temperature. In a separate flask, B3 (50 mg, 148 pmol) and (nBu) 4NI (-0.2
mg, 440 pmol) were dissolved in dry benzene (1 mL). The two mixtures were combined and
heated to reflux for 3 h. The reaction mixture was then cooled to room temperature and quenched
with 3 mL of water. The product was extracted three times with 5 mL ethyl acetate. The organic
layers were dried with Na2 SO 4 , filtered, and stripped to a brown oil. Column chromatography
(hexanes to 15% ethyl acetate in hexanes) yielded B4 as a tan solid (26.7 mg, 55.7%). 'H-NMR
(CDCl 3, 500 MHz): 8 9.96 (s, 1H), 7.39 (q, 1H), 7.27 (t, 11), 7.07 (s, 2H), 7.00 (q, 1H), 6.05 (br
s, 111), 2.96 (sep, 1H), 2.58 (sep, 2H), 1.32 (d, 6H), 1.10 (dd, 12H). GC-MS

=

324 [M]+.

5-Formyl-2',4',6'-triisopropyl-[1,1'-biphenyl]-3-yl-trifluoromethanesulfonate
CHO

mg, 317 pmol) and B4 (100 mg, 308 gmol) were dissolved in 10 mL CH 2 C

2

.

TfO

(B5). Et 3N (32

-

DMAP (8 mg, 63.5 gmol) was then added and the system was cooled to

78 'C. Tf2O (53.4 pL, 317 gmol) was added dropwise. After 30 min of
stirring, the system was warmed to room temperature and stirred for an
additional 1 h. The reaction was quenched with 10 mL sat. aq. NH 4Cl and
the product was extracted with 10 mL of CH 2Cl 2 three times. The organic layers were dried with
Na 2 SO 4 , filtered, and stripped. The crude material was passed through a silica plug with 1:1
CH 2C 2 :hexanes as the elutant to yield a light orange oil (141 mg, quantitative yield) that was not
purified any further. 1H-NMR (CDCl 3 , 500 MHz): 6 10.05 (s, 1H), 7.80 (q, 1H), 7.75 (t, 1H),
7.40 (q, 1H), 7.09 (s, 2H), 2.95 (sep, 1H), 2.44 (sep, 2H), 1.31 (d, 611), 1.09 (dd, 12H). GC-MS
456 [M]+.
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=

5-(Hydroxymethyl)-2',4',6'-triisopropyl-[1,1'-biphenyl]-3-yl-trifluoromethanesulfonate
TfO

(B6).

CH 2 OH B5 (18.9 mg, 41.4 gmol) and 2 mL of MeOH were added to a Schlenk
flask. The system was cooled to 0 'C before adding NaBH4 (~1 mg, 24.9
jimol). After 1 h, added a second dose of NaBH 4 of the same amount.
After overnight stirring, the reaction was quenched with sat. aq. NH 4Cl
solution and then the methanol was stripped off. Water was added and

the product was extracted three times with 5 mL ethyl acetate. The combined organic layers were
dried with Na 2 SO 4 , filtered, and the solvent was removed under reduced pressure. Purification
was achieved by preparative TLC (20% ethyl acetate in hexanes) to yield a residue of B6 (15.6
mg, 82.1%). 'H-NMR (CDCl 3, 500 MHz): 8 7.33 (s, IH), 7.20 (s, 1H), 7.06 (s, 2H), 7.04 (s, 1H),
4.80 (s, 2H), 2.93 (sep, 1H), 2.49 (sep, 2H), 1.84 (br s, 1H), 1.30 (d, 6H), 1.08 (t, 12H). GC-MS
=

458 [M]+.

5-(Bromomethyl)-2',4',6'-triisopropyl-[1,1'-biphenyl]-3-yl-trifluoromethanesulfonate
TfO

CH 2 BrICI

(B7).

B6 (15.6 mg, 34.0 gmol) and 2 mL of ACN were combined. A few
drops of CH 2 Cl 2 were added for solubility. CBr4 (22.6 mg, 68.0 gmol)
was then added before cooling to 0 *C. Ph3P (17.8 mg, 68.0 tmol) was
added in portions. After 5 min, the system was warmed to room
temperature after which the system was heated to reflux for 15 h.

Stripped solvent and purified by preparative TLC (20% ethyl acetate in hexanes) to yield a
residue of B7 (15.2 mg, 89.1%). Note that the yield was calculated taking account for both the
,

bromide and chloride product and the ratio based on the 'H-NMR spectrum. 'H-NMR (CDCl 3

-

500 MHz): 8 7.32 (m), 7.30 (m), 7.09 (m), 7.06 (s, 2H), 4.63 (s, 0.76H, -CH2Cl), 4.50 (s, 1H,
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CH2 Br), 2.94 (sep, 1H), 2.47 (sep, 2H), 1.30 (d, 6H), 1.09 (m, 12H). GC-MS

=

476 [M] (Cl),

520/522 [M]+(Br).

5,5"-Thiobis(2',4',6'-triisopropyl-[1,1'-biphenyl]-3-carbaldehyde) (B8). Cul (4 mg, 19.7
pmol), NaS-9H 20 (28.4 mg, 118 pmol), B5 (90.0 mg, 197 gmol), and
OHC

K 2 C0 3 (27.3 mg, 197 gmol) were added to a Schlenk flask. The
S

system was placed under vacuum and back-filled with nitrogen twice.
Degassed DMF (1 mL) was added with a syringe. Heated the reaction
to 100 'C for 18 h and then 120 'C for an additional 3 h. After

2
cooling to room temperature, the product was extracted with 5 mL
ethyl acetate four times. The combined organic layers were dried with Na 2SO 4 , passed through a
silica plug using ethyl acetate as the elutant, and stripped to a brown oil (68.1 mg, 94.5%). No
further purification was performed. Note that the yield was calculated taking account for 1.15
DMF molecules per B8 molecule in the 1H-NMR (CDCl 3 , 500 MHz): 6 9.96 (s, 1H), 7.34 (s, 1H),
7.25 (t, 1H), 7.06 (s, 2H), 6.97 (q, 2H), 2.95 (sep, 1H), 2.57 (sep, 2H), 1.31 (d, 6H), 1.09 (dd,
12H). ESI-MS (-)

=

647.1 [M]-.
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Brookfield High School
High School Diploma, GPA: 3.3/4.0
Summer exchange program to Japan: Lived with a Japanese Family and attended school

Ashiya, Hyogo, JPN
3/2006 - 8/2006
Brookfield, CT
8/2002 - 1/2006
Summer 2003

in Japan
Research

Graduate Research, Lippard Lab, Massachusetts Institute of Technology

Cambridge, MA

Synthesized specialized macrocyclic ligands and air-sensitive diiron(II) complexes,
characterized and explored reactivity of these diiron(II) complexes, elucidated solution
dynamics of diiron(II) and dizinc(II) complexes, analyzed a series of pseudotetrahedral
Co(Ill) complexes computationally
Resulted in three peer-reviewed publications and additional manuscripts in preparation
Advised group on lab safety and trained new lab members for over three years
Undergraduate Research, Xue Lab, University of the Pacific
Prepared nucleobase-conjugated calix[4]arenes, analyzed nucleotide fragmentation by
DART-ESI-MS, and examined oligonucleotide stability in the presence of organic

8/2010 - present

Stockton, CA
9/2008 - 6/2010

solvents
Resulted in three peer-reviewed publications

Research Interests
Primary: Low-coordinate metal complexes, boron metal interactions, macrocyclic ligands, 20 coordination sphere
Secondary: BN Isosterism, solution dynamics of metal complexes, multimedia tools for chemistry education
General: Main group chemistry, biomimetic chemistry, X-ray crystallography, chemistry education
Publications
Curtis, M.; Minier, M. A.; Chitranshi, P.; Sparkmann, 0. D.; Jones, P. R.; Xue, L. Direct analysis in real time
1.
(DART) mass spectrometry of nucleotides and nucleosides: Elucidation of a novel fragment [C5 H 5 0] and its
in-source adducts. J. Am. Soc. Mass. Spectrom. 2010, 21, 1371-1381.
2.

Minier, M. A.; Shaheen, F.; Lee, A.; Xue, L. Determination of the effect of water-miscible organic solvents
on the stability of DNA duplexes via UV thermal denaturation and circular dichroism. J. Under. Chem. Res.
2011, 10,146-153.

3.

Liu, W.; Minier, M. A.; Franz, A. H.; Curtis, M.; Xue, L. Synthesis of nucleobase-calix[4]arenes via click
chemistry and evaluation of their complexation with alkali metal ions and molecular assembly. Supramol.
Chem. 2011, 23 (12), 806-818.

4.

5.

Minier, M. A.; Lippard, S. J. Conversion between Doubly and Triply Carboxylate Bridged Bis(ethylzinc)

Complexes and Formation of the (p-Oxo)tetrazinc Carboxylate [Zn 40(ArTOICO 2)6]. Organomet. 2014, 33,
1462-1466.
Victor, E.; Minier, M. A.; Lippard, S. J. Synthesis and Characterization of a Linear Dinitrosyl-Triiron Complex.
Eur. J. Inorg. Chem. 2014, 5640-5645.
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6.

Kozhukh, J.; Minier, M. A.; Lippard, S. J. Synthesis and Characterization of Mononuclear, Pseudotetrahedral
Cobalt(ll) Compounds. Inorg. Chem. 2015, 54, 418-424.

7.

Sun, L.; Hendon, C. H.; Minier, M. A.; Walsh, A.; Dinca, M. Million-Fold Electrical Conductivity Enhancement
in Fe 2(DEBDC) versus Mn 2(DEBDC) (E = S, 0). J. Am. Chem. Soc. 2015, 137, 6164-6167.

8.

Minier, M. A.; Lippard, S. J. 19F NMR Study of Carboxylate Ligand Dynamics in Bridged Diiron(II) Complexes
Supported by a Macrocyclic. Ligand Submitted.

9.

Minier, M. A.; Lippard, S. J. Structural Characterization of Carboxylate-Bridged and Hydoxo-Bridged
Dizinc(II) Complexes Supported by a Macrocyclic Ligand. Manuscript in Preparation.

10.

Minier, M. A.; Lippard, S. J. Effect of a Secondary Coordination Sphere Alcohol on the Redox Properties of
Azido-Bridged Diiron(II) Complexes. Manuscript in Preparation.

Presentations
1.
Effects of water-miscible organic solvents on thermal stability of DNA oligonucleotides. Minier, M. A.;
Shaheen, F.; Xue, L. Abstracts of Papers, 239 ACS National Meeting, San Francisco, CA, United States,
March 21-25, 2010, BIOL-155. (Poster)
2.

Biomimetic Carboxylate-Bridged Diiron Complexes: From Solution Behavior to Modeling the Secondary
Coordination Sphere. Minier, M. A.; Lippard, S. J. Inorganic Chemistry Seminar, MIT, Cambridge, MA,
United States, February 25, 2015. (Talk)

Teaching
Bioinorganic Chemistry, Massachusetts Institute of Technology - Course Assistant
Graded, organized special conference and supplementary lab experiment
Laboratory Chemistry, Massachusetts Institute of Technology - Teaching Assistant
Taught lab techniques, designed quizzes, evaluated lab reports and presentations
General Chemistry Laboratory, University of the Pacific - Teaching Assistant
Taught lab techniques, organized special projects for honors students, graded exams
General Chemistry, University of the Pacific - Workshop Leader
Ran weekly meetings with general chemistry students to reinforce classroom learning
C++ Class, Brookfield High School - Teaching Assistant (Volunteer)
Assisted teacher by answering student's questions during class
Additional teaching experience: private tutoring (Math and Japanese) and group
workshops (dance)

Cambridge, MA
9/2012 - 12/2012
Cambridge, MA
9/2010 - 5/2011
Stockton, CA
1/2009 - 5/2010
Stockton, CA
9/2008 - 5/2009
Brookfield, CT
9/2003 - 2/2004
Various

Leadership
Constructs Dance Crew (Popping and Locking Dance) - President
Orchestrated group activities, revived club to 15 active members
Imobilare (Breakdancing) - General Officer
Enhanced club activities by planning events, organized event with over 200 attendees
Department of Chemistry Environment Health & Safety Committee - Member
Attend departmental safety meetings, perform safety inspections in other labs
MIT Starleague (Starcraft) - General Officer
Helped organize and run events that included over 100 attendees
Activities at University of the Pacific: International Club, Matsuri Japan Club
Activities at Brookfield High School: Dance Dance Revolution Club, Anime Club,
Information Technology Leadership Academy ITLA (development of skills to create a mock
company, solve a problem within a group, worked with IBM 2004-2005)
Employment
Chemistry Stockroom, Stockroom Worker, Department of Chemistry, U. of the Pacific
Prepared materials for lab courses and retrieved lab materials for students
Career Resource Center, Office Assistant, University of the Pacific
Scheduled appointments, answered phone calls, and managed the front desk
Party Stop, Stock/Sales Assistant
Kept shelves in stock and wore costumes to promote sales
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Cambridge, MA
1/2014 - 4/2015
Cambridge, MA
9/2013 - 4/2015
Cambridge, MA
1/2013 - 4/2015
Cambridge, MA
11/2010 - 12/2012
Stockton, CA
Brookfield, CT

Stockton, CA
9/2008 - 5/2010
Stockton, CA
9/2007 - 5/2008
Brookfield, CT,
9/2004 - 2/2006

Skills
Chemistry: Preparation of air-sensitive complexes, multi-step ligand syntheses, X-ray crystallography (> 50 structure
refinements completed), drybox maintenance, spectroscopic techniques ( H/C/F NMR, 1 D/2D DOSY NMR,
M6ssbauer, UV-vis, IR), mass spectrometry (ESI, El, MALDI, DART), photochemistry, computational chemistry
(ORCA), cyclic voltammetry
Computer: Origin, C++, Visual Basic, Microsoft Word, PowerPoint, Excel, HTML, photo video and music editing
Languages: English (native), Japanese (fluent), Korean (intermediate), French (intermediate)
Performance Arts
Active: Street Dancing (popping and breaking), Instruments (banjo, synthesizer),
Inactive: Mr. Eppert and the Rxnaries (Folk band), Karate (2001-2004), Kendo (1999-2001)
Honors and Awards
EHS Lab Coat Safety Video Contest - 1I Place (February 2014)
KBS World's 'Three Colors of Korea' event winner - 2nd Place (November 2013)
National Science Foundation Graduate Research Fellow (2011-present)
MIT Department of Chemistry Award for Outstanding Teaching for 2010-2011
Most Outstanding Student in Chemistry, Mathematics, and Modern Language (May 2010)
Pacific Undergraduate Research and Creativity Award - Natural Sciences (May 2010)
Fred and Marguerite Early Undergraduate Research Award in Chemistry (2009 and 2010 Recipient) $4000
Phi Beta Kappa Honor Society (Initiated May 15th, 2009)
Phi Kappa Phi Honor Society (Initiated April 17th, 2009)
Certificate of Accomplishment for General Chemistry Workshop 2008-2009
Laura Tull, Walter Pike Austin, and Henrietta T. Austin Endowed (2008-2009)
Emerson and Edith Cobb Endowed Scholarship (2008-2009) - Recipient
2008 CRC Press Freshman Chemistry Achievement Award
Best Fight Scene in Film Festival Film, Brookfield High School (2005)
ITLA: Information Technology Leadership Academy Certificate of Award 2004-2005
Visual Basic Award 2004-2005: Best student and highest scores in Visual Basic, Brookfield High School
Connecticut Academic Performance Test 2004: Award for High Achievement in mathematics, science, reading across
the disciplines, writing across the disciplines
American Math Competition: Highest Score in the AMC-10 2004 competition, Brookfield High School
Best Martial Arts in Film Festival Film, Brookfield High School (2004)
Japan-America Friendship Scholarship 2003: Recipient of a full $5000 scholarship to study the Japanese Language
and Culture in Japan for the summer of 2003. Among the youngest high school students to receive this award
John Hopkins University, center for Talented Youth Mathematics and Verbal Talent Search Award 2002: placed with
distinction in mathematics
Odyssey of the Mind: First Place Award in State of Connecticut, received Gold Medal for outstanding performance
March 1, 1998
Odyssey of the Mind: World Finals 20th Place Award at Walt Disney World Resort, Florida, May 1998
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