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ABSTRACT

My thesis work revolves around the ability to modify the 1,4,8,11-tetraazacyclotetradecane
(cyclam) framework in order tune the electronic properties of resulting metal complexes towards
real life applications. A huge direction for science and engineering is the pursuit of Moore’s Law,
to constantly miniaturize electronic processes while improving their performance. With the
physical limits of copper wiring being reached on nanoscale levels, alternative resources must be
utilized. Naturally, the absolute limit of wiring would be on the single molecular scale. It is this
idea that Chapters 1-3 are founded upon. Moving forward, | deemed three key concepts are
important for success of this project: (1) the ability for modification of the molecule to be
incorporated into existing technologies, (2) redox stability of the molecular complexes to allow
multiple charges to pass through without losing integrity, and (3) the ability to function as a wire
and allow current to pass through. Requirement (1) has been proven possible in previous work on
cyclam, however (2) and (3) were yet to be shown for any cobalt tetraazamacrocyclic complex
until this work.

Chapter 1 covers my first successful exploration into modification of the cylcam ligand in
order to obtain favorable electronic properties. Cobalt complexes utilizing the MPC ligand (5,12-
dimethyl-7,14-diphenyl-1,4,8,11-tetraazacyclotetradecane) show stability upon reduction,
whereas the cyclam analogues did not. In fact, [Co(MPC)(C2Ph)2]* was the first cobalt based
tetraazamacrocyclic alkynyl complex to show such redox stability without the use of heavily
electron withdrawing axial ligands. It was found that this improvement of redox stability is a result
of the weakened equatorial ligand field caused by the steric bulk of the phenyl substituents of the
cyclam framework. This in turn led to improved axial ligand bonding and hence greater stability.
This work shows the Co''(MPC) framework can satisfy requirement (2).

Based on the results of Chapter 1, Chapter 2 realizes the idea that with improved axial
ligand bond strengths in Co"'(MPC) complexes, the possibility for electronic delocalization
between cobalt and the axial ligand performing as the wire is opened. A series of dinuclear
Co'"'(MPC) complexes, with cobalt centers linked through a butadiyndiyl bridge, were prepared.
With each cobalt being identical, theoretically each should behave electrochemically similar and
reduction of the complex should be a single two electron event. It is however shown that this two

electron event was, in fact, split into two single electron events. The source of this result is the
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delocalization of the first added electron between both cobalt centers, effectively making two half-
reduced metals. Therefore, the ability for Co'"'(MPC) complexes to satisfy requirement (3) has
been proven.

Chapter 3 expands on the results shown in Chapters 1 and 2. Where Chapter 2 showed
delocalization of an electron between cobalt centers, Chapter 3 shows delocalization of a hole
through cobalt between ethynylferrocene ligands. With this, all three requirements are met and the
ability as Co(MPC) to function as a wire has been proven for both oxidation and reduction, both
between cobalt and through cobalt.

Chapter 4 takes a new direction, however applies the same basic principle as the previous
three in modifying the cyclam ligand to achieve desired properties. Where application in electronic
devices are made stable by use of the bulky MPC ligand, application towards catalysis requires an
open catalytic site and weak enough axial coordination to allow the substrate to leave once reduced.
Through the alkyl substitution of the cyclam ligand in Ni'(CTMC) (5,7,12,14-tetramethyl-
1,4,8,11-tetraazacyclotetradecane) in place of the MPC ligand, electronically donating properties
of the macrocycle were maintained while opening the axial catalytic site. In this work, it was shown
that reduction in steric bulk of the ligand from phenyl to ethyl to methyl, while maintaining
electron donating properties, improved catalytic efficiency and all complexes were superior to

Ni''(cyclam).
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CHAPTER 1. COBALT(IIl) PHENYLACETYLIDE COMPLEXES
SUPPORTED BY TETRAAZAMACROCYCLIC LIGANDS

“Reprinted with permission from: B. L. Mash, T. Ren, J. Organomet. Chem. 2018, 880, 143-149.
Copyright 2018 Elsevier B.V.”

1.1 Abstract

Reported herein are the syntheses and characterization of mono- and bis- Co(lll)
phenylacetylide complexes trans-[Co(L)(C2Ph)CI]* (2a/b) and trans-[Co(L)(C2Ph).,]* (3a/b),
where L is MPD (a) or MPC (b) (MPD 5,12-dimethyl-7,14-diphenyl-1,4,8,11-
tetraazacyclotetradeca-4,11-diene, MPC = 5,12-dimethyl-9,14-diphenyl-1,4,8,11-

tetraazacyclotetradecane). All the new complexes were characterized by UV-Vis, FT-IR
spectroscopic and voltammetric techniques. Single crystal X-ray diffraction studies revealed that
the MPD ligand is a stronger donor to the Co(lll) center than the MPC ligand, and the enhanced
Co-N interactions manifest some subtle contrast in terms of spectroscopic and voltammetric
properties between Co(MPD) and Co(MPC) complexes. These experimental observations were

further corroborated by DFT calculations.

1.2 Introduction

The chemistry of metal alkynyl compounds has been studied for decades since the
pioneering work of Nast,!** and both the structural rigidity and conjugated M—(C=C).R backbone
render these compounds ideal candidates for molecular wires.>® Earlier successful examples
include the work of Lapinte with Cs-bridged diiron compounds!*®! and that of Gladysz with Ca-
bridged dirhenium compounds. Similar compounds developed in the following years include
Mn,12 Ru, 123 pt 4 and Au.*! The potential of diruthenium/triruthenium termini bridged by
oligoyn-diyls as prototypical molecular wires were explored by our group,68 and the
laboratories of Lehn™® and Peng,!?°?21 where both wire characteristics?®?*1 and functional
devices?>2%! have been demonstrated.

With the exception of Fel*® and Mn,? the majority of the aforementioned examples are based on
4d and 5d metals. Our group is interested in expanding this class of compounds to include 3d metal

based systems supported by tetra-azamacrocyclic ligands.[?’~2* In addition to our efforts, alkynyl
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complexes supported by cyclam (1,4,8,11-tetraazacyclotetradecane) have been explored by other
laboratories including Wagenknecht,3*-%¢1 Shores*”% and Nishijo,[**“3l and provide a promising
framework for low cost replacement for precious metal based materials. Although metal
complexes of C- and N-substituted tetra-azamacrocyclic ligands have received significant attention
as catalysts for oxygen activation and carbon dioxide reduction,***°! the exploration of alkynyl
complexes remains limited.[3246-49

While the synthesis of M(cyclam) is fairly expedient with M as 3d metals, the cyclam
ligand is costly to procure and nontrivial to synthesize. With C-substituted cyclam derivatives
prepared from a simple route,® the cost is significantly reduced. The synthesis of these ligands
and their complexes have been discussed in depth by the laboratories of Curtis,®°52 Lloyd, 3%
and Hay.[®571 Notable among these are MPD (MPD = 5,12-dimethyl-7,14-diphenyl-1,4,8,11-
tetraazacyclotetradeca-4,11-diene) and MPC (MPC = 5,12-dimethyl-9,14-diphenyl-1,4,8,11-
tetraazacyclotetradecane).[®:%457:581 While most of the macrocycles in diene form were produced
via Schiff base condensation reaction of a singly protonated ethylenediamine and a vinyl ketone, !
MPD can be formed simply by stirring ethylenediamine and benzylideneacetone in ether over
several days. Subsequent reduction of MPD using sodium borohydride yields MPC. Due to the
wide availability of the reagents, both MPD and MPC can be produced on any desired scale at low
cost. Herein, we report the first examples of alkynyl complexes based on the
tetraazacyclotetradeca-4,11-diene framework, complexes 2a and 3a (Scheme 1.1), and provide

additional examples of alkynyl complexes of C-substituted cyclam with complexes 2b and 3b.
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Scheme 1.1. Synthesis of Co(MPD) complexes 1a-3a. (i) 1 equiv CoClo+6H20, MeOH, O3,
excess HCI; (i) 7 equiv. HC2Ph, EtsN, MeOH, reflux, 24 h; (iii) excess LiC2Ph, dry THF, 24 h.
Co(MPC)-based complexes 1b-3b were similarly prepared.
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1.3 Results and Discussion
1.3.1 Synthesis

The complexes trans-[Co(MPD)CI;]CI (1a) and trans-[Co(MPC)CI2]CI (1b) were
synthesized using a procedure modified from the preparation of [Co(cyclam)CI2]CI.[5%
Specifically, a methanolic solution of the desired macrocyclic ligand with CoCl2*6H>O was
sparged with oxygen followed by the addition of HCI to yield the desired cobalt(l1l) complex.
Complex 1b is insoluble in water, allowing for the removal of residual cobalt chloride with a water
rinse to provide 1b in 89% vyield. Due to its solubility in water, complex 1la was extracted using
dichloromethane from the crude reaction mixture, and then recrystallized with ether for a yield of
ca. 70%.

From complexes 1a and 1b were prepared the mono-phenylacetylide complexes, trans-
[Co(MPD)(C2Ph)CI]CI (2a) and trans-[Co(MPC)(C2Ph)CI]CI (2b) under weak base conditions in
ambient atmosphere, similar to the method developed by Shores.l¥"! Specifically, complex 1a
was reacted with 10-fold excess phenylacetylene in the presence of triethylamine under reflux for
24 h. The crude reaction mixture was purified on silica to afford 2a in a yield of ca. 20%. It was
noted in the synthesis of 2a that the use of 5 equiv or more of phenylacetylene led to the formation
of the bis-phenylacetylide complex as a minor product, and the yield of the bis-byproduct increases
with equivalency of phenylacetylide. The extra phenylacetylene was used to fully consume starting
material and simplify purification. Complex 2b was similarly prepared from 1b with 5 equivalents
of phenylacetylene and purified in a yield of 54%. The low yield of 2a is likely due to the
hydrolysis of the imino bonds of MPD under basic conditions,® as well as the lability of the
chloro ligand. The bis-phenylacetylide complexes, trans-[Co(MPD)(C2Ph).]CI (3a) and trans-
[Co(MPC)(C2Ph)2]ClI (3b), were prepared from the reaction between a large excess of LiC2Ph and
complexes 1a or 1b, and purified over silica with a gradient of dichloromethane and methanol in
yields of 64% and 56%, respectively. All complexes are diamagnetic, which is consistent with a
low spin Co(lll) center.

1.3.2 Molecular Structures

Single crystals of X-ray quality were grown by slow diffusion of diethyl ether into either a
1:1 mixture of acetonitrile and water (2a, 2b) or methanol (3a, 3b). The ORTEP plots for the
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complex cations are shown in Figures 1.1 and 1.2, and the selected geometric parameters are listed
in Table 1.1. Each unit cell contains one crystallographically independent formula unit. All cations
display a nearly linear CI—Co—C or C—Co—C linkage, which lies normal to the plane of the
coordinated nitrogen atoms, conforming to a pseudo-octahedral geometry. The bis-alkynyl cations,
[3a]* and [3b]*, are centrosymmetric at the cobalt center, while the mono-alkynyl cations, [2a]*
and [2b]*, possess no crystallographic symmetry. Both cyclam-based complexes, 2b and 3b, hold
the trans-111 conformation that is ubiquitous in this class of compounds with no apparent chiral
variation at the methyl or phenyl sites (Figures 1.1 and 1.2).1¥ Depending on the orientation of
phenyl groups, the Co(ll1)(MPD) complexes 1a, 2a and 3a may exist as one of three possible
stereo-isomers, namely (R,R), (S,S) and (R,S) forms, as shown in Scheme 1.2. The ring
conformation differs among stereo-isomers, with both (R,R) and (S,S) adopting a boat
conformation (Figure 1.1) and (R,S) a chair conformation (Figure 1.2). It is possible that the (R,R),
(S,S) isomers were lost in the purification of the reduced form, MPC, or they did not crystallize
out of solution, hence those isomers are not seen in the Co(111)(MPC) complexes. A further source
of isomerism is introduced in mono-acetylide complexes, depending on which chloride is
displaced. Since the stereo-isomerism has minimal impact on the electronic structures of the

resultant cobalt(I11) complexes, isolation of each of possible isomers was not pursued in this work.
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Figure 1.1. ORTEP plots of [2a]" (left) and [2b]* (right) at the 30% probability level. Hydrogen
atoms, solvent molecules, and counter ions were omitted for clarity.

18



C Y {3
\\_/ o
\ A/ A
\l/\ '\\3 \1/\ \ N2
v,\_\__ \Col \__CI_CZ O P \ (L(Z___{———;
F—c \ NP Col
\:'\l \/\' \:'\\ &
N D 19y

Figure 1.2. ORTEP plots of [3a]" (left) and [3b]* (right)at the 30% probability level. Hydrogen
atoms, solvent molecules, and counter ions were omitted for clarity.

S,S S,R
Scheme 1.2. Stereo-isomers of M(MPD). X1, X2 = axial ligands. (R,S) and (S,R) are meso when
X1 = Xo.

Table 1.1. Selected bond lengths and angles for [2a]*, [2b]", [3a]" and [3b]".

[2a]" [2b]" [3a]" [3b]"
Co—N1  1.978(4) 2.005(2)  1.980(1)  2.019(2)
Co—N2  1.945(3) 2012(2)  1.947(1)  1.990(2)
Co—N3  1.971(4)  2.007(2) - -
Co—N4  1.932(3)  2.002(2) - -
Co—Cl 2.329(1)  2.3115(6) - -
Co—C 1.876(5)  1.870(2)  1.943(1)  1.924(3)
Cl—C2  1202(7) 1.200(4) 1.212(2)  1.201(4)
Cl-Co-C1  177.3(1)  175.19(7) - -
Co-C1-C2  1725(4)  171.8(2)  1766(1)  172.0(2)
C1-C2-C3  176.7(5)  1746(3)  1786(1)  178.8(3)
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X-ray structures of both the mono- and bis-phenyacetylide complexes of Co(l1l)(cyclam),
[Co(cyclam)(C2Ph)CI]* and [Co(cyclam)(C2Ph).]*, were reported by Shores.”) Compared with
these structures, the addition of methyl and phenyl groups in compound 2b causes an increase in
averaged Co—N bond length to 2.006 [2] A from the 1.975 [2] A in [Co(cyclam)(C2Ph)CI]*.[¥]
Intuitively, the o-donation of the nitrogen atoms should be increased with the addition of electron
rich substituents. Clearly, the lengthening of the Co—N bonds in 2b is attributed to the steric
effects of the added C-substitutents. The Co—C bond (1.870 (2) A) is shortened while the Co—
Cl bond (2.3115 (6) A) is lengthened compared to those of Co(I11)(cyclam) (Co—C 1.898 [2] A,
Co—Cl 23089 [5] A). Similar lengthening of Co—N (2.004 [2] A) and shortening of Co—C
(1.924(3) A) bond are observed for 3b from [Co(cyclam)(C2Ph)2]* (Co—N 1.983 [2] A, Co—C
2.001 [3] A).B1 The strengthening of Co—C bond has a pronounced effect on the electrochemical
properties as discussed later. Structures of the diene-based complexes, namely 2a and 3a, display
substantial differences in bond lengths from those of cyclam-based complexes, 2b and 3b. As
shown in Table 1.1, the m-accepting capability and structurally smaller ring of MPD shortens the
Co—N bonds significantly, which also results in the lengthening of the Co—C and Co—Cl bonds.
The C1—C2 alkynyl bond lengths exhibit little variation among the complexes studied, ranging
from 1.200 (4) A for 2b to 1.212 (2) A for 3a. These bonds are longer than those reported for the
unsubstituted cyclam variant,®1 however they are consistent with other Co(lll)(cyclam)

complexes reported from our laboratory.[28:30.61.62]

1.3.3 Voltammetric Studies

Cyclic voltammograms of complexes 2a, 2b, 3a and 3b are shown in Figure 1.3, and the
electrode potentials are listed in Table 2. The overall characteristics are similar to those observed
for related Co(l11)(cyclam) based complexes.E71 Irreversible Co®*/?* (A) and Co?*'** (B) couples
were observed for both mono complexes. The cathodic shifts in potential from Co(l11)(MPC) to
Co(II)(MPD) complexes are likely due to a stronger c-donation from MPD, consistent with the
trend noted from structural studies. The presence of a second phenylacetylide in the bis complexes
further shifts the reductions cathodically, so that only the Co®*2* couple can be observed within
the solvent window. An irreversible reduction for 3a is present at -1.83 V, as noted previously for
[Co(cyclam)(C2Ph)2]*.B7 Interestingly, 3b undergoes a quasi-reversible reduction at -1.81 V (AEp

=63 mV, ipalipe = 0.70). Though not observed in the cyclam analogue reported by Shores,*") a

20



reversible couple was detected for Co(lll)(cyclam) bearing both trifluoropropynyl® and
pentafluorophenylacetylide ligands.E% The irreversibility in Co(lll)(cyclam) complexes is
generally associated with the dissociation of labile axial ligands from the reduced Co(ll)
center.B9%80 Sun and coworkers attributed the reversibility of complexes with electron
withdrawing ligands to the m-accepting nature of the alkyne rather than the electron density on the
metal.*®1 These results indicate it is in fact the electron density on the metal, or at least a
combination of the two factors, which leads to the reversible couple. Notably, the Co—C bond
length of 3b is comparable to the aforementioned complexes ([Co(cyclam)(C2CeFs)2]* (1.926(3)
A); [Co(cyclam)(C2CFs)2]* (1.917(4) A)) without the use of electron withdrawing alkynyls. It is
apparent that the reduced o-donation from the macrocycle to the metal allows for a stronger axial
ligand bond in both the Co(lll) and Co(ll) states. This improved stability is promising for the
possible future application of Co(lll)(MPC) to molecular wire type devices and opens the

possibility of stable Co(ll) complexes with sufficiently electron withdrawing cyclam derivatives.
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Figure 1.3. Cyclic voltammograms of 1.0 mM 2a, 2b, 3a, and 3b recorded in 0.1 M solution of
BusNPFe in MeCN at a scan rate of 0.10 V/s.
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Table 1.2. Reduction potentials for 2a, 2b, 3a, and 3b.
2a 2b 3a 3b

Epc Co%2* -144  -139 -1.83 -1.81
Epc Co?*1* -1.89  -1.74 - -

1.3.4 Electronic Absorption Spectra

Studies of electronic absorption spectra corroborate the findings in previous sections. As
shown in Figures 1.5 and 1.6, the tighter binding of MPD results in a greater HOMO-LUMO
energy gap and a hypsochromic shift in the absorption spectra. Consequently, the d-d transition
located at 463 nm for 2a is shifted to 499 nm for 2b. For comparison, the d-d transition for
[Co(cyclam)(C2Ph)CI]" lies between these compounds with its absorption band located at 486 nm
(in THF).B"l The bis-phenylacetylide complexes show similar results with a bathochromic shift
from MPD to cyclam and then MPC (453 nm in 3a, 475 nm in 3b and 463 nm in
[Co(cyclam)(C2Ph).]*; spectra in Figure A.1).
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Figure 1.4. (left) Electronic absorption spectra for 2a and 2b in MeCN. (right) Electronic
absorption spectra for 2b and 3b in MeCN.

1.3.5 Electronic Structures via DFT

In order to understand the electronic structures of Co(lll)(MPD) alkynyl species and
rationalize the geometric differences between Co(l11)(MPD) and Co(lll)(MPC) species, density
functional theory (DFT) calculations were performed at the B3LYP/LANL2DZ level (for all atoms)
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using the Gaussian16 suite.[%3 All calculations were performed on gas phase cations without
solvent interactions. Calculated bond lengths and angles are in agreement with the
crystallographically determined parameters (Table A.2). The computed contour plots and energy
levels for the frontier molecular orbitals are given in Figures 1.5 and 1.6. Expanded plots are given
in Figures A.2-A.5.

In complexes 2a and 3a, the X and Y axes approximately coincide with the Co—N bonds.
In such a setting, interactions between the dx, orbitals and the = orbitals of the imino groups are
clearly displayed (Figures A.2, A.4). For 2a the dy;, dz2, and dxy orbitals reside in the HOMO,
LUMO, and LUMO+1, respectively (Figure A.2). For 3a the dz. lies in the LUMO+3, while the
dy, and dyy lie in the HOMO and LUMO, respectively (Figure A.4). Both complexes 2b and 3b
have the dyz, dxo-y2, and dz. orbitals as the HOMO, LUMO, and LUMO+1, respectively (Figures
A.3, A.5). It can be seen that the dx. and dy; orbitals form planes bisecting Co—N bonds, which
conforms to the computational analysis in previous studies of related Co(lI1)(cyclam) species.[?®-
306162641 The axial phenylacetylide groups are major contributors to the frontier molecular orbitals,
with antibonding interactions to the dy; orbital in the HOMO of each compound (Figures A.2-A.5).
The orbitals for the MPD compounds are also higher in energy than MPC, as noted in voltammetric

studies.
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Figure 1.5. Molecular orbital diagrams and energy levels for 2a and 2b.
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1.4 Conclusions

Cobalt(111) complexes supported by a diene-macrocycle (MPD, 1a-3a) and its cyclam
derivative (MPC, 1b-3b) have been prepared in yields ranging from 20 to 90%. Complexes 2a and
3a are the first examples of metal acetylide complexes based on a 1,4,7,11-tetra-azacyclotetradeca-
4,11-diene type ligand. In comparison with cobalt(I11) cyclam complexes, complexes 2a and 3a
display enhanced Co(lll)-N bonding, which increases the HOMO-LUMO energy gap and
decreases axial ligand bond strength. On the other hand, complexes 2b and 3b exhibit weaker
Co—N bonding, resulting in enhanced axial ligand strength. With stronger axial ligand binding,
pseudo-reversibility of the Co®*?* couple was observed for 3b. The pseudo-reversible reduction
observed in 3b and Co(lll)(cyclam) complexes bearing electron-deficient axial ligands highlights
the profound effect of changes in the macrocycle on axial ligation. The ability of the C-substituted
macrocycles to support cobalt acetylide complexes encourages further exploration of similar

chemistry based on other 3d metals, such as Cr, Fe and Ni, an ongoing effort in our laboratory.

1.5 Experimental
1.5.1 Materials

Phenylacetylene was purchased from GFS chemicals. CoCl>:6H.0O and n-BuLi were
purchased from Aldrich. MPD2 and MPCP* were prepared according to literature procedures.
Tetrahydrofuran was freshly distilled over sodium/benzophenone. All lithiation reactions were

carried out under N2 using standard Schlenk techniques.

1.5.2 Physical Measurements

UV-vis spectra were obtained with a JASCO V-670 spectrophotometer. FT-IR spectra
were measured as neat samples using a JASCO FT/IR-6300 spectrometer equipped with an ATR
accessory. ESI-MS were analyzed on an Advion Expression Compact Mass Spectrometer.
Elemental Analysis was carried out by Atlantic Micro Labs in Norcross, GA. Electrochemical
analysis was done on a CHI620A voltammetric analyzer with a glassy carbon working electrode
(diameter = 2 mm), a Pt-wire auxiliary electrode, and a Ag/AgCl reference electrode. The analyte

concentration is 1.0 mM in 4 mL dry acetonitrile with a 0.1 M BusNPFs electrolyte concentration.
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1.5.3 Synthesis of [Co(MPD)CI2]CI (1a)

A methanolic solution of CoCl2*6H.0 (2.20 g, 9.24 mmol) with MPD (3.00 g, 7.97 mmol)
was sparged with O, for 1h before addition of 7 mL of 12 M HCI. Upon addition of HCI, the
solution changed from brown to green. The solution was allowed to sparge for 1 hour before being
transferred to a petri dish and heated at 45° C until dry. The residue was taken up in CH2Cl, and
filtered to give an emerald green solution, which was recrystallized with ether. Yield: 3.03 g (70%,
based on MPD).

1.5.4 Synthesis of [Co(MPC)CI2]CI (1b)

A methanolic solution of CoCl,*6H20 (0.640 g, 2.69 mmol) with MPC (1.00 g, 2.63 mmol)
was sparged with O for 1 hour before addition of 4 mL of 12 M HCI. Upon addition of HCI, the
solution changed from red to green with precipitate forming. The solution was allowed to sparge
for 1h before the solvent was removed in vacuo. The crude solid was sonicated in H>O before
being filtered and washed with H20, THF, and ether. The collected green powder was dried under
vacuum for 1.00 g. The combined filtrate was boiled down and allowed to cool producing an
additional 0.28 g green crystals. Yield: 1.28 g (89% based on MPC).

1.5.5 Synthesis of [Co(MPD)(C2Ph)CI]CI (2a)

To a methanolic solution of 1a (0.500 g, 0.923 mmol) was added triethylamine (2.0 mL,
14 mmol), followed by phenylacetylene (1.01 mL, 9.23 mmol). The solution was allowed to reflux
24h. The solvent was removed via rotary evaporation and the residue was purified on silica gel
with a gradient of CH2Cl>-MeOH. The collected orange product was recrystallized in CH2Cl>-Et20.
Yield: 0.107 g, (20% based on Co). Data for 2a: ESI-MS: (MeCN) 571 [Co(MPD)(C2Ph)CI]".
Elem. Anal. Found (Calcd) for Caz25H40N4CoCl30: ([2a]*H20-0.5CH2Cl.) C, 58.47 (58.44); H,
6.05 (6.04); N, 8.58 (8.39). IR (cm™1) 2124 (C=C). UV-vis absorption spectrum (MeCN) Amax NM
(emax, L mol™ cm™): 257 (38100), 463 (210).

1.5.6 Synthesis of [Co(MPC)(C2Ph)CI]CI (2b)

To a methanolic solution of 1b (0.200 g, 0.366 mmol) was added triethylamine (1.5 mL,
11 mmol), followed by phenylacetylene (0.20 mL, 1.8 mmol). The solution was allowed to reflux
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4 hours. The solvent was removed via rotary evaporation and the residue was purified on silica gel
with a gradient of CH.Cl,-MeOH. The collected red product was recrystallized in CH2Cl,-Et20.
Yield: 0.120 g, (54% based on Co). Data for 2b: ESI-MS (MeCN): 575 [Co(MPC)(C2Ph)CI]".
Elem. Anal. Found (Calcd) for C3sH4N4C0Cl4015 ([2b]-1.5H20-CH.Cl;) C, 54.62 (54.79); H,
6.37 (6.41); N, 7.85 (7.74). IR (cm™) 2124 (C=C). UV-vis absorption spectrum (MeCN) Amax NM
(emax, L mol™ cm™): 256 (32900), 499 (132).

1.5.7 Synthesis of [Co(MPD)(C2Ph)2]CI (3a)

A suspension of 1a (0.250 g, 0.461 mmol) in THF was combined with a solution of LiC2Ph
(prepared from 4.6 mmol PhCzH and 4.8 mmol n-BuLi) in THF and allowed to stir 24 h. The flask
was opened to air and solvent was removed via rotary evaporation. The residue was purified on
silica gel with a CH2Cl>-MeOH gradient. The solvent was removed and the remaining orange
residue was recrystallized with CH2Cl»-Et-0. Yield: 0.200 g (64% based on Co). Data for 3a: ESI-
MS (MeCN): 637 [Co(MPD)(C2Ph).]*. Elem. Anal. Found (Calcd) for CaiH4sN4CoCl302
([3a]-2H20-CHCl,) C, 61.83 (62.01); H, 6.19 (6.09); N, 7.31 (7.06). IR (cm™1) 2100 (C=C). UV-
vis absorption spectrum (MeCN) Amax nm (emax, L mol™ cm™): 263 (39700), 453 (191).

1.5.8 Synthesis of [Co(MPC)(C2Ph)2]ClI (3b)

A suspension of 1b (130 mg, 0.238 mmol) in THF was combined with a solution of LiC2Ph
(prepared from 4.6 mmol PhC>H and 4.8 mmol n-BuLi) in THF and allowed to stir 24h. The flask
was opened to air and solvent was removed via rotary evaporation. The residue was purified on
silica gel with a CH2Cl>-MeOH gradient. The solvent was removed and the remaining orange
residue was recrystallized with CH.Cl,-Et20. Yield: 0.090 g (56% based on Co). Data for 3b: ESI-
MS (MeCN): 641 [Co(MPC)(C2Ph)2]*. Elem. Anal. Found (Calcd) for CaosH1sN4CoCl2005
([3b]+0.5H20-0.5CH,Cl,) C, 66.24 (66.76); H, 6.70 (6.64); N, 7.74 (7.69). IR (cm ™) 2111 (C=C).
UV-vis absorption spectrum (MeCN) Amax nm (gmax, L mol™t cm™): 269 (50500), 475 (148).

1.5.9 Computational Details

The geometries of 2a, 2b, 3a, and 3b in the ground state were fully optimized from the

crystal structures reported in this work using the density functional method B3LYP (Beck’s three-
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parameter hybrid functional using the Lee—Yang—Parr correlation functional) and employing the
LanL2DZ basis sets. The calculation was accomplished by using the Gaussian03 program

package.[®®!

1.5.10 X-ray Crystallographic Analysis

Single crystal X-ray data was collected on a Bruker AXS D8 Quest CMOS diffractometer
using MoKa (L= 0.71073 A) radiation with Apex3 software.[%%! Data was reduced using SAINT65]
and structures were solved with SHELXTL.[®®! Refinement was performed with SHELXL.[®"]
ORTEP plots were produced using SHELXTL.5¢]
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1.7 Appendix A: Chapter 1

Crystal data for 2a, 2b, 3a and 3b; Relevant density functional theory calculation bond
length/angle data; tHNMR spectra for 2a, 2b, 3a and 3b are provided in Appendix A: Chapter 1.
Crystallographic data for the structural analysis have been deposited with the Cambridge
Crystallographic Data Center, CCDC 1872102, 1872101, 1872103, and 1872100 for compounds
2a, 2b, 3a and 3b, respectively. Copies of this information may be obtained free of charge from,
The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, (Fax: p44-1233-336033; email:
deposit@ccdc.cam.ac.uk or www: http://ccdc.cam.ac.uk).

Supplementary data related to this article can be found at

http://dx.doi.org/10.1016/j.jorganchem . XXXXXXXX.
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CHAPTER 2. IMPROVING REDOX STABILITY AND
INTERMETALLIC COUPLING OF CO(I11) ALKYNYLS THROUGH
TUNING OF FRONTIER ORBITALS

“Reprinted with permission from: Organometallics 2020, 39, 10, 2019-2025. Copyright 2020,
American Chemical Society “

2.1 Abstract

Reported herein are the syntheses and characterizations for a series of butadiyndiyl-bridged
Co'"'(MPC) (MPC = 5,12-methyl-7.14-phenyl-1,4,8,11-tetraazacyclotetradecane) complexes,
capped with chloride ([1]?*), phenylacetylide ([2]?*), or 3,5-dichlorophenylacetylide ([3]?*). The
MPC ligand is chosen to weaken the ligand field around the equatorial plane, allowing stronger
axial coordination. Characterization by cyclic voltammetry reveals the first examples of
delocalized single-electron reduction events in bridged M(cyclam’) complexes (M = any metal,
cyclam’ = any ligand bearing the 1,4,8,11-tetraazacyclotetradecane framework), with single
electron reductions separated by 100 mV in [2]™, as well as quasi-stable reduced states. Further
analysis using NBusBArF (NBusBArF = tetrabutylammoniumtetrakis[3,5-
bis(trifluoromethyl)phenyl]borate) as electrolyte further separates reduction events, revealing 150
mV separation and stable reduced states for [3]"". These features provide the possibility of
application of earth-abundant metal complexes to function as molecular wires. Each complex was
further characterized by infrared spectroscopy, UV-vis spectroscopy, density functional theory

calculation, spectroelectrochemistry, and single crystal X-ray diffraction studies where possible.

2.2 Introduction

With rapidly increasing demands on performance and portability, there is incredible
interest in miniaturization of electronic components. Nearing the limits of current technologies,
with a goal to reach the ultimate limit of molecular scale, scientists have made great efforts to
develop molecular electronic devices. Following Nast’s seminal works with organometallic o-
alkynyl complexes,i? considerable attention has since been given to the application of such
materials as molecular wires due to their structural rigidity and high degree of conjugation. These

investigations were largely carried out by the laboratories of Hagihara,®! Lapinte,*® and
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Gladysz,[®71 who refined the properties c-alkynyl complexes functioning as wires. To this point
several compounds developed for their ability to delocalize charge have been composed of metals
such as Fe,l Mn,lBl Ru,® Rup, M W, and Re.[8"! Linear conjugated molecules began to
represent a majority of molecular electronic devices, alongside carbon nanotubes and metallic
nanowires.[*?

Since the 1990’s our lab has worked to develop molecular wires based on a diruthenium
paddlewheel motif, inspired by the works of Cotton[*®l and Bear and Kadish.[***°] Several of these
compounds display excellent electronic properties and are easily modifiable,[*628 which
eventually led to use in effective flash memory devices.'®21 The key properties of these
compounds are: (i) their propensity for electron delocalization, allowing mixed valency and hence,
flow of electric current; (ii) easy post-synthetic modification of the axial sites, allowing
incorporation into existing technologies for electronic devices, and (iii) their ability to withstand
nearly indefinite redox cycles while maintaining integrity. With the desire to use more earth-
abundant and cost-efficient resources, recent efforts have focused on third row transition metals
based on the M(cyclam) unit (cyclam = 1,4,8,11-tetraazacyclotetradecane). Our work,??l alongside
the works of Shores,! Nishijo,’? and Wagenknecht!?®! has expanded the knowledge in this
previously underexplored field. Our previous work on oligoyndiyl-bridged Co'"'(cyclam) units
maintains the structural features which allowed the success of previous Ruz complexes, however
their electronic properties are not ideal.[?6-%81 Each alkynyl-linked cobalt complex displays
irreversible two-electron reductions which indicates localized charges on each cobalt center and
instability of the reduced states. The instability of these complexes is generally attributed to lability
of the axial ligands on a more electron rich reduced state of the metal.

Thus far, redox reversibility of Co(cyclam) complexes has been achieved only through the
use of significantly electron-withdrawing axial ligands which are less labile on the reduced
complex.[?2%-31 Recently, we reported a substituted cylam-based complex, [Co(MPC)(C2Ph)2]ClI
(MPC = 5,12-methyl-7.14-phenyl-1,4,8,11-tetraazacyclotetradecane), which displays a quasi-
reversible reduction using non-electronically withdrawing axial ligands.*l The corresponding
reduction event for the cyclam analogue [Co(cyclam)(C2Ph)2]* is irreversible.[®] This change in
electronic properties was achieved through strengthening of the axial bonds, similar in effect to
the use of electronically withdrawing ligands, by weakening the equatorial ligand field. Addition

of bulky phenyl groups to the cyclam skeleton results in enlargement of the cavity holding the
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metal. This results in longer, weaker Co—N bonds and a net increase in positive charge density on
the metal, allowing axial c-alkynyl ligands to form stronger bonds to cobalt and stabilize reduced
states. This strengthening of axial bonds not only increases stability, but results in lengthening of
the alkynyl C-C bond, hinting at the possibility for delocalization of electrons across such
fragments. The combination of these factors would allow for cobalt macrocycle based molecular
frameworks to be applied as molecular wires and redox devices similar to previous ruthenium
examples.19-21

It is the goal of the present work to determine if the increased electrochemical stability and
axial ligand bond strength of Co''(MPC) complexes translates into stable electronically
delocalized reduced states of bridged complexes. To determine this, a series of butadiyndiyl-
bridged complexes, [{Co(MPC)Cl}2(u-C4)]Cl2 ([1]CI2), [{Co(MPC)(C2Ph)}2(u1-C4)ICl2 ([2]Cl2),
and [{Co(MPC)(C2-3,5-Cl-CeHs}2(u-C4)]Cl2 ([3]Cl2) have been prepared (Scheme 2.1). A pair of
complexes, [Co(MPC)(C2-3,5,-CICsH3)CI]CI ([4]Cl) and [Co(MPC)(C2-3,5,-CICsH3)(C2H)]CI
([5]1CI), have also been prepared for comparison of properties with the bridged species [3]Cl.. The
syntheses and characterizations of [1]>*-[3]** will be discussed henceforth.

@Y % [1]Cly: X=al
NH HN NH [2]Cly: X= c=
—} —c—c"- 0 x

M"@

+\

\

[3]Cl,: X= c=

54

I
Scheme 2.1. Structures of compounds [1]Cl2-[3]Cl2 are shown.

2.3 Results and Discussion
2.3.1 Synthesis

To prepare [{Co(MPC)Cl}2(u-Ca)]Cl2 ([1]Cl2), Co(MPC)Cls was dissolved in MeOH with
0.5 equivalents 1,4-bis(trimethylsilyl)butadiyne and excess triethylamine, then refluxed for 24 h
under N2. The resulting product was purified on silica gel and recrystallized for a yield of 44%.

Under the given conditions, unreacted starting material and the mononuclear, mono-alkynyl
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intermediate are the majority byproducts, as determined by mass spectrometry. Increased reaction
time does not significantly increase the ratio of product to starting material. The reaction does
proceed under ambient atmospheric conditions, albeit with slightly diminished yields and the
appearance of degradation products.

The reaction of the chloride-capped complex ([1]Cl2) with excess capping ligand and
lithium diisopropylamide (LDA) at -78°C results in near quantitative conversion to product with
minimal scrambling of acetylides or undesired products (Scheme 2.1). Other synthetic routes are
available, such as attachment of the butadiyndiyl linker after coordination of the capping ligand,
however they result in more difficult purification and lower yields. Compound [2]Cl. was prepared
by adding ca. 6 equivalents LDA to ca. 4 equivalents HC,Ph in THF at -78°C. While still cold,
this solution was transferred to a cold THF solution of 1 equivalent [1]Cl>. After warming to room
temperature and stirring for 12 hours, complete conversion to product was apparent from mass
spectrometry. The reaction was quenched, and purification on silica gave [2]Cl2 in 68% yield. The
synthesis of [3]Cl. followed a similar procedure, with HC»-3,5-CI-CgH3 in place of HC2Ph. In this
case, some scrambling of alkynyl ligands occurred, slightly diminishing yields. [3]Cl> was

collected in 52% yield.

@ i % % @\(
(\( 0.5 (TMS)C4(TMS) N NH
\

HN nH
\/ j 20 Et3N \ 4 L|C2Ar
cif-CotmCl ————— —c c—Cc= c - o
/N ) MeOH, reflux ) THF -78°C, N,
Compound [1]Cl, [2]Cl,: Ar = C¢Hs

[3]Cly: Ar = 3,5-CICgH;

Scheme 2.2. The synthetic route to prepare [1]Cl2, [2]Cl2, and [3]Cl2. Ar = C¢Hs or 3,5-CI-CgHs.

Compound [4]CI was prepared following the same synthetic strategy as previous work.?]
[Co(MPC)CI2]CI was refluxed for 16 hours in methanol with excess triethylamine and 5
equivalents 3,5-dichlorophenylacetylene. The resulting crude product was purified on silica gel
with a mixture of CH2Cl> and methanol for 49% vyield. [5]CI was prepared by adding 1 equivalent
NaCoH to [4]Cl at -78°C in THF under inert conditions and warming gradually to room
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temperature. After purification on silica with a mixture of CH2Cl> and methanol, 35% yield was

obtained.

2.3.2 Molecular Structures

Quality single crystals of [1]Cl> were unable to be obtained. The tetraphenylborate salt,
[1]1(BPhas)2, was instead prepared for the purpose of a suitable crystal structure. Suitable crystals
for [2]** and [3]** could not be obtained. The ORTEP plot for [1](BPha), and selected geometric
parameters are given in Figure 2.1. Additional experimental and refinement details are given in
Table B.1. [1](BPha). crystallized with one independent cationic unit and two tetraphenylborate
anions. The phenyl groups of the BPh4™ anions are wedged between the macrocyclic units around
the alkyne (Figure B.1), allowing a stable solid state structure. The chloro ligands are connected
to the amines of neighboring macrocyclic units through hydrogen bonding interactions (Figure
B.1). As with previous Co"'(MPC) compounds, [1]Cl, maintains the trans-111 conformation of the
macrocyclic ring with equatorial methyl and phenyl substituents. The Co centers exhibit pseudo-
octahedral geometries with the four nitrogen members of the macrocyclic ring forming the
equatorial plane and alkynyl/chloro ligands in the axial sites.

It was presumed that the long Co-N bonds and shorter Co-axial bonds resulting from the
MPC ligand compared to cyclam, as discussed in previous work, [ may result in greater electronic
communication between cobalt centers across an alkynyl bridge and stabilize a mixed valence state.
As shown in Table 2.1, the structure of [1]?* follows this trend of bond lengths, with longer Co-N
bonds and shorter Co-axial bonds than its cyclam counterpart. This results in the alkynyl C=C
bonds being lengthened and the C-C single bond being shortened, indicating a more cumulenic

structure and supporting the above hypothesis.
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Figure 2.1. Molecular structure of [1]?" at 30% probability level. Hydrogen atoms and
tetraphenylborate anions have been removed for clarity. Selected bond lengths (A) and angles
(deg): Co1-N1, 1.975(2); Co1-N2, 2.014(1); Co1-N3, 1.992(1); Col-N4, 1.992(1); Co2-N5,
1.991(2); Co2-N6, 1.994(2); Co2-N7, 1.998(2); Co2-N8, 2.001(2); Col-Cl1, 2.2965(4); Co2-
Cl2, 2.2990(5); Col-C1, 1.874(2), Co2-C4, 1.875(2); C1-C2, 1.211(2); C2-C3, 1.376(2): C3-C4,
1.209(2); CI1-Col1-C1, 178.92(5); Cl2-Co02-C4, 177.57(6); Col1-C1-C2, 177.5(2); Co2-C4-C3,
174.27(2).

Table 2.1. Bond length comparison for [1]?* and the cyclam analoguel®®! ([{Co(cyclam)Cl}2(p-
C4)]Cly, labelled as cyclam).

[1]Cl> cyclam
C0-Navg 1.996[1] 1.977[3]
C0-Clavg 2.2978[5] 2.3137[11]
Col-Cl 1.874(2) 1.878(4)
Co2-C4 1.875(2) 1.890(5)
C1-C2 1.211(2) 1.208(6)
C2-C3 1.376(2) 1.388(5)
C3-C4 1.209(2) 1.201(5)

2.3.3 Voltammetric Studies

The Co""" couple of previously studied [Co(MPC)(C2Ph)]JCl is quasi-reversiblel®?
whereas that of the cyclam analogue is irreversible.l? This is a result of weaker Co-N bonding in
the MPC analogue, which leads to increased axial bond strength. We hypothesized that this

increased axial bond strength could not only improve reversibility of the redox couple, but also
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allow for stabilization of a mixed-valent species through electronic delocalization across an
alkynyl bridge. In order to determine these properties, the complexes in the present work were
characterized by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) which are
shown in Figures 2.2 and 2.3, respectively. Further electrochemical characterization using
NBusBArF24 (BArFzs = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) electrolyte is shown in

Figure 4. Redox potentials for each complex are given in Table 2.2.

08 04 00 -04 -08 -1.2 -1.6 -20 -24
E (V) vs Fe/Fc'

Figure 2.2. Cyclic voltammograms of 1.0 mM [1]Cl>, [2]Cl2, and [3]Cl2 recorded in 0.1 M
BusNPFe MeCN solution at a scan rate of 0.10 V/s.

[ 12101, [ [3]c1,

1.5 1.7 -1.9 2.1 14 -1.6 -1.8 2.0
E (V) vs Fe/Fe E (V) vs Fe/Fe'

Figure 2.3. Differential pulse voltammograms of [2]Cl. (left) and [3]Cl2 (right) recorded in 0.1
M BusNPFs MeCN solution.
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Table 2.2. Reduction potentials for [1]Cl>, [2]Cl2, [3]Cl2, and [5]CI.

E [1]Cl2 [2]Clz [3]Cl2  [5]CI
4+[2+ 052 056 0.64 -
2+/1+ -1.398  -1.79°  -1.65°  0.61

1+/0 - -1.89° 174> 171

0/2- -1.76 - - -
2+/1+ (BArF24) - -1.75  -1.66 -
1+/0 (BArF24) - -1.91 -1.81 -

*Potential for 2 electron 2+/0 process. *Potential from deconvoluted DPV.

In Co"'(cyclam) derived complexes, the coordinated chloride is known to dissociate from
cobalt upon reduction, resulting in irreversibility of the Co""" redox couple.?®! [1]CI; shares this
feature, as expected, with two irreversible reductions at -1.39 V (Co""") and -1.76 V (Co'""). An
irreversible oxidation also appears at 0.52 V (Co™". [2]Cl. displays substantially different
properties from previous Co''(cyclam) based complexes.[?®l As with the cyclam analogue, only
the Co"""" reduction is visible within the solvent window. Uniquely, however, the Co"""" reduction
is both quasi-reversible and split into two single electron events. Due to the overlap of each
reduction peak, ip.a/ipc could not be accurately determined. As shown in Figure 2.3, the second
reduction peak is smaller than the first, resulting from chemical degradation on the time scale of
the experiment. By deconvolution of the DPV peaks (Figure B.4), each reduction peak was found
to be centered at -1.79 and -1.89 V, with the second reduction being 69% the size of the first
reduction. Oxidation of the cobalt occurred as a two-electron process at 0.56 V.

[3]Cl2> was prepared with the goal of increasing stability of the reduced state by combining
the effects seen from electron-withdrawing ligands with the effect of the MPC ligand. In this regard,
[3]Cl2 is more stable than [2]Cl,, with a larger return wave and lack of the degradation peak around
-0.55 V seen in the other two compounds (Figure 2.2). The reduction peaks were found to be
separated by 0.09 V, located at -1.65 V and -1.74 V, with the second reduction being 90% the size
of the first reduction (Figure B.5). The increased electron withdrawing effect of the 3,5-dichloro
substituents shifts the reduction of [3]Cl. to a more anodic value than that of [2]Cl», indicating the
increased affinity for an extra electron. While the enhanced coordination of the 3,5-

dichlorophenylacetylide ligand improves stability of the reduced state, it also decreases the peak
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separation of each reduction when compared to [2]Cl. (0.10 V for [2]Cl., 0.09 V for [3]Cl,), as
was hypothesized in previous works. 28!

The use of anions with low affinities for ion pairing as the electrolyte has been proven to
improve separation of single electron reductions in mixed valence compounds by
thermodynamically stabilizing the singly reduced state.*334 In order to increase the separation of
the reduction processes for [2]?* and [3]?* further, NBusBArF was employed as the electrolyte,
using dichloromethane as a non-coordinating solvent. As shown in Figure 2.4, the separation of
one electron redox events is significantly increased, with separations of 160 mV between
E([2]2")/E([2]), and 150 mV between E([3]?**)/E([3]""°). Each redox event is also now
resolved enough to see clear features of each individual process. For [2]?*, the first and second
redox events occur at -1.69 V and -1.85 V, respectively. The stability of the reduced states of [2]**
is no longer an issue, with the second reduction maintaining the same current as the first reduction
in the DPV. This is attributed to the combination of non-coordinating solvent and low ion pairing
electrolyte. Incredibly, each redox process appears quasi-reversible, although ipa/ipc is still unable
to be accurately determined due to overlap of the redox peaks. Each redox event in [3]?* is more
reversible than [2]?*, although there is still too much overlap of peaks to accurately determine
ip.a/ip,c and find whether the processes are fully reversible. The first and second redox events occur
at -1.62 V and -1.77 V, respectively. In future work, use of an electronically withdrawing
macrocyclic ligand which maintains the steric effects of MPC may allow an even further stabilized
reduced state for incorporation of an electron donating axial ligand. This would increase both
stability of the reduced state through macrocycle effects and splitting of the reduction peaks

through axial ligand effects.
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Figure 2.4. Cyclic voltammograms (black, solid) and differential pulse voltammograms (blue,
dashed) for 1 mM [2]Cl> (top) or [3]ClI2 (bottom) recorded in 0.1 M BusBArF CH2Cl> solutions.

The complex [5]Cl was prepared to compare electrochemical and spectroelectrochemical
properties with [3]Cl>. The CV and DPV for [3]Cl are shown in Figure 2.5. The reduction is clearly
one defined peak, as expected for a mononuclear complex, and distinguishable from the
voltammogram of the dinuclear analogue [3]Cl2. The reduction is located at -1.71 V with an ipa/ipc
ratio of 71%. Given the similar environment of each cobalt atom in [3]Cl and [5]Cly, it is expected
that this ratio would be similar for [5]Cl.. The reduction potential for [3]Cl is also located in
between each reduction process for [5]Cl», indicating the stabilization of the first reduction through
delocalization and destabilization of the second reduction. The DPV current for the reduction of
[3]Cl is identical to the current for each reduction of [5]Cl», indicating every reduction is in fact a

one electron process.
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Figure 2.5. Cyclic voltammogram (black, solid) and differential pulse voltammogram (blue,
dashed) for 1 mM [5]Cl2 recorded in 0.1 M BusPFe CH2Cl> solutions.

2.3.4 Spectroelectrochemical Studies

In an attempt to learn more about the singly reduced [3]" species, spectroelectrochemical
experiments were performed. For Robin-Day class Il systems in which a mixed valent species
exhibits delocalization of valency across a bridge, yet metal centers are distinguishable by at least
one spectroscopic method, a charge transfer band should be present in the visible/near-IR region.
To test whether this band is present, [3]Cl2 and [5]CI were electrochemically reduced at various
potentials and characterized by electronic absorption spectroscopy and infrared spectroscopy in
the reduced state. The electronic absorption and IR spectra for [3]Cl2 and [5]CI are presented in
Figures 2.6 through 2.10. Unfortunately, the charge transfer band could not be found in the NIR
region using the available instrumentation. Absence of this peak, however, is not evidence that
[3]Cl2 is incapable of mixed valency. There are several factors which could result in the absence
of this peak such as the charge transfer band lying outside the instrumentation window (1600 nm
maximum) or the molar absorptivity of the band being too weak to see (0.2 cm path length and
other factors reduce absorption). In several literature examples, the charge transfer band can lie
well over 2000 nm with weak molar absorptivity.*%1 The reduction of [3]Cl. does result in the

growth of a new peak at 378 nm, a shoulder at about 405 nm, a peak at 445 nm and a very broad

43



weak peak around 550 nm. [5]CI shows nearly identical changes. The EA spectra for each complex

returns partially to its base state, indicating at least slight stability when reduced.
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Figure 2.6. Electronic absorption spectra for reduction (left) and return to 0 V (right) for [3]Cl.,
with the neutral state in black.

2 (nm)

400 -
=
“ 200
030[} 4(;0 S(I]O 6(1)0 7(.]0 8(1)0
A (nm)
Figure 2.7. Electronic absorption spectra fully reduced to 0 V for [5]CI, with the neutral state in
black.

Although the electronic absorption spectra provide no evidence for mixed valency, the IR
spectra offer some unique features. For [3]%*, there are three apparent alkyne stretches at 2090,
2120, and 2151 cm™. The stronger stretch at 2090 cm™ can be attributed to the capping ligand,
while the two weaker stretches appear to result from the butadiynyl bridge. Upon applying a weak
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range of potentials around the first reduction, several drastic changes occur in the spectra. The
stretches at 2151 and 2120 cm™* decline in intensity. In their stead, at least 7 other peaks grow in.
Two peaks appear then fade at 2149 and 2133 cm™, disappearing entirely when the most negative
potentials are applied. A very strong peak grows in at 2110 cm™, continuing to increase as potential
increases. A weaker peak grows at 2172 cm, also continuing to increase in intensity with current.
Two more very strong peaks grow in at 2048 and 2042 cm™. Initially the peak at 2048 cm™ appears,
and the peak at 2042 cm™ is weaker, however as the potential increases the peak at 2042 cm™
becomes more intense. Finally, a weak peak grows in at 1962 cm™. When the applied potential is
removed, all of the peaks resulting from the higher potential fade, the two peaks which grew in
and faded return again, and the peak at 2090 cm, which had been gradually fading with potential,
returns the same. All of this together indicates the complex is going through a two-step process in
which one electron is added as new peaks rise. As the second electron is added, the properties of
the singly reduced species fades. Both of these processes overlap, as do the reductions in the cyclic
voltammogram. The reduction in intensity of the peak at 2090 cm™ is a result of degradation of
material, and remains unchanged by oxidation state. The mononuclear analogue, [5]CI, does not
hold any of these features. There is a shift in the baseline below 2200 cm™ and the peak at 2124
cm? shifts to 2114 cm™. The lack of change in [5]CI further supports the idea that the changes
seen in [3]Cl. are the result of single electron reductions and delocalization across the butadiyndiyl

bridge.
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Figure 2.8. IR spectra with a less (left) and more (right) negative range of potentials applied for
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Figure 2.9. IR spectra during the removal of applied potential for [3]Cl..
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Figure 2.10. IR spectra during the gradual reduction of [5]CI.

2.3.5 Density Functional Theory (DFT) Calculations

To gain more insight into the electronic properties of each compound, the molecular
orbitals were calculated via DFT. In the absence of suitable crystal structures for [2]?* and [3]%*,
all DFT calculations used the molecular structure of [1]?* (modified accordingly) as a starting point.
The frontier orbitals and energy levels for [1]?" and [2]?* are displayed in Figure 2.6. The frontier
orbitals and energy levels for [3]%* are given in Figure S6 and relevant bonds lengths are given in
Table B.2.
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Figure 2.11. Molecular orbital diagrams for [1]?* and [2]** from DFT calculations. The isovalue
of the contour plots was set at 0.03.

[1]%*, [2]%*, and [3]%* all share similar features in their LUMO-LUMO+3, with the LUMO
and LUMO+1 consisting of the dx2.y2 orbitals and LUMO+2 and LUMO+3 consisting of the d2
orbitals. This is consistent with the eq set of orbitals for low spin, pseudo-octahedral, d® Co(lII).
When compared to the cyclam analogues, it is clear the dx2.y2 orbitals are relatively lower in energy
and the d2 orbitals are higher for each compound.?®271 This is a result of weaker ligand field in
the xy plane resulting from the MPC ligand. In fact, for the cyclam analogue of [1]?*, the dz2 orbital
dominates the LUMO and LUMO+1.12%] The stabilization of the dxz-y2 orbitals means the electron
added upon reduction will be relatively inert to the stability of the complex, whereas if it were to
be directed towards the d2 orbital, it would result in an antibonding interaction with the o-donating
axial ligands. The electronic coupling seen for [2]%* and [3]?* is not fully explained by DFT,
however distortion of the octahedral geometry which would be present in reality but not in a single
ion in the gas phase may allow for mixing of the dx2.y2 with the higher energy n* orbitals of the
alkynyl bridge. This would give rise to the observed properties of each complex. The highest
occupied orbitals of each MPC-based complex share similar features to their cyclam counterparts.
For [1]?*, the HOMO and HOMO+1 consist of dx; and dy; interactions with the butadiyndiyl bridge.
For [2]?* and [3]?, the stronger interactions of the dx, and dy; orbitals with the alkynyl capping
ligands dominate the HOMO and HOMO+1 while the interactions with the bridge shift to lower
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energy levels. These orbitals are not generally attributed to have any major contribution to

delocalization, as the electron added upon reduction would be placed in the LUMO.

2.4 Conclusions

A series of Co'"'(MPC) alkynyl complexes have been prepared in modest to high yields
from earth-abundant and commercially available materials. The alkynyl capped compounds [2]Cl>
and [3]Cl. are the first examples of cyclam derived complexes which display electronic
delocalization across a conjugated bridge. Furthermore, [2]Cl. is the first such cobalt cyclam
derived complex to have a quasi-stable reduced state without the use of electron-withdrawing axial
ligands. These properties are the result of weaker coordination of the MPC ligand when compared
to cyclam, which allows for enhanced axial ligand binding. The use of electron-withdrawing axial
ligands compounds with the effect of the MPC ligand for [3]Cl>, giving almost entirely reversible
single electron redox events. Based on the knowledge these complexes provide, future compounds
bearing more electronically deficient macrocyclic ligands which maintain the steric bulk of MPC
can be prepared to further weaken the ligand field in the xy plane and strengthen axial ligand
bonding, improving the properties seen here.

2.5 Experimental
2.5.1 Materials

The synthesis for [Co(MPC)CI:]JCI was described  previously.FZ  3,5-
dichlorophenylacetylene  was prepared according to a literature  procedure.[*
Bis(trimethylsilyl)butadiyne was purchased from GFS Chemicals. n-BuLi was purchased from
Aldrich. LDA was prepared in situ by addition of n-BuL.i to diisopropylamine. All reagents were
used as received. Tetrahydrofuran was freshly distilled over sodium/benzophenone. All lithiation

reactions were carried out under N2 using standard Schlenk techniques.

2.5.2 Physical Measurements

'H NMR spectra were obtained with a Varian Mercury300 NMR instrument, with chemical
shifts (0) referenced to the residual solvent signal (CHCl3 at 6 = 7.26 ppm). UV/Vis spectra were
obtained with a JASCO V-670 spectrophotometer. FT-IR spectra were measured as neat samples
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using a JASCO FT/IR-6300 spectrometer equipped with an ATR accessory. Electrospray mass
spectra were obtained as electrospray in positive-ion mode with the aid of an Advion Expression
Compact Mass Spectrometer. Elemental Analysis was carried out by Atlantic Micro Labs in
Norcross, GA. Electrochemical analysis was done on a CHI620A voltammetric analyzer with a
glassy carbon working electrode (diameter = 2 mm), a Pt-wire auxiliary electrode, and a Ag/AgCl
reference electrode. The analyte concentration is 1.0 mM in 4 mL dry acetonitrile with a 0.1 M

BusNPFg electrolyte concentration, unless otherwise stated.

2.5.3 Synthesis of [{Co(MPC)Cl}2(n-C4)]Cl2 [1]Cl2

To a methanolic solution of Co(MPC)Cl3 (1.00 g, 1.83 mmol) was added triethylamine (5.0
mL, 36 mmol), followed by a THF solution of bis(trimethylsilyl)butadiyne (0.188 g, 0.967 mmol).
The solution was allowed to reflux for 24h as the color turned from green to orange to red. The
solvent was removed via rotary evaporation and the residue was purified on silica gel with a
gradient of CH2Cl>-MeOH. The collected red product was recrystallized from CH2Cl>-Et>0. Yield:
0.435 g, (44% based on Co). ESI-MS (MeCN): 498 [{Co(MPC)Cl}2(u-C4)]?*. Elem. Anal. for
Cs4HgoNgO2C02Clg (1-2H20-2CH>Cly): calcd. C 50.88, H 6.32, N 8.79; found C 50.54, H 6.64, N
8.91. 'H NMR (CDCls, §): 8.29 (br, 2 H, NH), 7.60-7.10 (m, 20 H, ArH), 6.12 (br, 2 H, NH), 5.57
(br, 2 H, NH), 4.44 (m, 2 H, CH), 4.23 (m, 4 H, CH), 3.74 (m, 2 H), 3.58 (br, 2 H, NH), 3.37 (m,
2H),3.11 (m, 6 H), 2.79 (m, 4 H), 2.27 (m, 6 H), 1.99 (dd, 2 H), 1.83 (m, 4 H), 1.48 (d, 6 H, CH3) ,
1.35 (d, 6 H, CH3) ppm. UV-Vis spectra, Amax (nm, £ (M cm™)): 207 (66,000), 233 (74,000), 350
(3,100), 520 (380).

2.5.4  Synthesis of [{Co(MPC)(C2Ph)}2(u-C4)ICl2 [2]Cl2

A solution of 1 (83 mg, 0.078 mmol) in THF was combined with a solution of Li-
phenylacetylide (prepared from 0.36 mmol phenylacetylene and 0.50 mmol LDA) in THF at -78°
C. This was allowed to warm to room temperature and stir 12 h before quenching with air and
removal of solvent via rotary evaporation. The residue was purified on silica gel with a 15:1 ratio
of CH2Cl>:MeOH. The collected orange fraction was recrystallized from CH2Cl,-Et20, yielding
63 mg (68% based on Co). ESI-MS (MeCN): 564 [{Co(MPC)(C2Ph}2(u-C4)]?*. Elem. Anal. for
C715H89NgC02Clg (2-3.5CH2Cly): calcd. C 57.35, H 5.99, N 7.48; found C 57.17, H 5.99, N 7.48.
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IH NMR (CDCls, 8): 8.29 (br, 2 H, NH), 7.65-7.05 (m, 30 H, ArH), 5.49 (br, 2 H, NH),
4.91 (br, 2 H, NH), 4.2 (m, 4 H), 4.00 (t, 2 H), 3.62 (br, 2 H, NH), 3.41 (m, 4 H), 3.02 (m, 6 H),
2.86 (M, 2 H), 2.65-2.05 (M, 8 H), 1.94 (dd, 2 H), 1.72 (m, 4 H), 1.42 (d, 6 H, CHs) , 1.37 (d, 6 H,
CHs) ppm. UV-Vis spectra, Amax (nm, € (M1 cm™)): 224 (92,000), 260 (74,000), 349 (2,700), 484
(340).

2.5.5 Synthesis of [{Co(MPC)(3,5-CIC2Ph)}2(n-C4)]Cl2 [3]Cl2

A solution of 1 (86 mg, 0.080 mmol) in THF was combined with a solution of Li-3,5-
dichlorophenylacetylide (prepared from 0.36 mmol 3,5-dichlorophenylacetylene and 0.50 mmol
LDA) in THF at -78° C. This was allowed to warm to room temperature and stir 12 h before
quenching with air and removal of solvent via rotary evaporation. The residue was purified on
silica gel with a 24:1 ratio of CH.Cl>-MeOH. The collected orange fraction was recrystallized from
CH2CI2:Et20, vyielding 56 mg (52% based on Co). ESI-MS (MeCN): 633 [{Co(MPC)(3,5-
CIC2Ph)}2(u-C4)1?*. Elem. Anal. for CeoHg2NsO1C02Clg (3-H20-CH2Cly): caled. C 57.52, H 5.74,
N 7.77; found C 57.34, H 5.89, N 7.51. 'H NMR (CDCls, 8): 7.99 (br, 2 H, NH), 7.80-7.00 (m, 26
H, ArH), 5.57 (br, 2 H, NH), 4.84 (br, 2 H, NH), 4.22 (t, 2 H), 4.09 (m, 2 H), 3.85 (t, 2 H), 3.70-
3.20 (m, 6 H), 3.15-2.85 (m, 6 H), 2.68-2.28 (m, 6 H), 2.17 (m, 4 H), 1.94 (dd, 2 H), 1.74 (m, 4
H), 1.40 (m, 12 H, CHs) ppm. UV-Vis spectra, Amax (nm, & (M™* cm™)): 226 (100,000), 279 (62,000),
349 (2,500), 479 (320).

2.5.6 Synthesis of [Co(MPC)(3,5-CIC2Ph)CI]CI [4]CI

To a methanolic solution of [Co(MPC)CI2]JCI (0.500 g, 0.916 mmol) was added
triethylamine (3 mL), followed by 3,5-dichlorophenylacetylene (0.783 g, 4.58 mmol), which was
refluxed for 16 hours. The solvent was removed via rotary evaporation and the residue was purified
on silica gel with a gradient of CH2Cl>-MeOH. The collected red-orange product was recrystallized
in CH2Cl2-Et20. Yield: 0.307 g, (49% based on Co). UV—vis spectra, Amax ("M, & (M~cm™)): 265
(34,000), 273 (33,000) 395 (290, sh), 495 (180). IR (cm™): C=C: 2104(w).
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2.5.7 Synthesis of [Co(MPC)(3,5-CIC2Ph)(C2H)]CI [5]CI

[Co(MPC)(3,5-CIC2Ph)CI]CI (0.200 g, 0.294 mmol) was dried under vacuum before being
suspended in dry THF. NaC>H (0.1 mL, was added at -78°C and allowed to warm to room
temperature. The solvent was removed via rotary evaporation and the residue was purified on silica
gel with a gradient of CH2Cl>-MeOH to remove symmetric bis-acetylide byproducts. The collected
brown product was recrystallized in CH.Cl,-Et20. Yield: 0.069 g, (35% based on Co). *H NMR
(CDCls, 8): 7.64 (dd, 2 H, CsHs), 7.37 (m, 10 H, ArH), 7.25 (m, 1 H, CsHs) 5.03 (br, 1 H, NH),
4.84 (br, 1 H, NH), 4.4-3.9 (m, 5 H), 3.42 (m, 2 H), 2.86 (m, 2 H), 2.75-2.25 (m, 4 H), 2.2-1.7 (m,
6 H), 1.37 (m, 6 H) ppm. UV—vis spectra, Amax (M, & (M~tcm™)): 275 (28,000), 457 (120). IR
(cm™): C=C: 2085(m), C=C: 2112(w, sh).

2.5.8 Computational Details

The geometries of [1-2CI]?*, [2-2CI]?*, and [3-2CI]?* in the ground states were fully
optimized using the crystal structure of 1, reported in this work, as a starting point (with appropriate
modifications). [2-2CI]** and [3-2CI]?* had the additional ligands edited in manually without
changing the rest of the structure. The density functional method B3LYP (Beck’s three-parameter
hybrid functional using the Lee—Yang—Parr correlation functional)®*®! was used for calculations
with the def2-TZVP basis set used for cobalt and the def2-SVP basis sets used for all other
atoms.!l The calculation was accomplished by using the Gaussian16 program package. !

2.5.9 X-ray Crystallographic Analysis

Single crystal X-ray data was collected on a Bruker AXS D8 Quest CMOS diffractometer
using MoKe (L= 0.71073 A) radiation with Apex3 software.% Data was reduced using SAINTE
and structures were solved with SHELXTL.[“)l Refinement was performed with SHELXL.[Y
ORTEP plots were produced using SHELXTL.[V
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2.7 Appendix B: Chapter 2

The experimental crystallographic details, and supramolecular structure plots for 1; DPV

plot for 1; DPV peak deconvolution for 2 and 3; orbital splitting diagram from DFT calculations

for 3; bond lengths and angles from DFT calculations for all presented complexes; NMR, UV-vis,

and IR for all complexes presented are provided in Appendix B: Chapter 2.
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CHAPTER 3. FURTHER INVESTIGATION INTO BEHAVIOR OF
CYCLAM DERIVATIZED COBALT ALKYNYL AS A MOLECULAR
WIRE: ETHYNYLFERROCENE HOLE DELOCALIZATION THROUGH
COBALT

3.1 Abstract

Reported herein are the syntheses and characterization of Co"'(MPC) ethynylferrocene
complexes trans-[Co(MPC)(C2Fc)2]* ([1]Cl), trans-[Co(MPC)(CzFc)CI]* ([2]Cl), and trans-
[Co(MPC)(CzFc)(C2H)IT  ([3]1C)), (MPC = 5,12-dimethyl-9,14-diphenyl-1,4,8,11-
tetraazacyclotetradecane; Fc = ferrocene). Each complex was characterized by UV-Vis, FT-IR,
voltammetric techniques, and single crystal X-ray diffraction ([1]CI only). The core complex of
this work, [1]CI, shows a 110 mV separation of ferrocene oxidations when characterized by cyclic
voltammetry and differential pulse voltammetry. Upon further analysis using
spectroelectrochemical methods, the oxidized states for both complexes [1]CI and [3]CI show a
heterometallic charge transfer band from cobalt to ferrocenium. In [1]*, this heterometallic charge
transfer band is absent when oxidized to [1]?*, indicating the electron hole is delocalized across
the bridge rather than localized to a ferrocene unit. Both of these results support the functionality
of Co"'(MPC) complexes as molecular wires and the possible application of cobalt

tetraazamacrocyclic complexes in molecular electronics.

3.2 Introduction

For the past decade, 3d transition metal alkynyl complexes based on the cyclam ligand
framework have been investigated as an alternative to 4d and 5d transition metals in molecular
wire and device applications.™ Their pseudo-octahedral geometry with readily substituted trans-
alkynyl sites enables the facile synthesis of complexes with robust properties, making them strong
candidates for the potential incorporation into electronic systems. Initially, the only alkynyl
complexes based on cyclam were Cr(cyclam) bis-alkynyls published by Wagenknecht,? Nishi,®!
and Berben.[* Since then, our group™ along with the groups of Wagenknecht,®¢! Shores,["#! and
Nishijol®! have expanded this to encompass a wider array of complexes including Cr, Fe, Co, and
Ni. Of particular interest for molecular wire type devices has been cobalt due to the available
synthetic paths”1% and the redox potentials falling within reasonable windows.*!
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In 2014, our group produced a series of di-Co(cyclam) complexes bridged by butadiyndiyl
(Figure 3.1).1*Y1 These complexes displayed ideal customizability of the axial sites and observable
reduction potentials, however they were unstable upon reduction and application towards devices
was not possible. Subsequent work using the MPC (MPC = 5,12-dimethyl-9,14-diphenyl-1,4,8,11-
tetraazacyclotetradecane) macrocyclic ligand showed quasi-reversible reduction of a bis-
phenylacetylide complex? (Figure 3.1), in contrast to the irreversibility of the cyclam analogue.[”]
Following this result, we produced butadiyndiyl linked di-Co(MPC) complexes (Figure 3.1) which
showed reversible single electron reductions.[*® The ability for two identical cobalt centers to
exhibit distinct, single electron reductions hints at the possibility of the complex to function as a

wire, allowing an electron to shuttle between the metals and stabilizing the singly reduced state.
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Figure 3.1. Schematic diagrams of representative complexes from our group’s 2014 (top left),[*!]
2019 (top right),[*? and 2020 (bottom) works.[**]

It is the goal of the current work to further investigate the promising electronic properties
of the Co""'(MPC) framework. In our previous report on the bridged species, we probed the ability

for electronic communication between cobalt centers upon reduction.l*¥! In this work, we examine
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the ability for electron / hole delocalization across cobalt between ferrocene units. For this purpose,
we have developed a series of complexes. Trans-[Co(MPC)(C2Fc).]CI ([1]Cl) was prepared to
directly investigate the communication between ferrocenes through cobalt, while trans-
[Co(MPC)(C2Fc)CI]CI ([2]CI) was made as a precursor to trans-[Co(MPC)(C2Fc)(C2H)]CI ([3]CI)
to isolate ferrocene’s interaction with cobalt in the absence of a third metal center. In this work we
show that [1]" displays delocalization between the iron metal centers of the ethynylferrocene
ligands, as confirmed by cyclic voltammetry. Heterometallic charge transfer bands from cobalt to
iron are present in the absorption spectra for [1]** and [3]%*. It is notable that this charge transfer
band is absent in the singly oxidized [1]?* species, indicating the oxidized hole is delocalized and

an isolated ferrocenium moiety is absent.

Cr
Fo [21C: X = I
N\ /NH [3]Cl: X = C=CH
“"Co*l
/\ X
HN Ny

Figure 3.2. Structures of Complexes [1]CI-[3]CI.

3.3 Results and Discussion
3.3.1 Synthesis

[1]CI was generated through standard lithiation procedure, by adding LiC2Fc to trans-
[Co(MPC)CI2]Cl in an inert atmosphere. After stirring for 1 hour, the orange product was isolated
by filtration through silica with a gradient of CH2Cl> and MeOH then recrystallized from a solution
of CH2Cl with ether for a yield of 52% based on cobalt. [2]CI was prepared by refluxing trans-
[Co(MPC)CI2]CI with ethynylferrocene and triethylamine for 24 h. The brick red product was
isolated from the crude reaction mixture by purification on silica using a gradient of CH.Cl> and
MeOH and recrystallized using CH2Cl> and ether for a yield of 26% based on cobalt. The

diminished yields compared to other similar syntheses is a result of electronic donation from the
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ethynylferrocene unit destabilizing the product. [3]CI was prepared by addition of excess sodium
acetylide to a solution of [2]Cl in dry THF. The dark orange product was filtered through celite
and recrystallized from CH2Cl. and ether for a yield of 80%.

As expected for strong field Co"" species, all compounds are diamagnetic and exhibit well
behaved *H NMR spectra (Figures C.5-C.7). The UV-Vis spectra (Figure C.1) feature the iron
based d-d bands at 441 nm for [1]CI, 455 nm for [2]CI, and a shoulder around 450 nm for [3]CI.
The cobalt based d-d bands all exist as shoulders, redshifted and masked by the aforementioned
iron bands. Also present are intense n—n* bands in the UV region for all complexes (Figure C.2).
In the infrared spectra (Figure C.3), the C=C stretches are located at 2106 cm™ for [1]CI, 2134 cm"
L for [2]CI, and 2106 cm™ for [3]Cl and all bands are weak in intensity.

3.3.2 Molecular Structures

A suitable crystal for X-ray diffraction was grown by slow diffusion of hexanes into a
CH:ClI; solution of [1]CI. The ORTEP plot is given in Figure 3.3, while relevant bond lengths are
provided in Table 3.1. There is a crystallographic inversion center at Col, which relates half of the
complex ion to the other half. For reference, bond lengths of trans-[Co(MPC)(C2Ph).]" are also
given in Table 3.1.1221 Compound [1]* retains the pseudo-octahedral trans-111 geometry common
to all Co'"'(MPC) complexes to date.

It is immediately apparent that all bonds to the cobalt in [1]CI are weakened in comparison
to trans-[Cr(MPC)(C2Ph).]*. This is due to the o-donating effect of the ethynylferrocene ligand,
compounded with the c-donation of the amine macrocycle, creating an electron rich Co center.
This effect should stabilize the oxidized state, although it weakens the stability of the reduced
complex, as discussed in the electrochemistry section below. Even with the increased c-donation
from the ethynylferrocene ligand, the Co-N bond lengths are longer than those of Co'"!(cyclam)
complexes with highly electron withdrawing ligands!*®! and the Co-C bonds remain shorter than
other less donating complexes.l’! Interestingly, even though the Co-C1 bond is weaker than trans-
[Co(MPC)(C2Ph)2]", there is a hint of increased delocalization along the alkyne, with increased
C1-C2 bond length and decreased C2-C3 bond length.
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Figure 3.3. Molecular structure of [1]" at 30% probability level. Hydrogen atoms, solvate
molecules and chloride anion have been removed for clarity.

Table 3.1. Comparison of Bond Lengths for [1]* and trans-[Co(MPC)(C2Ph).]".
[1]CI  [Co(MPC)(C2Ph).]*

Co-N1  2.002(2) 2.019(2)
Co-N2  2.015(2) 1.990(2)
Co-C1  1.946(3) 1.924(3)
C1-C2  1.209(4) 1.201(4)
C2-C3  1.436(4) 1.440(4)

3.3.3 Voltammetric Studies

The electrochemical characterization of [1]Cl is the core of this work. The Co""" couple is
located at -1.839 V vs Fc. As with previous Co'"'(MPC) complexes, a slight oxidation is seen on
return from reduction of the cobalt with an ipa/ipc Of 0.31. The strong electron donation of the
ethynylferrocene ligand results in destabilization of the reduced state and hence the irreversibility.
More interestingly, two oxidations occur on the ferrocene units. Being symmetric, this is indicative
of delocalization of the first oxidized hole between the two ferrocenes and distributed throughout
the complex. After deconvolution (Figure C.4), the oxidations are separated by 110 mV with two
reversible peaks at -30 and 80 mV. Naturally, both [2]CI and [3]CI show a single ferrocene
oxidation. For [2]ClI, the irreversible Co"""" and Co"" reductions are present at -1.40 V and -1.79
V with the Fe'""" couple found at -0.06 V. For [3]Cl, the Co""" couple is located -1.74 V while the
Fe'""' couple is observed at -0.04 V. The Co""V oxidation is not observable in any of the

complexes, likely due to the oxidation of Fe.
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Figure 3.4. CVs (black, solid) and DPVs (red, dashed) of 1.0 mM [1]ClI, [2]CI, and [3]CI
recorded in 0.1 M BusNBArF CHClI; solution at a scan rate of 0.10 V/s.

3.3.4 Spectroelectrochemistry

Spectroelectrochemistry was employed to further characterize the extent of delocalization
of the hole in the ethynylferrocene complexes. As shown in Figure 3.5, complex [1]" shows a
standard d-d transition localized to the iron at 438 nm. An additional peak is present as a shoulder
around 355 nm. Upon one electron oxidation to [1]%*, this 355 nm peak increases in intensity with
no other changes. Once the potential increases to oxidize both ferrocene units, several changes
occur. A new peak rises at 412 nm with a maximum extinction coefficient 500 M~cm, along with
a faint peak at 586 nm and another at 825 nm.

The absorption at 825 nm can be the attributed to one of the three things: (1) excitation
localized at a single ferrocenium (2) heterometallic charge transfer between cobalt and
ferrocenium or (3) full delocalization between ferrocene and ferrocenium. Scenario (1) can be

immediately ruled out since ferrocenium is well-documented to absorb at higher energies. In order
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to differentiate between conclusions (2) and (3), compound [3]Cl was prepared with one
ethynylferrocene ligand replaced by acetylide. Spectroelectrochemical UV-vis-NIR data presented
in Figure 3.5 clearly shows a similar charge transfer band located at 850 nm. Therefore, the identity
of this peak is attributed to heterometallic charge transfer from cobalt to ferrocenium. This
conclusion is further supported by literature, in which FcC,Au, FcCzPt, and FcCoAr displayed
nearly identical absorption bands assigned as metal or aryl to Fc charge transfer.[*42%] The existence
of this peak confirms significant communication between Co(MPC) and ferrocene units. The
absence of a ferrocene to ferrocenium IVCT band within the spectral range of our instruments,
however, does not confirm or exclude the extent of delocalization observed in the voltammetry of
[1]CI.
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Figure 3.5. UV-vis OTTLE spectra of [3]*"2* (left), [1]*?* (middle) and [1]*3* (right). The
unbiased spectra are given in black and returns to 0 V are dashed. Insets show the region of
heterometallic charge transfer bands.

The presence of a single ferrocenium unit should give rise to the heterometallic charge
transfer band in [1]?*, however this band is absent in the spectra. We tentatively attribute this result
to the extent of delocalization throughout the complex which removes the existence of a single
localized ferrocenium unit and instead distributes the charge through the bridge until the second
oxidation occurs.

3.4 Electronic Structures via DFT

To better understand the source of the absorption band located around 825 nm, density
functional theory (DFT) calculations were performed. Due to the complexity of a three metal

system, reliable calculations of the oxidized states could not be obtained. Instead, calculations were
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performed for [1]* and [3]*. The relevant frontier orbitals and energy levels are displayed in Figure
3.6. Relevant bond lengths are provided in Table C.2. For both complexes, the LUMO and
LUMO+1 consist of the cobalt dx2.y2 and d;2 orbitals, respectively. Normally, the HOMO would
consist of the cobalt dx; or dy; orbital, however, in the presence of the ethynylferrocene ligand, the
highest occupied orbitals consist of the iron dx2y2 and dxy orbitals. Interestingly, there is minor
cobalt dx; orbital presence elevated in energy with the ferrocene orbitals in the HOMO which leads
to significant orbital overlap from one Fe to the other in complex [1]*. The cobalt dx orbital for
[1]" and [3]" lies at the HOMO-4 and HOMO-2, respectively, and lies in plane with the z-axis of
the iron. The cobalt dy, orbitals, perpendicular to the z-axis of the iron, are located in the HOMO-
10 and HOMO-5 for [1]" and [3]", respectively. These orbitals lie 1.568 eV (791 nm) and 1.603
eV (774 nm) away from the iron based HOMO and are the likely source of the heterometallic
charge transfer band seen in the oxidized states; however, it is likely energies of the orbitals would

[3]* LUMO+1 LUMO
4 4
3
HOMO HOMO-1
3.02 A
eV g g

HOMO-2 HOMO-5

Figure 3.6. Molecular orbital diagrams for [1]* and [3]" from DFT calculations. The isovalue of
the contour plots was set at 0.03.

change with oxidation.
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T T
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3.5 Conclusions

A series of complexes were prepared to characterize the ability for Co"'(MPC) complexes
to support electron / hole delocalization across the cobalt. By attaching ethynylferrocene ligands
axially, this goal was accomplished in complex [1]CI, which displays significant electronic
delocalization between ferrocene units. The oxidations of Fc centers are separated by 110 mV by
deconvolution of the DPV spectra. A heterometallic charge transfer band is present in both [1]**
(825 nm) and [3]?* (850 nm), confirming substantial electronic delocalization between cobalt and
ferrocene. The absence of this peak in [1]** supports evidence for the delocalization between
ferrocene centers observed in the voltammetric studies. These results further support the potential
application of cobalt tetraazamacrocyclic complexes to molecular electronic devices. However, as
evident by the lower yields and stability of the reduced complex, improvements can still be made

to the macrocyclic framework.

3.6 Experimental
3.6.1 Materials

The synthesis of trans-[Co(MPC)CI,]CI has been previously reported.*? Ethynylferrocene
was prepared according to literature procedures.™*®! Bis(trimethylsilyl)butadiyne was purchased
from GFS Chemicals. n-BuLi was purchased from Aldrich. All reagents were used as received.
Tetrahydrofuran was freshly distilled over sodium/benzophenone. All lithiation reactions were

carried out under N2 using standard Schlenk techniques.

3.6.2 Physical Measurements

!H NMR spectra were obtained with a Varian Mercury300 NMR instrument, with chemical
shifts (0) referenced to the residual solvent signal (CHCl3 at & = 7.26 ppm). UV/vis spectra were
obtained with a JASCO V-670 spectrophotometer. FT-IR spectra were measured as neat samples
using a JASCO FT/IR-6300 spectrometer equipped with an ATR accessory. Electrospray mass
spectra (ESI-MS) were obtained as electrospray in positive ion mode with the aid of an Advion
Expression Compact Mass Spectrometer. Elemental analysis was carried out by Atlantic Micro
Laboratories in Norcross, GA. Electrochemical analysis was done on a CHI620A voltammetric

analyzer with a glassy carbon working electrode (diameter = 2 mm), a Pt-wire auxiliary electrode,
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and a Ag/AgClI reference electrode. The analyte concentration is 1.0 mM in 4 mL of dry CH.Cl;
with a 0.1 M n-BusNBArF electrolyte concentration. Spectroelectrochemical analysis was
performed using an OTTLE™ liquid-sample cell with a 0.2 mm optical path length, 0.3 mL sample
volume, and a CaF, window procured from F. Hartl (Reading, U.K.). The cell was equipped with
a mesh Pt working electrode, a mesh Pt auxiliary electrode, and a Ag reference electrode. The
analyte concentration was 1.0 mM in 5 mL of dry CHCl, at a 0.1 M n-BusNBArF electrolyte

concentration.

3.6.3 Synthesis of trans-[Co(MPC)(CzFc)2]CI ([1]CI)

A suspension of trans-[Co(MPC)CI2]ClI (200 mg, 0.366 mmol) in THF was combined with
a solution of LiCzFc (prepared from 1.1 mmol ethynylferrocene and 1.5 mmol n-BuLi) in THF
and allowed to stir 1 hour. The flask was opened to air and solvent was removed via rotary
evaporation. The residue was purified on silica gel with a CH2Cl>-MeOH gradient. The solvent
was removed and the remaining orange residue was recrystallized with CH2Cl>-Et20. Yield: 0.170
g (52% based on Co). ESI-MS (MeCN): 857 [1]*. Elem. Anal. for C4sHssN2OCoFe,Cl ([1]CI-H20):
calcd C 63.14, H 6.40, N 6.13. Found C 63.41, H 6.13, N 6.14. 'H NMR (CDCls, §): 7.38 (m, 10
H, ArH), 4.63 (d, 4 H, CsHa), 4.53-4.32 (m, 4 H), 4.29 (s, 10 H, CsHs), 4.23 (t, 4 H, CsHa), 4.15
(t, 2 H), 3.49 (m, 2 H), 2.93 (d, 2 H), 2.61 (t, 2 H), 2.43 (t, 2 H) 2.18 (d, 2 H), 2.02 (g, 2 H), 1.84
(d, 2 H), 1.39 (d, 6 H, CH3) ppm. UV—vis spectra, Amax ("M, ¢ (M~tcm™)): 212 (78,000), 222
(79,000), 272 (27,000, sh), 303 (8,000, sh), 343 (2,000, sh) 441 (1150), 500 (sh). IR (cm™): C=C:
2106(w).

3.6.4 Synthesis of trans-[Co(MPC)(CzFc)CI]CI ([2]Cl)

To a methanolic solution of trans-[Co(MPC)CI]CI (0.300 g, 0.55 mmol) was added
triethylamine (0.5 mL, 3.6 mmol), followed by ethynylferrocene (0.346 mL, 1.65 mmol). The
solution was allowed to reflux under N2 for 24 hours. The solvent was removed via rotary
evaporation and the residue was purified on silica gel with a gradient of CH2Cl>-MeOH. The
collected red product was recrystallized in CH2Cl2-Et0. Yield: 0.101 g, (26% based on Co). ESI-
MS (MeCN): 683 [2]*. Elem. Anal. for C3sHs1N4O25CoFeCl2 ([2]CI-2.5H,0): calcd C 56.49, H
6.71, N 7.32. Found C 56.50, H 6.60, N 7.22. *H NMR (CDCls, 8): 7.65 (br, 1 H, NH), 7.41 (m,
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10 H, ArH), 6.15 (br, 1 H, NH), 4.92 (br, 1 H, NH), 4.75 (d, 2 H, CsHa), 4.44 (m, 2 H), 4.31 (s, 5
H, CsHs), 4.20 (t, 2 H, CsHa), 4.13 (m, 4 H), 3.46 (br, 2 H), 3.10 (m, 1 H), 2.84 (m, 2 H), 2.57 (m,
2 H), 2.30 (m, 4 H), 1.44 (d, 6 H) ppm. UV—vis spectra, Amax (M, & (M~tcm™1)): 205 (55000), 225
(41,000), 270 (17,000, sh), 340 (1300, sh), 455 (470), 520 (300, sh). IR (cm™): C=C: 2134(w).

3.6.5 Synthesis of trans-[Co(MPC)(CzFc)(C2H)]CI ([3]ClI)

[2]CI (0.071 g, 0.099 mmol) was dissolved in dry THF under N2. NaC>H (0.1 mL, 18%
wt.) was added at -78 °C and the mixture allowed to warm to room temperature. After two hours,
the mixture was filtered through celite, the solvent removed via rotary evaporation, and the product
recrystallized from CH2Clz/hexanes. Yield: 0.056 g (80% based on Co). ESI-MS (MeCN): 673
[3]". *H NMR (CDCls, 8): 7.32 (m, 10 H, ArH), 4.53 (m, 4 H), 4.44 (m, 2 H), 4.26 (s, 5 H, CsHs),
4.23 (m, 4 H), 4.21 (t, 2 H, CsHa), 3.45 (m, 2 H), 2.53 (m, 7 H), 2.15 (m, 2 H), 1.74 (m, 2 H), 1.22
(d, 6 H) ppm. UV—vis spectra, Amax (M, & (M~tcm™)): 205 (52,000), 220 (40,000), 270 (14,000,
sh), 370 (2,400, sh), 478 (1200, sh). IR (cm™): C=C: 2106(w).

3.6.6 Computational Details

The geometries of [1]* and [3]" in the ground state were fully optimized based on the crystal
structure of [1]Cl reported in this work using the density functional method B3LYP (Beck’s three-
parameter hybrid functional using the Lee—Yang—Parr correlation functional)™® and employing
the def2-TZVP basis set for cobalt and the def2-SVP basis set for all other atoms.[*] The

calculations were accomplished by using the Gaussian16 program package.?"!

3.6.7 X-ray Crystallographic Analysis

Single crystal X-ray data was collected on a Bruker AXS D8 Quest CMOS diffractometer
using CuKea (A = 1.54178 A) radiation with Apex3 software.?!] Data was reduced using SAINTI?
and structures were solved with SHELXTL.[?? Refinement was performed with SHELXL.[?®l
ORTEP plots were produced through SHELXTL.[??
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3.8 Appendix C: Chapter 3

The experimental crystallographic details for [1]CIl, UV-vis and IR plots for [1]CI-[3]ClI,

deconvolution of DPV spectra for [1]*, table of calculated geometric parameters for [1]" and [3]",
and NMR spectra for [1]CI-[3]CI can be found in Appendix C: Chapter 3.
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CHAPTER 4. NICKEL(I1) COMPLEXES OF C-SUBSTITUTED
CYCLAM AS EFFICIENT CATALYSTS FOR REDUCTION OF CARBON
DIOXIDE

“Reprinted with permission from: B. L. Mash, A. Raghavan, T. Ren, Eur. J. Inorg. Chem. 2019,
2019, 2065-2070. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim”

4.1 Abstract

Two new nickel(Il) complexes of cyclams bearing C-alkyl groups, Ni(MEC)OTf: (1, MEC
= 5,12-diethyl-7,14-dimethyl-1,4,8,11-tetraazacyclotetradecane) and Ni(CTMC)OTf; (2, CTMC
=5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclotetradecane), were prepared, and their similarity to
Ni'(MPC) (MPC = 5,12-dimethyl-7,14-diphenyl-1,4,8,11-tetraazacyclotetradecane) in ring
conformation was revealed through single crystal X-ray diffraction studies. Solution electronic
absorption spectroscopy indicates the retention of octahedral coordination mode for both 1 and 2
in 20% aqueous acetonitrile. Cyclic voltammetry studies of 1 and 2 under CO- in 20% aqueous
acetonitrile revealed significantly increased catalytic currents compared to previously studied
Ni"(cyclam) and Ni'(MPC). Controlled potential electrolysis studies of 2 revealed a 250%
increase in CO turn over frequency from that of Ni(cyclam)OTf, and a 40% increase from that of
Ni(MPC)OTf.. Such improvements establish the benefit of electronically donating substituents

that minimize steric interference around the axial catalytic sites.

4.2 Introduction

Conversion of CO- to carbon fuel sources using solar energy is one of the grand challenges
in renewable sciences and technology.[** In addition to generating the reducing equivalent
(electrons) through water oxidation, efficient and robust catalysts for CO2 reduction has been a
bottleneck.l¥! Efficacy in promoting CO2 reduction to CO and formate has been demonstrated for
many transition-metal complexes. Heavy / precious metal active sites are often involved, such as
Re,57 Ru,B9 |r, 20 or Pd 112 and these catalysts often exhibit low tolerance to aqueous
conditions, preferentially producing H in these cases. Hence, CO> reduction/activation by 3d
metal-based catalysts has received intense interest. Among noteworthy examples of homogeneous

catalysts are Fe-tetraphenylporphyrin and derivatives by Savéant and coworkers,**% selective
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reduction of CO; to formate using [FesN(CO)12] by Berben and co-workers,[*6-28 and reduction
of CO, to methanol by borane with Ni and Fe pincer complexes by Guan and co-workers.[2%2% |j
and co-workers reported photo-reduction of CO> to CO catalyzed by molecular Co complexes
immobilized on solid support.’?*2?1 Ly and coworkers reported several examples of Cu complexes
as photoelectron-catalysts for CO2 reduction in aqueous solution. 2324l

Among the earth-abundant transition-metal catalysts, Ni'"'(cyclam) (cyclam = 1,4,8,11-
tetraazacyclotetradecane) is one of the most active in producing CO from CO2 and compares
favorably even with its 4"- and 5"-row organometallic competitors.[l Furthermore, Ni''(cyclam)
and many of its derivatives display selective production of CO over H; even under purely agueous
conditions, with the bulk of studies performed with a Hg working electrode.?>2¢ Nevertheless,
early observations by Fujihira and coworkers that a catalytic wave can indeed be observed at a
glassy carbon electrodel?” reveals the promise of carbon electrode as an environmentally benign
surrogate. Through controlled-potential electrolysis, Kubiak and co-workers recently verified that
CO is the major electrolysis product in Ni"(cyclam) catalyzed CO> reaction.l?! Seeking more
robust and efficient catalysts, our laboratory recently reported the preparation of three new
nickel(11) complexes of cyclams bearing C-aryl substituents, and demonstrated that of the new
complexes, Ni''(MPC) is significantly more efficient than Ni'(cyclam) in reducing CO2 to CO
under the same conditions.[?°l We postulate that the improved catalytic ability results from the
increased electron-donor ability of the aryl functionalized cyclam ring, and that it can be further
improved through reduction of the steric interference of the substituents with the active catalytic
site. To test this hypothesis, we set out to develop catalysts with similar electron-donating C-
substituents while minimizing their size. Reported in this contribution is our effort in synthesizing
two nickel(ll) complexes of cyclams bearing C-alkyl substituents, namely Ni'(MEC) and
Ni"(CTMC), and studying their proficiency in reducing CO- through both cyclic voltammetry and
controlled potential electrolysis (CPE).
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4.3 Results and Discussion
4.3.1 Synthesis

As shown in Scheme 4.2, the preparation of the precursor MED (5,12-diethyl-7,14-
dimethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene) follows that reported by Hay and
coworkers:[ a proton-templated condensation between ethylenediamine and 4-hexen-3-one (1:1)
in the presence of one equiv of HCIO4 resulted in [H2MED](CIO4). as a white microcrystalline
material (66%). [H:MED](CIO4). was reduced by NaBH4 to yield MEC (>90%). The reaction
between free base MEC and NiCl resulted in [Ni(MEC)]Cl. as a light pink crystalline solid in 71%
yield, and [Ni(MEC)]CI. was converted to [Ni(MEC)](OTf). (1) quantitatively upon reaction with
triflic acid. The preparation of [H.CTMD](CIOa)2, CTMC (97% yield), Ni(CTMC)ClI2 (75%), and
[Ni(CTMC)]OTf2 (2, 66%) follow an identical protocol.

NH HN
o HN  NH, AN HNS\apg, NH HN NiCl, N/ ot NH ?N
I Ni e Ni
\ HCIO, MeOH MeOH, reflux VRN AN
NH I\‘I NH HN NH HN NI BN
/K)VR MR MR )\/K/R
MED, R = CH; MEC, R = CH, Nill(L)

Scheme 4.2. Preparation of L (L = MEC or CTMC), [Ni"(L)]Cl2 and Ni"(L)(OTf).. Axial
coordination is solvent dependent.
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4.3.2 Molecular Structures

X-ray quality single crystals of Ni(MEC)(OTf). (1) and [Ni(CTMC)(H20)2](OTf), were
grown via slow diffusion of Et.O into a H2O-MeCN (v/v, 1/4) solution of 1 and MeOH solution
of 2, respectively. Molecular structures of 1 and [2]>* along with some selected bond lengths are
provided in Figures 4.1a and 4.2, respectively. Interestingly, the cyclam frameworks of Ni'(MEC)
and Ni''(CTMC) overlap perfectly with that of Ni''(MPC) as shown in Figure 4.1b, indicating
identical ring conformations. This is an important feature, as the ring conformation is a key
parameter in the efficacy of carbon dioxide reduction.®Y Previous results indicate that cis-
coordination geometry or boat-shaped ring conformation reduces the catalytic capacity of the
complexes. In addition to the identity in ring conformation, the Ni-N bond lengths in both
complexes 1 and [2]?* are about the same as those of Ni'"(MPC) (Ni-N1, 2.093(2) A; Ni-N2,
2.080(2) A), despite the change in the donor strength of macrocycles that stems from the
replacement of aryls in MPC with alkyls in MEC and CTMC.
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Figure 4.1. (a, top) Molecular structure of 1 at 30% probability level. Hydrogen atoms have been
removed for clarity. Selected bond lengths (A): Nil-N1, 2.0880(7); Ni1l-N2, 2.0802(7); Nil—
01, 2.1742(7). (b, bottom) Overlay of cyclam rings of 1 (red) and [Ni(MPC)(MeCN)2]* (grey).
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Figure 4.2. Molecular structure of [2]?* at 30% probability level. Hydrogen atoms and the two
triflate counterions have been removed for clarity. Selected bond lengths (A): Ni1-N1, 2.088(2);
Nil-N2, 2.095(2); Ni1-01, 2.149(2).

4.3.3 Electronic Absorption Spectra

Having established the pseudo-octahedral coordination geometry for both 1 and [2]?* in
solid state, we endeavored to study the solution geometry of these complexes based on visible-
light absorption spectroscopy. In solution, Ni'/(tetraamine) species may exist in a spin-state
equilibrium between the diamagnetic square-planar geometry and the octahedral paramagnetic
geometry, with the population of each state being affected by factors such as solvent and
counterion.[®2 UV-vis absorption spectra were collected for complexes 1 and 2 in a 20% aqueous
MeCN solution (Figure 4.3), the same solvent conditions as those used in subsequent voltammetric
studies. As expected from their appearance as purple solids, complexes 1 and 2 display nearly
identical absorption spectra in 20% aqueous acetonitrile. Similar to the case of Ni'(MPC), the
feature of the visible region is dominated by a weak d-d band around 330 nm, and a slightly weaker
d-d band around 500 nm, both of which are indicative of an octahedral, high-spin species. An even
weaker unassigned band is present around 690 nm. Similar absorption spectra were obtained in
dichloromethane and neat acetonitrile for both complexes, revealing the retention of octahedral
geometry. Curiously, while the spectrum of 1 in methanol retains octahedral characteristics, the
methanolic solution of 2 is red, and displays a sharp d-d transition at 466 nm, while the above-

mentioned d-d bands fade (Figure 4.3), thus indicating the dominance of the square planar form.
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Figure 4.3. (left) UV-vis absorption spectra of 1 (red) and 2 (blue) in 20% aqueous MeCN.
(right) UV-vis absorption spectra of 2 in 20% Ag. MeCN (blue) and MeOH (green).

4.3.4 Solution Voltammetry

As shown in Figure 4.4a, the cyclic voltammograms of 1, 2 and Ni'(MPC) recorded in
aqueous acetonitrile are nearly identical under Ar. Each complex displays a reversible one-electron
reduction as well as a reversible one electron oxidation (See supporting information for anodic
CVs), which are assigned as the Ni(+1/+2) and Ni(+3/+2) couples, respectively. The Ni(+1/+2)
couples for 1 (-1.81 V vs Fc) and 2 (-1.80 V vs Fc) are slightly cathodically shifted from Ni''(MPC)
(-1.78 V vs Fc), presumably due to the less electron-donating substituents in the latter.

While the cyclic voltammograms of 1, 2 and Ni''(MPC) under Ar are nearly identical, the CVs
recorded under CO- are quite different (Figure 4.4b). They all share the common features of the
loss of reversibility for the Ni(+1/+2) couple, significant increase in current and the growth of an
additional reduction peak at more negative potentials. These features are indicative of catalytic
reduction of CO2.1% Furthermore, while the catalytic currents at -1.76 \V are about the same for 1
(56 pA) and Ni''(MPC) (49 pA), it is nearly doubled for 2 (96 uA). Clearly, the decrease in the

steric bulk of C-substituents results in a noticeable increase in catalytic efficiency.
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Figure 4.4. (a, top) Cyclic voltammograms of 1.0 mM solutions of 1 (red), 2 (blue), and
Ni(MPC)(OTf)2 (black) recorded in a 0.08 M solution of BusNPFg in 20% aqueous MeCN on
glassy carbon working electrode, purged with Ar; (b) Cyclic voltammograms of 1 (red), 2 (blue),
and Ni(MPC)(OTf). (black) purged with COx.

4.3.5 Controlled Potential Electrolysis

The improved catalytic currents of 1 and 2 compared to Ni''(MPC) prompted further
examination of their catalytic proficiency through controlled potential electrolysis (CPE)
experiments, which allow for the establishment of the composition of reduction products through
headspace analysis and ensuing estimation of Faradaic efficiency and catalytic turnover. The
conditions of CPE experiments were identical to those described in our previous report,?°1 except
for a AgCI coated silver wire being used as the reference electrode in place of a Ag wire
pseudoreference electrode. The potential for each experiment was held at a constant -1.76 V vs
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Fc/Fc*, which is slightly more positive than Ni(+1/+2) couples for each complex under CO,. Each
experiment was performed with 0.5 mM catalyst in 20 mL of solution. Similar to our previous
work, the headspace was sampled after 30 minutes of electrolysis and injected into a gas
chromatograph with a thermal conductivity detector (GC-TCD) to quantify the gaseous products.
The gaseous products for 1, 2, Ni(MPC)OTf. and Ni(cyclam)OTf, as well as their catalytic
efficiencies are reported in Table 4.1.

The selected electrolysis potential resulted in lower FE but higher TOF for Ni'(MPC) and
Ni"(cyclam) compared to our previous report.[?’l While each experiment showed significant and
highly variable H, production, a catalyst-free CPE experiment revealed that the H, production is
mostly due to the background current instead of the catalysts. In accordance with cyclic
voltammetry studies, compound 2 showed both the highest TOF (15.2 h'!) and FE (66%) for the
production of CO. Compound 2 is closely followed by 1 in each category (TOF: 14.5 h, FE: 57%)),
while Ni(MPC)OTf; held a lower TOF (TOF: 11.0 h'%, FE: 52%). In agreement with our previous
work, all catalysts outperformed Ni''(cyclam) substantially (TOF: 4.4 ht, FE: 35%) under the same
conditions. These results follow a clear trend of increasing catalytic ability with reduction in steric
bulk of the electronically donating carbon substituents. With identical conformations and axial

ligand behavior in solution, the importance of easily accessible axial catalytic sites is highlighted.

Table 4.1. CPE data for 1, 2, Ni"'(MPC), Ni'(cyclam), and catalyst-free experiments.

Q | TON, | TON, (Th?)F (Th?)F FE, CO | FE, Hz | pmol | pmol

(C) | co H; o | oh | ® %) | CO | H,

1 242 | 7.3+0.4 | 21209 | 145 | 42 | 57+2 | 1627 | 72 | 21

2 223 | 77403 | 1.7¢0.7 | 152 | 34 | 66+l | 15%6 | 77 | 17
Ni(MPC)?* | 206 | 55 1.0 110 | 20 52 10 | 55 | 10
Ni(cyclam)?* | 12.2 | 2.2 2.4 4.4 4.7 35 38 | 22 | 24
blank 75 - - - - 3 60 1 | 23

2 Performed in CO,-saturated solutions of 20% aqueous MeCN with 0.08 M NBu4PFs; data for 1 and 2 reported as the
averages of 2 trials; all other data reported from a single trial; solutions were electrolyzed for 30 min and
headspace gases were analyzed via GC-TCD. Q = total charge passed, faradaic efficiency (FE) =

h t duct l duct TON
charge to form product ', nover number (TON) = PO, 4 nover frequency (TOF) = —

total charge passed mol catalyst’
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4.4 Conclusions

Both Ni(MEC)OTF: (1) and Ni(CTMC)OTf: (2) show significantly improved catalytic
current for CO; reduction as opposed to Ni'(cyclam) and 2 displayed double the current of our
previously reported Ni(MPC)OTf.. Controlled potential electrolysis revealed CO turnover
frequencies of 14.5 and 15.2 h' for 1 and 2, respectively. This significant increase from
Ni(MPC)OTf, (11.0 h'Y) and Ni(cyclam)OTf, (4.4 h'l) is attributed to the use of electronically
donating alkyl substituents without the steric interference around the axial catalytic sites of the
phenyl groups present in Ni(MPC)OTf,. The necessity of the trans-111 conformation of the cyclam
framework is highlighted by comparison of the molecular structures of 1 and 2 with that of
Ni(MPC)OTf,. The results of this work may allow for further development of cyclam-like ligands
to improve catalytic activity for the conversion of CO> to CO.

4.5 Experimental
45.1 Materials

The ketone precursor for [H2MED](CIOs)2 was purchased from Sigma-Aldrich and the
precursor for [H.CTMD](CIO4). was purchased from Arctom Chemicals. 5,12-diethyl-7,14-
dimethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene and 5,7,12,14-tetramethyl-1,4,8,11-
tetraazacyclotetradeca-4,11-diene dihydroperchlorate were prepared according to literature

procedures.F331 All reagents were used as received.

4.5.2 Physical Measurements

'H NMR spectra were obtained with a VVarian Mercury300 NMR instrument, with chemical
shifts (&) referenced to the residual solvent signal (CHCls at 7.26 ppm). UV-Vis spectra were
obtained with a JASCO V-670 spectrophotometer. Gas chromatography data were collected on an
Agilent 7890A instrument with a thermal conductivity detector (TCD) and an HP-Molsieve
column (length = 30 m, diameter = 0.320 mm, film = 12.0 um). Electrospray mass spectra were
obtained as electrospray in positive-ion mode with the aid of an Advion Expression Compact Mass
Spectrometer. Cyclic voltammograms were recorded at a scan rate of 100 mVs™ on a CHI620A
voltammetric analyzer with a glassy carbon working electrode (diameter = 2 mm, area = 0.0314
cm?), a Pt-wire auxiliary electrode and a Ag/AgCl wire reference electrode. Potentials were
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referenced to a ferrocene internal standard added to the solution. Controlled-potential electrolyses
were performed with a CHI620A voltammetric analyzer with a Duocel reticulated vitreous carbon
disc (porosity = 100 ppi, diameter = 200 mm, thickness = 5 mm) as the working electrode, a
graphite rod auxillary electrode, and an Ag/AgCl reference electrode. The concentration of analyte
is always 1.0 mM for cyclic voltammetry experiments and 0.5 mM for bulk electrolysis

experiments.

45.3 5,12-diethyl-7,14-dimethyl-1,4,8,11-tetraazacyclotetradecane (MEC)

5,12-diethyl-7,14-dimethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene diperchlorate (1.00
g, 2.07 mmol) was suspended in 50 mL of MeOH. NaBHj, (0.400 g, 10.6 mol) was added in small
portions and stirred for 3 h at 45° C, causing the solid to dissolve slowly in the effervescent solution.
The solvent was removed under reduced pressure and an aqueous solution of 2M KOH was added.
The product was extracted with CH2Cl., dried over Na,SO4 and filtered. Solvent was removed
under reduced pressure leaving white crystalline solid. Yield: 0.544 g, 92%. ESI-MS (CHCly):
285.4 — [MEC+H']*.'"H NMR (CDCl3, 5): 3.04-2.21 (m, 16H, CH, CH,), 1.60-1.17 (m, 8H, NH,
CH?>), 1.01 (d, 6H, CHs3), 0.80 (m, 6H, CH3).

45.4 5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclotetradecane (CTMC)

5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene diperchlorate (2.00 g,
4.41 mmol) was suspended in 50 mL of MeOH. NaBH4 (0.835 g, 22.1 mol) was added in small
portions and stirred for 3 h at 45° C, causing the solid to dissolve slowly in the effervescent solution.
The solvent was removed under reduced pressure and an aqueous solution of 2 M KOH was added.
The product was extracted with CH2Cl, dried over Na>SO4 and filtered. Solvent was removed
under reduced pressure leaving white crystalline solid. Yield: 1.10 g, 97%. ESI-MS (CH2Cly):
257.4 — [CTMC+H*]*. IH NMR (CDCls, §): 3.00 (m, 2H, CH>), 2.76 (m, 8H, CH, CH,), 2.31 (m,
6H, NH, CH>), 1.49 (m, 2H, CH>), 1.29 (m, 2H, CH>), 1.02 (m, 12H, CHj).

455 Ni(MEC)CI;

MEC (0.300 g, 1.06 mmol) was dissolved in 20 mL of MeOH. A methanolic solution of
NiCl2-6H20 (0.261 g, 1.11 mmol) was added and the solution immediately turned purple. The
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solution was heated for 30 minutes before adding ether to produce purple solid. The solid was
collected, washed with ether, and dried under vacuum. Yield: 0.308 g, 71% based on MEC.

456 Ni(MEC)(OTf):(1)

Ni(MEC)CI, (0.308 g, 0.897 mmol) was dissolved in ~5 mL triflic acid, producing an
purple solution. This was allowed to stir 12 hours with a stream of N2 bubbling through the solution
into an aqueous KOH trap. Et,O was then added producing a purple solid, which was collected by
filtration, washed with ether, and dried under vacuum. Yield: 0.397 g, 97%. ESI-MS (CH.Cl):
5325 — [Ni(MEC)(OTf)]*; 3414 - [Ni(MEC)-H']". Anal. for—CisH3sFsN4NiOsS
{[Ni(MEC)]OTf2}: calcd. C 33.71, H 5.66, N 8.74; found C 33.71, H 5.84, N 8.74.

457 Ni(CTMC)CL;

CTMC (0.500 g, 1.95 mmol) was dissolved in 20 mL of MeOH. A methanolic solution of
NiCl2-6H20 (0.463 g, 1.95 mmol) was added and the solution turned cloudy with a red/green hue.
The solution was allowed to stir overnight, over which time purple crystals formed. This was
filtered and collected. The solvent was removed from the red filtrate under reduced pressure
leaving red/yellow residue. Upon addition of CH2Cl>, the solid turned purple and a light purple
solution formed. This was sonicated and filtered. This process was repeated and all collected solid
was combined. Yield: 0.638 g, 75%.

458 Ni(CTMC)OTH):(2)

Ni(CTMC)CI. (0.380 g, 0.984 mmol) was dissolved in ~7 mL triflic acid, producing an
orange solution. The solution was stirred for 12 h with a stream of N2 bubbling through the solution
into an aqueous KOH trap. Addition of Et2O to the solution produced a purple solid, which was
collected and washed with ether. Yield: 0.397 g, 66%. ESI-MS (CH.Cl)): 463.4 -
[Ni(CTMC)(OTH]*; 313.3 — [Ni(MEC)-H']*. Anal. for CisH32FsN4NiOsS2 {[Ni(TMC)]OTf.}
(613.26): calcd. C 31.34, H 5.26, N 9.14; found C 31.33, H 5.14, N 9.08.
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4.5.9 X-ray Crystallographic Analysis

Single crystal X-ray diffraction data for 1 were collected on a Bruker AXS D8 Quest
CMOS diffractometer using Mo-K, (A = 0.71073 A) radiation with Apex3 software.[**! Single
crystal X-ray diffraction data for 2 were collected on a Bruker AXS D8 Quest CMOS
diffractometer using Cu-Kq radiation (. = 1.54178 A) radiation with Apex3 software.*¥l Data set
was reduced using SAINT and structures were solved with SHELXTL.[®! Refinement was
performed with SHELXL.®1 ORTEP plots were produced using SHELXTL.ES

4.6  Acknowledgements

This work was supported by the National Science Foundation (CHE 1609151 for research
and CHE 1625543 for X-ray diffractometers). | thank Prof. Dennis Peters for the loan of
electrolysis cell and Prof. Dennis Evans for helpful discussion.

4.7 Appendix D: Chapter 4

Crystal data for 1 and 2; NMR spectra for MEC and CTMC; GC calibration plots; anodic
cyclic voltammograms for 1, 2, and Ni(MPC)OTf> can be found in Appendix D: Chapter 4.
CCDC 1870623 (1) and 1870624 (2) contain the supplementary crystallographic data for this paper.

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.
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APPENDIX A. CHAPTER 1

Table A.1. Crystal data for 2a, 2b, 3a, and 3b

2a 2b 3a 3b
. Cs2H41CICON,- CaoH42CoNy-
Chemical formula C32H37CICON, CaoHsC0ONy-Cl
C2H3N-ClI-2(H20) 3(CH.0)-Cl
Formal Weight 572.03 688.6 769.28 677.19
space group P-1 P21212, P2i/n P2./n
a(A) 9.1530(6) 9.2299 (3) 12.6437 (9) 9.6152(5)
b (A) 14.3513(9) 14.1575 (6) 10.4743 (7) 9.5135(5)
c(A) 14.6173(10) 25.9569 (12) 14.6061 (10) 19.6006(10)
o (°) 114.622(4) 90 90 90
B (°) 98.255(5) 90 100.376 (3) 97.475 (2)
v (°) 105.601(4) 90 90 90
V (A3) 1607.96(19) 3391.8 (2) 1902.7 (2) 1777.71 (16)
z 2 4 2 2
Density 1.181 1.231 1.237 1.313
T (K) 150 150 150 150
Final R indices R1=0.0688 R1=0.0285 R1=0.0400 R1=0.0510
(I>20(1)) WR2 =0.1937 WR2 = 0.0748 WR2 = 0.1067 WR2 =0.1286
GooF 1.070 1.063 1.034 1.073
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Table A.2. Relevant bond lengths and angles for [1b], [1c], [2b], and [2c] from density
functional theory calculations.

[16] [20] [1c] [2¢]
Co—C 1.9036 1.9087 1.9780 1.9491
Co—Cl 2.3857 2.3747 - -
Co—N1 2.0161 2.0003 2.0180 2.0030
Co—N2 2.0344 1.9712 2.0327 1.9802
Co—N3 2.0242 2.0003 - -
Co—N4 2.0250 1.9712 - -
Cl1—C2 1.2391 1.2384 1.2069 1.2410

C—Co—C(Cl) 178.727 179.996 180.000 179.992
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Figure A.1. 'HNMR spectra for 2a. Peak at 5.30 ppm is CH2Cl,. CHCI3 overlaps with aryl
region.
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APPENDIX B. CHAPTER 2

Table B.1. Experimental details for compound [1](BPha).. The structure contains 4 independent
solvent accessible voids of 1776 Ang3 combined. The residual electron density peaks are not
arranged in an interpretable pattern. The structure factors were instead augmented via reverse
Fourier transform methods using the SQUEEZE routine (P. van der Sluis & A.L. Spek (1990).

Acta Cryst. A46, 194-201) as implemented in the program Platon. The resultant FAB file
containing the structure factor contribution from the electron content of the void space was used
in together with the original hkl file in the further refinement. (The FAB file with details of the

Squeeze results is appended to this cif file). The Squeeze procedure corrected for 264 electrons

within the solvent accessible voids.

BLMO0028_0Om
Crystal data
Chemical formula Cs2H72Cl2C02N5-2(C24H20B) [+s0lvent]
M 1636.35
Crystal system, space |Triclinic, P"1
group
Temperature (K) 150
a, b, c(A) 14.2358 (8), 16.8867 (7), 23.2628 (14)
o, B,y (°) 80.4695 (14), 81.1332 (14), 79.2906 (19)
V (A3 5374.9 (5)
z 2
Radiation type Mo Ko
p (mm?) 0.40
Crystal size (mm) 0.42 x 0.34 x 0.17

Data collection

Diffractometer Bruker AXS D8 Quest CMOS
diffractometer

Absorption correction | Multi-scan
SADABS 2016/2: Krause, L., Herbst-Irmer, R., Sheldrick G.M. & Stalke
D., J. Appl. Cryst. 48 (2015) 3-10

Tmin, Tmax 0.697, 0.746

No. of measured,|270036, 25738, 20708
independent and

observed [I > 2c(1)]

reflections

Rint 0045

(Sin O/A)max (AY) 0.659
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Refinement
R[F? > 26(F?)], wR(F?),|0.046, 0.132, 1.04
S

No. of reflections 25738
No. of parameters 1032
H-atom treatment H-atom parameters constrained

A)max, A)min (e A—3) 063, '070

Computer programs: Apex3 v2018.1-0 (Bruker, 2018), SAINT V8.38A (Bruker, 2016),
SHELXS97 (Sheldrick, 2008), SHELXL2018/3 (Sheldrick, 2015, 2018), SHELXLE Rev937
(Hibschle et al., 2011).

Figure B.1. A ball and stick structural plot of [1](BPha)2 is shown. Hydrogen atoms are omitted
for clarity. Both cationic structures are symmetrically equivalent. The hydrogen bonding along
the ends of each molecule as well as the positioning of the tetraphenylborate anion allow a stable
packing structure. The longer alkynyl capping ligands for [2]?* and [3]?* prevent the possibility
of hydrogen bonding, making crystallization difficult.
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Figure B.2. A spacefill model of [1](BPhas). with the same view as in the previous figure is
shown. The space around the alkynyl bridge does not allow for most solvent molecules to fill.

i1(A)

1
-2.0

-1.6
E (V) vs Fe/Fe*

Figure B.3. A DPV plot for [1]Cl; is shown.
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Peak Analysis

Data Set:[ AC2Phsplittin]Sheet1!B Date:11/12/2019
BaseLine:Spline
Chi*2=1.05469E-015 Adj. R-Square=9.99338E-001 # of Data Points=400
SS=4.15548E-013 Degrees of Freedom=394
4.0x10™ .
=
=)
]
=
L
g 2.0x10° .
5
=
72}
0.0 =
T T T T T T T T T
2.2 2.0 -1.8 -1.6 -1.4
Baseline X
Fitting Results
Peak Index ‘ Peak Type Area Intg | FWHM Max Height Center Grvty Area IntgP
1 Gaussian 3.64353E-7 0.08533 4.01149E-6 -1.79079 59.15396
2 Gaussian 2.51587E-7 0.09607 2.46015E-6 -1.88729 40.84604

Figure B.4. Peak analysis for differential pulse voltammogram of [2]Cl,. Data was collected
using 1.0 mM [2]Cl> in a 0.1 M BusNPFe MeCN solution. Data was collected following the
parameters described by Richardson and Taube (Inorg. Chem. 1981, 20 (4), 1278-1285.).
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Peak Analysis

Data Set:[Book1]Sheet1!B Date:11/12/2019

Baseline:Spline

Chi"2=5.31894E-016 Adj. R-Square=9.99744E-001 # of Data Points=450
S5=2.36161E-013 Degrees of Freedom=444
4.0x10° b
=
o
a
=
z
E 2.0x10° - b
5
S
N
0.0 H -
I I I I I I
-2.2 -2.0 -1.8 -1.6 -1.4 -1.2
Baseline X
Fitting Results
Peak Index Peak Type Area Intg | FWHM Max Height Center Grvty Area IntgP
1 Gaussian 3.9812E-7 0.09652 3.87477E-6 -1.65173 52.68225
2 Gaussian 3.5758E-7 0.1105 3.04003E-6 -1.74202 47.31775

Figure B.5. Peak analysis for differential pulse voltammogram of [2]Cl.. Data was collected
using 1.0 mM [2]Cl2 in a 0.1 M BusNPFs MeCN solution. Data was collected following the
parameters described by Richardson and Taube (Inorg. Chem. 1981, 20 (4), 1278-1285.).
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Figure B.6. Molecular orbital diagram for [3]?* from DFT calculations. The isovalue of the

contour plots was set at 0.03.
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Table B.2. Relevant bond lengths (A) and angles (°) for [1]%*, [2]**, and [3]?* from DFT
calculations. Axiall and Axial2 refer to the atom coordinated to cobalt opposite the bridging

ligand.
[1]2+ [2]2+ [3]2+
Col-N1 2.064 2.024 2.025
Col-N2 2.024 2.036 2.036
Col-N3 2.016 2.026 2.026
Col-N4 2.037 2.033 2.034
Co2-N5 2.015 2.026 2.026
Co2-N6 2.037 2.033 2.033
Co2-N7 2.026 2.024 2.025
Co2-N8 2.024 2.037 2.036
Col-Axiall 2.318 1.942 1.943
Co2-Axial2 2.319 1.942 1.943
Col-C1 1.914 1.963 1.961
Co2-C4 1.914 1.963 1.961
C1-C2 1.236 1.238 1.238
C2-C3 1.379 1.380 1.380
C3-C4 1.236 1.238 1.238
Axiall-Col-C1 179.26 179.93 179.97
Axial2-Co2-C4 179.17 179.93 179.95
Col-C1-C2 175.82 175.06 175.09
Co2-C4-C3 176.09 175.06 175.02
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Figure B.7. Blank HNMR spectrum of CDCl; collected at the same time as compounds [1]Cl.-
[3]Cl2. H20 is present in the solvent.
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Figure B.8. THNMR spectrum of [1]Cl. in CDCls. H20 has shifted from the blank and CH,Cl,
(5.30 ppm) is present after vacuum drying the compound.
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H1 standard parameters, CDCI3 8 2 a
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Figure B.9. THNMR spectrum of [2]Cl. in CDCls. H20 has shifted from the blank and CH,Cl,
(5.30 ppm) is present after vacuum drying the compound.
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Figure B.10. tHNMR spectrum of [3]Cl. in CDCls. H20 has shifted from the blank and CH,Cl.
(5.30 ppm) is present after vacuum drying the compound.
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Figure B.11. Electronic absorption spectra for [1]Cl2, [2]Cl2, and [3]Cl. in neat MeCN solutions.
The stronger UV absorptions are shown on the left while the weak metal-based absorptions are
shown on the right.
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Figure B.12. IR spectra for [1]Cl2, [2]Cl>, and [3]Cl..
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APPENDIX C. CHAPTER 3

Table C.1. Experimental crystallographic details for compound [1]CI.

BLMO0023_0m

Crystal data

Chemical formula

C4gHs4CoFesNy- CHzClz'Cl '3(H20)

M 1032.00
Crystal system, space |Triclinic, P"1
group

Temperature (K) 150

a, b, c(A) 7.6705 (4), 11.0266 (6), 14.4607 (8)
o, B, v (°) 92.871 (3), 94.173 (4), 109.217 (4)
V (A3 1148.30 (11)

z 1

Radiation type Cu Ka

u (mm?) 9.77

Crystal size (mm)

0.25x0.15 x 0.06

Data collection

Diffractometer

Bruker AXS D8 Quest CMOS diffractometer

Absorption correction

Multi-scan
SADABS 2016/2: Krause, L., Herbst-Irmer, R., Sheldrick G.M. & Stalke
D., J. Appl. Cryst. 48 (2015) 3-10

Tmin, Tmax 0.411, 0.754
No. of measured, 22755, 4952, 4303
independent and

observed [I > 2c(1)]
reflections

Rint 0.056
(Sin O/A)max (A1) 0.641
Refinement

R[F? > 26(F?)], wR(F?),
S

0.044,0.128,1.15

No. of reflections 4952
No. of parameters 317
No. of restraints 23

H-atom treatment

H atoms treated by a mixture of independent and constrained refinement
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Admax, Admin (e Ag)

0.54,-0.49

Computer programs: Apex3 v2018.1-0 (Bruker, 2018), SAINT V8.38A (Bruker, 2016),
SHELXS97 (Sheldrick, 2008), SHELXL2018/3 (Sheldrick, 2015, 2018), SHELXLE Rev937
(Hibschle et al., 2011).
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Figure C.1. Electronic absorption spectra for [1]ClI, [2]CI, and [3]CI.
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Figure C.2. Full electronic absorption spectra for [1]Cl, [2]ClI, and [3]CI.
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Figure C.3. Infrared spectra for [1]Cl, [2]CI, and [3]CI.
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Peak Analysis

Data Set:% ([Book2]FitPeaks],@WL,Input IDTR1.IDTC2) Date:10/17/2020
BaseLine:Spline

Chi*2=-- Adj. R-Square=-- # of Data Points=% ([Book2
SS=-- Degrees of Freedom=% ([Book2]FitPeaksl,@WL,RegStats.C 1.DOF)

-1x107 4

Subtracted Data

2x107 4

-0.5 0.0 0.5

Baseline X
Fitting Results
Peak Index Peak Type | Area Intg | FWHM | Max Height | Center Grvty Area IntgP
1 Gaussian -2.37518E-6 0.1125 -1.98341E-5 -0.03025 -48.13639
2 Gaussian -2.5591E-6 0.1225 -1.96254E-5 0.08071 -51.86361

Figure C.4. Deconvolution of DPV spectra for [1]*.

Table C.2. Relevant bond lengths (A) and angles (°) for [1]* and [3]* from DFT calculations.

[ [31

Col-N1 2.025 2.027
Col1-N2 2.034 2.035
Co1-N3 - 2.026
Col-N4 - 2.037
Col-C1 1.951 1.953
C1-C2 1.231 1.242
C2-C3 1.430 1.431
Col1-C13 - 1.949
C13-C14 - 1.239
C1-Col-C13 180 179.82
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Figure C.7. NMR spectra for [3]Cl in CDCls.
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APPENDIX D. CHAPTER 4

Table D.1. Crystal data for 1 and 2.

1 2
(-;:Q(I?I‘rnnl;(l:gl C18H3sN4NiFsOsS2  C14H3sN4aNiO22(CF3S03)
Formal Weight 641.32 649.32
space group P21/n P-1
a (A) 8.8591 (4) 8.3003 (3)
b (A) 9.4230 (4) 11.6462 (5)
c(R) 16.1149 (8) 15.5321 (6)
a (°) 90 75.1211 (13)
B(°) 102.819 (2) 80.7867 (13)
v (°) 90 70.7630 (13)
V (A% 1311.73 (10) 1365.38(9)
z 2 2
Density 1.624 1.579
T (K) 150 150
Final R indices R1=10.0242 R1 =0.0466
(I>20(I)) wWR2 = 0.0627 wR2 =0.1403
GooF 1.084 1.165
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Figure D.1. Full NMR spectrum of MEC in CDCls.
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Figure D.2. Expanded NMR spectrum of MEC in CDCls
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Figure D.5. GC calibration curve for CO.
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Figure D.7. Cyclic voltammograms of 1.0 mM solutions of 1 (red), 2 (blue), and Ni(MPC)(OTf):
(black) recorded in a 0.08 M solution of BusNPFg in 20% aqueous MeCN on glassy carbon
working electrode, purged with Ar, with internal ferrocene reference.
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Reported herein are the syntheses and characterization of mono- and bis- Co{lIll) phenylacetylide
complexes trans-[Co(L)(CzPh)Cl]" (2afb) and trans-[Co(LY C2Ph);]" {3afb), where L is MPD (a) or MPC (h)
{MPD = 5,12-dimethyl-7,14-diphenyl-14.,8,11-tetraazacyclotetradeca-4,11-diene,
9,14-diphenyl-1,4,8,11-tetraazacyclotetradecane). All the new complexes were characterized by UV—Vis,
FT-IR spectroscopic and voltammetric techniques. Single crystal X-ray diffraction studies revealed that

MPC = 5,12-dimethyl-

the MPD ligand is a stronger donor to the Co(lll) center than the MPC ligand, and the enhanced Co—N

Dedicated to Professor Richard J. Pudde-
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DIT calculations.
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interactions manifest some subtle contrast in terms of spectroscopic and voltammetric properties be-
tween Co(MPD) and Co{ MPC) complexes. These experimental observations were further corroborated by

© 2018 Clsevier B.V. All rights reserved.

1. Introduction

The chemistry of metal alkynyl compounds has been studied for
decades since the pioneering work of Nast [1—4], and both the
structural rigidity and conjugated M—(C=C),R backbone render
these compounds ideal candidates for molecular wires [5—-10].
Earlier successful examples include the work of Lapinte with C4-
bridged diiron compounds [ 11] and that of Gladysz with C4-bridged
dirhenium compounds [12]. Similar compounds developed in the
following years include Mn [13], Ru [14], Pt [15] and Au [16]. The
potential of diruthenium/triruthenium termini bridged by oligoyn-
diyls as prototypical molecular wires were explored by our group
[17—19], the laboratories of Lehn [20] and Peng |21-23|, where
both wire characteristics [24,25] and functional devices [26,27]
have been demonstrated. Besides wire-like motifs, rings, double-
rings and [2]-catenane supramolecules have been realized based
on Au(l) acetylide building blocks [28—31].

With the exception of Fe [11] and Mn [13], the majority of the
aforementioned examples are based on 4d and 5d metals. Our
group is interested in expanding this class of compounds to include
3d metal based systems supported by tetra-azamacrocyclic ligands

* Corresponding author.
E-mail address: tren@purdue.edu (T. Ren).

https://doi.org/10.1016/j.jorganchem.2018.11.008
0022-328X/& 2018 Elsevier B.V. All rights reserved.
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[32—-38]. In addition to our efforts, alkynyl complexes supported by
cyclam (14,8,11-tetraazacyclotetradecane) have been explored by
other laboratories including Wagenknecht [39—42], Shores [43,44]
and Nishijo [45—49], and provide a promising framework for low
cost replacement for precious metal based materials. Although
metal complexes of C— and N-substituted tetra-azamacrocyclic li-
gands have received significant attention as catalysts for oxygen
activation and carbon dioxide reduction [50,51], the exploration of
alkynyl complexes remains limited [36,52—55].

While the synthesis of M(cyclam) is fairly expedient with M as
3d metals, the cyclam ligand is costly to procure and nontrivial to
synthesize. With C-substituted cyclam derivatives prepared from a
simple route |5G], the cost is significantly reduced. The synthesis
of these ligands and their complexes have been discussed in depth
by the laboratories of Curtis [56—58], Lloyd [59-61], and Hay
[62,63]. Notable among these are MPD (MPD = 5,12-dimethyl-7,14-
diphenyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene) and MPC
(MPC = 5,12-dimethyl-9,14-diphenyl-1,4,8,11-
tetraazacyclotetradecane) [57,60,63,64]. While most of the macro-
cycles in diene form were produced via Schiff base condensation
reaction of a singly protonated ethylenediamine and a vinyl ketone
|56], MPD can be formed simply by mixing ethylenediamine and
benzylideneacetone in ether over several days. Subsequent reduc-
tion of MPD using sodium borohydride yields MPC. Due to the wide
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availability of the reagents, both MPD and MPC can be produced on
any desired scale at low cost. Herein, we report the first examples of
alkynyl complexes based on the tetraazacyclotetradeca-4,11-diene
framework, complexes 2a and 3a (Scheme 1), and provide addi-
tional examples of allynyl complexes of C-substituted cyclam with
complexes 2b and 3b,

2. Results and discussion
2.1. Synthesis

The complexes [Co{MPD)Cl;|Cl (1a) and [Co(MPC)Clz|Cl (1b)
were synthesized using a procedure modified from the preparation
of [Co{cyclam)Cly|Cl [65]. Specifically, a methanolic solution of the
desired macrocyclic ligand with CoCleGH20 was sparged with
oxygen followed by the addition of HCl to yield the desired cobal-
t{11I) complex. Complex 1b is insoluble in water, allowing for the
removal of residual cobalt chloride with a water rinse to provide 1b
in 89% yield. Due to its solubility in water, complex 1a was extracted
using dichloromethane from the crude reaction mixture, and then
recrystallized with ether for a yield of ca. 70%.

From complexes 1a and 1b were prepared the mono-
phenylacetylide complexes, trans-[Co{MPD)(C;Ph)CI|CL (2a) and
trans-| Co(MPC)(C,Ph)CI|CL (2b) under weak base conditions in
ambient atmosphere, similar to the method developed by Shores
|43,44]. Specifically, complex 1a was reacted with excess phenyl-
acetylene in the presence of triethylamine under reflux for 24 h,
The crude reaction mixture was purified on silica to afford 2a in a
yield of ca. 20%, Complex 2b was similarly prepared from 1b and
purified in a yield of 54%. The low yield of 2a is likely due to the
hydrolysis of the imino bonds of MPD under basic conditions [66],
as well as the lability of the chloro ligand. It was noted in the
synthesis of 2b that the use of 5 equiv or more of phenylacetylene
led to the formation of the bis-phenylacetylide complex as a minor
product, and the yield of the bis-byproduct increases with equiva-
lency of phenylacetylide. The bis-phenylacetylide complexes,
[Co{MPD)(C,Ph)z]Cl {3a) and [Co(MPC)(CzPh),]Cl (3b), were pre-
pared from the reaction between a large excess of LiCGzPh and
complexes 1a or 1b, and purified over silica with a gradient of
dichloromethane and methanol in yields of 64% and 56%, respec-
tively, All complexes are diamagnetic, which is consistent with a
low spin Co(lll) center.

2.2. Molecuiar structures

Single crystals of X-ray quality were grown by slow diffusion of
diethyl ether into either a 1:1 mixture of acetonitrile and water (2a,
2b) or methanol (3a, 3b). The ORTEP plots for the complex cations
are shown in Figs. 14, and the selected geometric parameters are

Hy N‘ . Hy ‘V o Hy L
i A\ ii or iii \/
()~ ol |2 )
1a R=Cl 2a
C,Ph 3a

Scheme 1. Synthesis of Co{MPD] complexes 1a-3a. (1} 1 equiv CoClye6H,0, MeOH, 05,
excess HCI; (ii} 7 equiv. HCoPh, EtyN, MeOH, reflux, 24 h; (iii) excess LiCzPh, dry THF,
24 h. Co{MPC)-based complexes 1b-3b were similarly prepared.

Fig. 1. ORTEP plot of [2a]” at the 30% probability level. Hydrogen atoms, solvent
molecules, and Cl- counter ion were omitted for clarity.

Fig. 2. ORTEP plot of [2b]' at the 30% probability level. Hydrogen atoms, solvent
molecules, and CI™ counter ion were omitted for clarity.

Fig. 3. ORTEP plot of [3a]" at the 30% probability level. Hydrogen atoms, solvent
molecules, and CI™ counter ion were omitted for clarity.
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Fig. 4. ORTEP plot of [3b]" at the 30% probability level. Hydrogen atoms, solvent
molecules, and CI” counter ion were omitted for clarity.

2b A B

A
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A
3b

-06 -0.8 -1.0 -1.2 -14 -16 -18 -20 -22 -24
E (V) vs Fe/F¢©

Fig. 5. Cyclic voltammograms of 1.0 mM 2a, 2b, 3a, and 3b recorded in 0.1 M BusNPFs
MeCN solution at a scan rate of 0.10 Vfs.

listed in Table 1. Each unit cell contains one crystallographically
independent formula unit. All cations display a nearly linear
Cl—Co—C or C—Co—C linkage, which lies normal to the plane of the
coordinated nitrogen atoms, conforming to a pseudo-octahedral
geometry, The bis-alkynyl cations, [3a]t and [3b]™, are centro-
symmetric at the cobalt center, while the mono-alkynyl cations,
[2a]™ and [2b]|*, possess no crystallographic symmetry. Both
cyclam based complexes, 2b and 3b, hold the trans-11l conformation
that is ubiquitous in this class of compounds with no chiral varia-
tion at the methyl or phenyl sites (Figs. 2 and 4) |65]. Depending on
the orientation of phenyl groups, the M(MPD} complex may exist as
one of three possible stereo-isomers, namely (RR), (5S) and {RS)
forms, as shown in Scheme 2. The ring conformation differs among
stereo-isomers, with both (R,R) and (5.5) adopting a boat confor-
mation (Fig. 1) and (R,S) a chair conformation (Fig. 3), It is possible
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Table 1
Selected bond lengths and angles for [2a]t, [2b]*, [3a]" and [3b]*.
12a]" [2b]* [3a]" 13b]”

Co-NI1 1.978(4) 2.005(2) 1.980(1) 2.019(2)
Co—N2 1.945(3) 2.012(2) 1.947(1) 1.990(2)
Co—N3 1.971(4) 2.007(2) - -
Co-N4 1.932(3) 2.002(2) - -
Co—C1 2.329(1) 23115(6) - -
Co—C 1.876(5) 1.870(2) 1.943(1) 1.924(3)
c1-c2 1.202(7) 1.200(4) 1.212(2) 1.201(4)
Cl—Co—Cl 177.3(1) 175.19(7) - -
Co—C1-C2 172.5(4) 171.8(2) 176.6(1) 172.0(2)
C1-C2—C3 176.7(5) 174.6(3) 178.6(1) 178.8(3)

that the (RR), (5,5) isomers were lost in the purification of the
reduced form, MPC, hence those isomers are not seen in the
Co(lll)(MPC) complexes. A further source of isomerism is intro-
duced in mono-acetylide complexes, depending on which chloride
is displaced. Since the stereo-isomerism has minimal impact on the
electronic structures of the resultant Co complexes, isolation of
each of possible isomers was not pursued in this work.

X-ray structures of both the mono- and bis-phenyacetylide
complexes of Co(lll{cyclam), [Co{cyclam)(CyPh)Cl|™ and
[Co(cyclam)(CzPh)z]™, were reported by Shores [43]. Compared
with these structures, the addition of methyl and phenyl groups in
compound 2b causes an increase in Co—N bond length to 2.006 [2]
A from the 1.975 [2] A in [Co(cyclam){C2Ph)CI| ' [43]. Intuitively, the
o-donation of the nitrogen atoms should be increased with the
addition of electron rich substituents. Clearly, the lengthening of
the Co—N bonds in 2b is attributed to the steric effects of the added
C-substitutents. The Co—Cbond (1.870 (2) A) is shortened while the
Co—Cl bond (2.3115 (6) A) is lengthened compared to those of
Co(I)(cyclam) {Co—C 1.898 [2] A, Co—Cl 23089 [5] A). Similar
lengthening of Co—N (2.004 [2] A) and shortening of Co—C
(1.924(3) A) bond are observed for 3b from [Co(cyclam){CaPh),|*
(Co—N 1.983 [2] A, Co—C 2.001 [3] A) [43]. The strengthening of
Co—C bond has a pronounced effect on the electrochemical prop-
erties as discussed later. Structures of the diene-based complexes,
namely 2a and 3a, display substantial differences in bond lengths
from those of cyclam-based complexes, 2b and 3b. As shown in
Table 1, the w-accepting capahility and structurally smaller ring of
MPD shortens the Co—N bonds significantly, which also results in
the lengthening of the Co—C and Co—Cl bonds. The C1-C2 alkynyl
bond lengths exhibit little variation among the complexes studied,
ranging from 1.200 (4) A for 2b to 1.212(2) A for 3a, These bonds are
longer than those reported for the unsubstituted cyclam variant
[43], however they are consistent with other Co{IlI)(cyclam) com-
plexes reported from our laboratory [34,35,67,68].

2.3, Voltammeiric studies

Cyclic voltammograms of complexes 2a, 2b, 3a and 3b are
shown in Fig. 5, and the electrode potentials are listed in Table 2.
The overall characteristics are similar to those observed for related
Co(Ill){cyclam) based complexes [43,62]. Irreversible Co’ 2t (A)
and Co?V' (B) couples were observed for both mono complexes.
The cathodic shifts in potential from Co(IlI)}{MPC) to Co{lI[}{ MPD)
complexes are likely due to a stronger o-donation from MPD,
consistent with the trend noted from structural studies. The pres-
ence of a second phenylacetylide in the bis complexes further
shifts the reductions cathodically, so that only the Co3 2+ couple
can be observed within the solvent window. An irreversible
reduction for 3a is present at —1.83V, as noted previously for
[Co(cyclam)(CzPh)z] " [43]. Interestingly, 3b undergoes a quasi-
reversible reduction at —1.81V (AE,=63mV, ipafipc=0.70).
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Scheme 2. Stereo-isomers of M(MPD]. X;, X; = axial ligands. (R,S) and (5,R} are meso when X; = X..

Table 2
Reduction potentials [or 2a, 2h, 3a, and 3h.
Za 2b 3a 3b
Epe Co? 121 —1.44 139 ~1.83 —1.81
Epe Co?H1 1.89 1.74 - -

Though not observed in the cyclam analogue reported by Shores
[43], a reversible couple was detected for Co(llI)}{cyclam) bearing
both trifluoropropynyl [40] and pentafluorophenylacetylide ligands
[35]. The irreversibility in Co(lll)(cyclam) complexes is generally
associated with the dissociation of labile axial ligands from the
reduced Co(ll) center |35,40,69]. Sun and coworkers attributed
the reversibility of complexes with electron withdrawing ligands to
the m-accepting nature of the alkyne rather than the electron
density on the metal. These results indicate it is in fact the
electron density on the metal, or at least a combination of the two
factors, which leads to the reversible couple, Notably, the Co—C
bond length of 3b is comparable to the aforementioned complexes
([Co(cyclam)(CyCeFs)al ~ (1.926(3) A) [35]; [Co(cyclam)(CaCF3)y]
(1.917(4) A) |40]) without the use of electron withdrawing alkynyls.
It is apparent that the reduced g-donation from the macrocycle to
the metal allows for a stronger axial ligand bond in both the Co(lll)
and Co(ll) states. This improved stability is promising for the
possible future application of Co(IIIYMPC) to molecular wire type
devices and opens the possibility of stable Co(ll) complexes with
sufficiently electron withdrawing cyclam derivatives.

24. Electronic absorption spectra

Studies of electronic absorption spectra corroborate the findings
in previous sections. As shown in Fig. 6, the tighter binding of MPD
results in a greater HOMO-LUMO energy gap and a hypsochromic
shift in the absorption spectra. Consequently, the DMSO-dg; transi-
tion located at 463 nm for 2a is shifted to 499 nm for 2b. For
comparison, the DMSO-ds transition for [Co{cyclam)(CzPh)Cl|™ lies
between these compounds with its absorption band located at
486 nm (in THF) [43]. The bis-phenylacetylide complexes show
similar results with a bathochromic shift from MPD to cyclam and
then MPC (453nm in 3a, 475nm in 3b and 463nm in
[Co(cyclam){CyPh):] '; spectra in Fig. S1).

2.5. Electronic structures via DFT

In order to understand the electronic structures of Co{llI)(MPD)
alkynyl species and rationalize the geometric differences between
Co(lIN(MPD) and Co(llI)(MPC) species, density functional theory

{DFT) calculations were performed at the B3LYP/LANL2DZ level
using the Gaussian16 suite [70]. Calculated bond lengths and angles
are in agreement with the crystallographically determined pa-
rameters (Table $2). The computed contour plots and energy levels
for the frontier molecular orbitals are given in Fig. 7. Expanded plots
are given in Figs. S2-S5,

In complexes 2a and 3a, the X and Y axes approximately coin-
cide with the Co—N bonds. In such a setting, interactions hetween
the dy; orbitals and the 7 orbitals of the imino groups are clearly
displayed {Figs. 52, S4). For 2a the dy, dz», and dyy orbitals reside in
the HOMO, LUMO, and LUMO+1, respectively (Fig. S2). For 3a the
dy; lies in the LUMO+ 3, while the dy; and dyy lie in the HOMO and
LUMO, respectively {Fig. 54). Both complexes 2b and 3b have the
dy, dyay2. and dgz orbitals as the HOMO, LUMO, and LUMO-1,
respectively (Figs. 53, 55). It can be seen that the dy; and dy; orbitals
form planes bisecting Co—N bonds, which conforms to the
computational analysis in previous studies of related Co{lll)(cy-
clam) species [33—35,67—69]. The axial phenylacetylide groups are
major contributors to the frontier molecular orbitals, with anti-
bonding interactions to the dy; orbital in the HOMO of each com-
pound (Figs. S2-S5). The calculated HOMO-LUMO gaps for MPD
based complexes 2a and 3a are slightly larger than the corre-
sponding MPC complexes 2b and 3b, corroborating the hyp-
sochromic shift from MPD to MPC observed in the visible
absorption spectra (Fig. 6). The orbitals for the MPD compounds are
also higher in energy than MPC, as noted in voltammetric studies.

3. Conclusion

Cobale(1ll) complexes supported by a diene-macrocycle (MIPD,
1a-3a) and its cyclam derivative (MPC, 1b-3b) have been prepared
in yields ranging from 20 to 90%. Complexes 2a and 3a are the first
examples of metal acetylide complexes based on a 14,7,11-tetra-
azacyclotetradeca-4,11-diene type ligand. In comparison with
cobale(lll) cyclam complexes, complexes 2a and 3a display
enhanced Co(lll)-N bonding, which increases the HOMO-LUMO
energy gap and decreases axial ligand bond strength. On the
other hand, complexes 2b and 3b exhibit weaker Co—N bonding,
resulting in enhanced axial ligand strength. With stronger axial
ligand binding, pseudo-reversibility of the Co*** couple was
observed for 3b. The pseudo-reversible reduction observed in 3b
and Co(lll)(cyclam) complexes bearing electron-deficient axial li-
gands highlights the profound effect of changes in the macrocycle
on axial ligation. The ability of the C-substituted macrocycles to
support Co-acetylide complexes encourages further exploration of
similar chemistry based on other 3d metals, such as Cr, Fe and Ni, an
ongoing effort in our laboratory.
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Fig. 6. UV—vis spectra for 2a (red) and 2b (black) in MeCN. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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4. Experimental
4.1. Materials

Phenylacetylene was purchased from GFS chemicals.
Ce(ly-6H,0 and n-Buli were purchased from Aldrich. MPD [58] and
MPC [60] were prepared according to literature procedures.
Tetrahydrofuran was freshly distilled over sodium/benzophenone.
All lithiation reactions were carried out under Ny using standard
Schlenk techniques.

4.2. Physical measurements

UV—vis spectra were obtained with a JASCO V-670 spectro-
photometer. FT-IR spectra were measured as neat samples using a
JASCO FT/IR-6300 spectrometer equipped with an ATR accessory.
ESI-MS were analyzed on an Advion Expression Compact Mass
Spectrometer. Elemental Analysis was carried out by Atlantic Micro
Labs in Norcross, GA. Electrochemical analysis was done on a
CHIG20A voltammetric analyzer with a glassy carbon working
electrode (diameter =2 mm), a Pt-wire auxiliary electrode, and a
Ag/AgClreference electrode. The analyte concentration is 1.0 mM in
4ml dry acetonitrile with a 01M BwNPFg electrolyte
concentration.

4.3. Synthesis of [Co(MPD)CL;JCl 1a

A methanolic solution of CoCly-6H;0 (2.20 g, 9.24 mmol) with
MPD (3.00 g, 7.97 mmol} was sparged with O, for 1h before addi-
tion of 7 mL of 12 M HCL. Upon addition of HCl, the solution changed
from brown to green. The solution was allowed to sparge for 1 h
before being transferred to a petri dish and heated at 45 °C until
dry. The residue was taken up in CH,CL and filtered to give an
emerald green solution, which was recrystallized with ether. Yield:
3.03 g (70%, based on MPD).

4.4. Synthesis of [Co{MPC)CL,]Cl 1h

A methanolic solution of CoCl-6H,0 (0.640 g, 2.69 mmol} with
MPC {1.00 g, 2.63 mmol} was sparged with O for 1 h before addi-
tion of 4 mL of 12 M HCL. Upon addition of HCl, the solution changed
from red to green with precipitate forming. The solution was
allowed to sparge for 1h before the solvent was removed in vacuo.
The crude solid was sonicated in H,O before being filtered and
washed with Hz0, THF, and ether. The collected green powder was
dried under vacuum for 1.00g. The combined filtrate was beiled
down and allowed to cool producing an additional 0.28 g green
crystals. Yield: 1.28 g (89% based on MPC).

4.5. Synthesis of [Co(MPD)(C2Ph)CICI 2a

To a methanolic sclution of 1a (0.500 g, 0.923 mmol) was added
triethylamine (2.0mL, 14 mmol), followed by phenylacetylene
{1.01mL, 9.23 mmol}. The solution was allowed to reflux 24h. The
solvent was removed via rotary evaporation and the residue was
purified on silica gel with a gradient of CH,Cl,—MeQH. The
collected orange product was recrystallized in CH,Cl,—Et;0. Yield:
0.107 g, (20% based on Co). Data for 2a: ESI-MS (MeCN) 571-
[Co{MPDY C,Ph)Cl]™. Elem. Anal. Found (Calcd) for CapsHagN4Co-
Cl:01 ([2a]'H20-0.5CH2 (1) C, 58.47 (58.44); H, 6.05 (6.04); N, 8.58
(8.39). IR {em ') 2124 {C=C). UV—vis absorption spectrum (MeCN)
Amax DM {emax, Lmol am 1) 257 (38100), 463 (210).

4.6. Synthesis of [Co(MPC) C2Ph)ClICI 2b

To a methanolic solution of 1b {0.200 g, 0.366 mmol} was added
triethylamine (L.5mlL, 11 mmol), followed by phenylacetylene
{0.20mL, 1.8 mmeol). The selution was allowed to reflux 4h. The
solvent was removed via rotary evaporaticn and the residue was
purified on silica gel with a gradient of CH,Cl,—MeQH. The
collected red product was recrystallized in CH;Cl,—Et;0. Yield:
0.120¢g, (54% based on Co) Data for Zb: ESI-MS (MeCN} 575-
[Ca(MPC) C,Ph)Cl| ™. Elem. Anal. Found (Calcd) for CszHagNsCo-
Cl40 5 ([2b]-1.5H0-CH,CLy) C, 54.62 {54.79); H, 6.37 (6.41}; N, 7.85
(7.74). IR (cm 1) 2124 {C=C). UV—vis absorption spectrum (MeCN)
Amax MM (emax, L mol Tem 1): 256 (32900), 499 (132).

4.7. Synthesis of [Co(MPD)(C2Ph)zjC! 3a

A suspension of 1a (0.250 g, 0.461 mmol} in THF was combined
with a solution of LiCoPh (prepared from 4.6 mmol PhGH and
4.8 mmol n-Buli} in THF and allowed to stir 24 h. The flask was
opened to air and solvent was removed via rotary evaporation. The
residue was purified on silica gel with a CH,Cl,—MeOH gradient.
The solvent was removed and the remaining orange residue was
recrystallized with CH;ClL—Et,0. Yield: 0.200 g (64% based on Co).
Data for 3a: ESI-MS (MeCN) 637-[Co{MPD}C3Ph);]". Elem. Anal.
Found {Calcd) for CyHasN4iCoCls0; ([3a]-2H,0-CH,CLy) C, 61.83
(62.01); H, 6.19 (6.09); N, 7.31 (7.06). IR {cm ) 2100 (C=C). UV—vis
absorption spectrum (MeCN) Ap.x MM (252 L mol Tem 1) 263
{39700), 453 (191).

4.8. Synthesis of [Co(MPC)(C2Ph)2]Cl 3b

A suspension of 1b (130 mg, 0.238 mmol) in THF was combined
with a solution of LiC;Ph (prepared from 4.6 mmol PhGH and
4.8 mmel n-Buli) in THF and allowed to stir 24h. The flask was
opened to air and solvent was removed via rotary evaporation. The
residue was purified on silica gel with a CH,Cl,—MeOH gradient.
The solvent was removed and the remaining orange residue was
recrystallized with CH;Cl,—Et;0. Yield: 0.090 g (56% based on Co).
Data for 3b: ESI-MS (MeCN) 641-[Co(MPC) CyPh);]t. Elem. Anal.
Found (Calcd) for C405H48N4CoCl0g5 ([3b]-0.5H,0-0.5CH,CL) C,
66.24 (66.76); H, 6.70 (6.64); N, 7.74 (769}. IR {cm 1} 2111 (C=C).
UV—vis absorption spectrum (MeCN) Jmax MM (2max Lmol Tcm 1)
269 (50500), 475 (148).

4.9. Computational details

The geometries of 2a, 2b, 3a, and 3b in the ground state were
fully optimized from the crystal structures reported in this work
using the density functional method B3LYP (Beck’s three-
parameter hybrid functional using the Lee—Yang—Parr correlation
functional} and employing the LanL2DZ basis sets. The calculation
was accomplished by using the Gaussian03 program package
{Frisch, 2016 #189}.

4.10. X-ray crystallographic analysis

Single crystal X-ray data was collected on a Bruker AXS D8 Quest
CMOS diffractometer using MoKa (A=0.71073 A) radiation with
Apex3 software. Data was reduced using SAINT and structures were
solved with SHELXTL [71]. Refinement was performed with
SHELXL. ORTEP plots were produced using SHELXTL [71].
Notes
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ABSTRACT: Reported herein are the syntheses and character-
izations for a series of butadiyndiyl-bridged Co"'(MPC) (MPC =
5,12-dimethyl-7,14-diphenyl-1,4,8,11-tetraazacyclotetradecane)
complexes, capped with chloride ([1]**), phenylacetylide ([2]**), or
3,5-dichlorophenylacetylide ([3]*'). The MPC ligand was chosen to
weaken the ligand field around the equatorial plane, allowing
stronger axial coordination. Cyclic voltammetry measurement
revealed the first unambiguuus examp]es of stepwise one-electron
reductions in bridged Co{cyclam’) complexes (cyclam’ = any ligand
bearing the 1,4,8,11 tetraazacyclotetradecane framework). Further
voltammetric analysis using NBu,BArF (NBu,BArF = tetrabuty-
lammonium tetrakis[3,5-bis(trifluoromethyl}phenyl]borate) as elec-
trolyte resulted in well-separated reversible reduction waves with up

a

@Hrv
”Y)

cl

150 mV
separation

Reversible single
electron reductions

08 -10 -12 -l4 -16 -18 20 -22
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to 160 mV separation for [2]**. These features hint at the possibility of application of earth-abundant metal complexes to function as
molecular wires. These Eomplexes were also characterized with infrared and UV—vis spectroscopy, densjty functional theory

(BPh,),

calculations, and single-crystal X-ray diffraction ([1] only).

B INTRODUCTION

Following the seminal work on organometallic o-alkynyl
complexes by Nast and co-workers,"” considerable attention
has been given to the application of these compounds as
clectronic and optoclectronic materials due to their structural
rigidity and high degree of conjugation.]_“ In particular, the
use of metal alkynyls as the prototypical molecular wires has
been investigated by the laboratories of Launay, ™ Gladysz,”""
Halet,'"'? Rigaut,ls and Akita.'* Compounds exhibiting
extraordinary dcgrccs of electwn delocalization include those
of Fe,"® Mn,'® Ry, Ruz, and Re'? Though rare,
single-molecule cenductance has been measured for alkynyl
compounds of Pt,”> Ry, and Ru,,"®" and functional
devices have been fabricated as well.**™*

‘With the desire to use more earth-abundant elements and
cost-ctiicient resources, our recent efforts have focused on
cyclam complexes of 3d transition metals (cyclam = 1,4,8,11-
tetraazacyclotetradecane). Our work,"_‘q’SS along with those
from the laboratories of Shores, >’ Nishijo,‘ﬂ’xf"z and
Wagenknecht,™ ™** has significantly cxpanded the scope of
this previously underexplored ficld. While previous work on
dicobalt species bridged by oligoynes revealed the structural
features similar to highly delocalized Ru, compounds, their
voltammetric responses were not ideal. The dicobalt species
typically displays irreversible two-electron reductions, indicat-
ing localized charges on each cobalt center and chemical
instability upon reduction,™ ™" the latter of which is associated

& 2020 American Chemical Society

VACS Publications

with the labi]_ity of the axial chloro-/ a]kyny] ligands upon the
reduction of Co'"' center.

Reversible reduction of Co™(cyclam) complexes has been
achieved thus far only through the use of significantly electron-
withdrawing axial ligands, which are less labile on the reduced
Coll center, 104852 Recently, we reported that a Coll
complex of a C-substituted cylam, [Co(MPC)(C,Ph),]*
(MPC = 5,12-dimethyl-7,14-diphenyl-1,4,8,11-tetraazacyclote-
tradecane), displays a quasi-reversible reduction,™ in stark
contrast to the irreversible reduction displayed by [Co-
(cyclam){C,Ph),]"** Similar in effect to the use of electron-
withdrawing ligands, this change in voltammetric behavior is
achieved through the strengthening of the axial bonds, which is
the result of a weakened equatorial ligand field. Addition of
bulky phenyl groups to the cyclam skeleton appears to stiffen
the macrocyle, which results in significantly weakened Co—N
bonds and a net increase in positive charge density on the
metal, thereby allowing stronger Co—a-alkynyl bonds.

It is the goal of the present work to determine if the
increased electrochemical stability and axial ligand bond
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strength of Co"(MPC) complexes translate into discernible
electronic coupling between two cobalt centers bridged by an
oligoyne. To this end, a series of butadiyndiyl-bridged
complexes, [{Co(MPC)CI},(1-C,)]ClL, ([1]CL), [{Co-
(MPC)(C,Ph)L (u-Cy)]CL, ([2]CL), and [{Co(MPC)(Cy-
3,5-Cl-C¢Hy) }5(p-C,)]1CL  ([3]CL,), have been prepared
(Chart 1). The syntheses and characterizations of [1]*—
[3]*" will be discussed henceforth.

Chart 1. Structures of Complexes [1]CL,—[3]Cl,

20 [1]Cl: X=CI

oo

HN \NH N "H
% [3]Cly: X= c=

B RESULTS AND DISCUSSION

Synthesis. [Co(MPC)CL]Cl and 0.5 equiv of 1,4-bis-
(trimethylsilyl) butadiyne were refluxed in MeOH and Et;N for
24 h under N, and the crude product from the reaction was
purified on silica gel and recrystallized to afford [{Co(MPC)-
Cl},(p-C,)1CL ([1]CL) in 44% yield with [Co(MPC)CL]CI
and [Co(MPC)(C,H)CI]CI as the major byproducts.
Increased reaction time did not significantly increase the
ratio of product to starting material. The reactions between
[{Co(MPC)CL},(1-C,) ]Cly and excess LiC,Ar (prepared from
lithium diisopropylamide) at —78 °C, using standard Schlenk
techniques under nitrogen atmosphere, resulted in near
quantitative conversion to [{Co(MPC){(C,Ar)},(u-C,)]Cl,
with minimal scrambling of acetylides or undesired products
(Scheme 1). When alkynylation of [1]Cl, is performed at
room temperature, various mononuclear and dinuclear alkynyl
products of various combinations form, as determined by mass
spectrometry, and were not isolated or further characterized.
Compounds [2]Cl, and [3]Cl, were isolated in 68 and 52%
yields (based on [1]CL,), respectively.

Typical for strong-field Co(IT) species, complexes [1]CL,
[2]CL,, and [3]Cl, are diamagnetic and exhibit well behaved
'"H NMR spectra (Figures S6—S8). The UV—vis spectra
featured the d—d bands at 520 nm for [1]Cl,, 484 nm for

[2]Ch: X= c

[2]CL,, and 479 nm for [3]Cl,, and intense LMCT ([1]CL—
[3]CL) and #7—x* ([2]Cl, and [3]Cl,) bands in the UV region
(Figure $10). In spite of the Co—Co coupling detected in the
voltammetric study (see below), there is no significant feature
associated with intermetallic coupling in the absorption
spectra. The IR peaks between 2000-2100 ecm™, the window
for v{C=C), were barely discernible for [1]Cl, because of the
centro-symmetric nature of the butydiynyl bridge, but fairly
intense for [2]Cl, and [3]Cl, because of the contribution from
the capping aryl acetylides (Figure S11).

Molecular Structures. While X-ray quality single crystals
of [1]Cl, could not be obtained, single crystals of [1](BPh,),
were successfully grown. Suitable crystals for [2]*" and [3]**
could not be obtained despite many attempts with different
counterions and solvent combinations. The ORTEP plot for
[1](BPhy), is given in Figure 1, while additional experimental

Figure 1. Molecular structure of [1]>7 at 30% probability level
Hydrogen atoms and tetraphenylborate anions have been removed for
clarity.

and refinement details are given in Table S1. As with previous
Co'""(MPC) compounds, [1]** maintains the trans-1II
conformation of the macrocyclic ring with equatorial methyl
and phenyl substituents. The Co centers exhibit pscudo-
octahedral geometries with the four nitrogen members of the
macrocyclic ring forming the equatorial plane and alkynyl/
chloro ligands in the axial sites.

It was postulated in previous work that the long Co—N
bonds and shorter Co axial bonds were the result of replacing
cyclam with the MPC ligand.™ As shown in Table 1, this

structural feature remains true for [1]**, with the clongation of

Scheme 1. Synthetic Route to Prepare [1]Cl,, [2

@q cr 2ar

Hy NH 0.5 {TMS)C4(TMS) Hy
20 EtgN
cn-ﬁ--;c':f)-cl 2 cl-w c C—C_CN["\u/ J-c|
\ ) MeOH, reflux
HN Ny Ny, 24h || H H NH

Compound [1]Cl,

“Ar = CgHj or 3,5-Cl—C¢H;.

THF, -78° C, N,

]Cl,, and [3]CL,"

@w o

H H
C —'C_C C=i C"[%J‘C
[2]Cly: Ar = CgHs
[3]Cly: Ar = 3,5-CICgH;

4 LG,Ar
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Table 1. Comparison of Bond Lengths and Angles for [1]*
and [{Colcyclam)CT1,Ge-C )T (cyclam)

[1]? cyclam®
Co=N,,, 1.996[1] 1.977[3]
Co—Cl,y, 2.2978[5] 2.3137[11]
Col—C1 1.874(2) 1.878(4)
Co2—C4 1.875(2) 1.850(5)
Cl1-C2 1.211(2) 1.208{6)
C2—C3 1.376(2) 1.388(5)
C3-C4 1.209(2) 1.201(5)
Cl1-Col—-C1 178.92(5) 17725(13)
Cl2=Co2~C4 177.57(6) 177.49(12)
Col—-C1-C2 177.48(2) 170.1(4)
Co2—C4—C3 174.27(2) 169.3(4)

“Taken from ref 49.

Co—N bonds and shortening of Co axial bonds relative to
those of [{Co(cyclam)Cl},(u-C,)]*". Consequently, the
alkynyl C=C bonds are lengthened, and the C—C single
bond is shortened, indicating a small but discernible
contribution of the cumulenic resonance structure.
Voltammetric Studies. The Co"" couple of previously
studied [Co(MPC)(C,Ph),]' is quasi-reversible™ whereas
that of [Co(cyclam)(C,Ph),]" is irreversible.® The concurrent
weakening of MPC coordination and strengthening of axial
bonds have a clear impact on the electronics of the dicobalt
species, as shown by the cyclic voltammograms (CV) and
differential pulse voltammograms (DPV) of complexes [1]*—
[3]*" in Figure 2. Tn Co"(cyclam)-based complexes, the

0.8 0.4 0.0 -0.4 -0.8 -1.2 1.6 2.0 =24
E (V) vs Fe/Fe©
Figure 2. CVs (black, solid) and DPVs (blue, dashed) of 1.0 mM

[1]%, [2]*, and [3]* recorded in 0.1 M Bu,NPF; MeCN solution at
a scan rate of 0.10 V/s.

chloro ligand tends to dissociate upon reduction, resulting in
irreversibility of the Co"" redox couple.”> The CV of [1]*
shares this feature with two irreversible reductions at =1.39 V
(Co™™) and —1.76 V (Co™) and an irreversible oxidation at
0.52 V (Co™) (Table 2). The CV and DPV of [2]** are
substantially different from those of [{Co(cyclam)(C,Ph)},(u-
C,)]*".* The Co™™ couples are the only obscrvable reduction
events within the cathodic end of the solvent window, and are

Table 2. Reduction Potentials (V vs Fc”’“) for [1]*, [2]*,
and [3]*

E [ [2]* [3]*
L, 4+/2+ 052 056 0.64
E:,: 24/ 1+ —1.39 -179" -1.65"
L, 1+/0 -1.89" -1.74"
Eye 02— -176
E(2+/1+) (BAIE,,) -175 —1.66
E(1+/0) (BArFy,)° -191 —1.81

“Potential for a 2-electron 2+/0 process. "Determined from
deconvoluted DPV. “Determined using NBuyBArF electrolyte

123

both quasi-reversible and clearly two separated one electron
processes. The second reduction has a lower peak current than
the first, indicating a partial chemical degradation after the first
reduction. The oxidation (Co™"™") appears as a two-clectron
process at 0.56 V.

Compound [3]Cl; was prepared with the goal of increasing
the stabllity of the reduced state by combining the effects seen
trom electron-withdrawing ligands with the effect of the MPC
ligand. In this regard, [3]* is more electrochemically stable
than [2]*, with a larger return wave and absence of the
degradation peak around —0.55 V seen in the other two
compounds (Figure 2). The reduction peaks were found to be
separated by 0.09 V, located at —1.65 and —1.74 V, with the
second reduction being 90% the size of the first reduction
(Figure $4). The increased clectron-withdrawing cffect of the
3,5-dichloro substituents shifts the reduction of [3]** to a more
anodic value than that of [2]*, indicating the increased
clectron deficiency at the Co centers. While the enhanced
coordination of the 3,5-dichlorophenylacetylide ligand im-
proves stability of the reduced state, it also decreases the peak
separation of each reduction when compared to [2]>* (0.10 V
for [2]**, 0.09 V for [3]**), as was hypothesized in previous
works."™

The use of anions with low affinities for ion pairing as the
electrolyte has been proven to improve separation of single-
electron reductions in mixed valence compounds by
thermodynamically stabilizing the singly reduced state.”** In
order to improve the separation of the stepwise reduction
processes in [2]* and [3]*, NBu,BArF (NBu,BArF
tetrabutylammonium  tetrakis[3,5-bis(triflutoromethyl)phenyl]-
borate) was employed as the electrolyte in place of NBu,PF,,
using dichloromethane as a noncoordinating solvent. As shown
in Figure 3, the electrochemical stability of the singly reduced
states of both [2]** and [3]** in the cathodic window
improved significantly. For [2]**, the first and second redox
waves are well-defined at —1.69 and —1.85 V, respectively, and
the stability is much improved, judging from the equal currents
of each reduction in the DPV. For [3]%, the reduction couples
are more reversible than those of [2]*' with the first and
second couples at —1.62 and —1.77 V, respectively. Finally, the
well-resolved DPV waves allow for an unambiguous determi-
nation of the separation between the two stepwise one-electron
reductions as 160 mV for [2]*" and 150 mV [3]*.

Density Functional Theory (DFT) Calculations. To gain
further insight into the electronic structures, DFT calculations/
analysis were performed for complexes [1]*', [2]*', and [3]*".
In the absence of suitable crystal structures for [2]** and [3]%,
all DFT calculations were based on the molecular structure of
[1]** with appropriate modifications whenever necessary. The
frontier orbitals and energy levels for [1]*" and [2]* are

https://dx.dol.org/10.1021/a¢s.0rganomet.0c00183
Organometallics 2020, 39, 2019-2025
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i(A)

-12 -1.4 -L.6

E (V) vs Fe/Fe™

Figure 3. CVs (black, solid} and DPVs {blue, dashed) for 1 mM [2]*
(top) or [3]*"(bottom) recorded in 0.1 M Bu,BArF CH,Cl,
solutions.

displayed in Figure 4. Those of [3]>~ are given in Figure S5,
and relevant bonds lengths are given in Table S2.

Complexes [1]*, [2]*, and [3]*" share the same feature in
their LUMO—-LUMO+3, with the LUMQO and LUMO+!
consisting of the d,»_* orbitals and LUMO+2 and LUMO+3
consisting of the d_ orbitals. This feature is consistent with the
e, set of orbitals for a low-spin, pseudo-octahedral, d° Co't
center. The stabilization of d,>_, orbitals over the d orbitals is
clearly a manifestation of weaker ligand field in the xy plane
exerted by the MPC ligand. Tn contrast, the d orbitals
dominate the LUMO and LUMOQ+1 of [{Co(t,éfclam)Cl}g(,u-
C,)]*", which are 6%(Co axial ligand) in nature.”” Hence, while
the reduction of [{Co(cyclam)CI},(p-C)]?" is followed by the
dissociation of one of the axial ligands (likely CI7), the
reduction of [{Co(MPC)(C,Ar)},(p-C,)]** populates the
dz_y orbitals, which does not lead to the dissociation of
arylacetylide and thus enhances electrochemical reversibility.
However, the highest occupied orbitals in the MPC-based
complexes are similar to those of [{Co(cyclam)CI},(p-
C)J*" For [17*, the HOMO and HOMO-1 are the

mixtures of the d,_ and d,. orbitals with the #(C=C) orbitals
of the butadiyndiyl bridge. For [2]*~ and [3]*, the mixtures of
the d,. and d,. orbitals with the 2(C=C) orbitals of capping
arylacetylide ligands dominate the HOMO and HOMO-1,
while the mixtures of the d,. and d,, orbitals with the #(bridge)
orbitals result in the orbitals HOMO-2 and HOMO-3.
Although LUMO/LUMO+1 in [2]* and [3]* are the
localized d,_» orbitals with no obvious Co—Co interaction,
two Co™ centers can still engage in significant eclectronic
coupling manifested by the HOMO-2 and HOMO-3 via a
hole-transfer formalism outlined by Launay.”"

Bl CONCLUSION

A series of Co™ (MPC) alkynyl complexes have been prepared
in modest to high yields. The alkynyl-capped compounds [2]*
and [3]* are the first examples of cyclam-based complexes
which display unambiguous intermetallic coupling across an
oligoyne bridge. Furthermore, [2]*" is the first such cobalt
cyclam-derived complex to have a quasi-stable reduced state
without the use of electron-withdrawing axial ligands. These
properties are the result of weaker coordination of the MPC
ligand when compared to those of cyclam, which allows for
enhanced axial ligand binding. The combined effects of
electron-withdrawing arylacetylides and the weakened equato-
rial ligand field by the MPC ligand resulted in two reversible
one electron reductions in [3]*, a rarity in Co'l redox
chemistry. Compounds bearing more electron-deficient macro-
cyclic ligands that retain the steric bulk of MPC are being
developed in our laboratory to fully elaborate the effect of
LUMO engineering through the tuning of equatorial ligand
field strength.

2+

B EXPERIMENTAL SECTION

Materials. The synthesis for [Co(MPC)CL]Cl was described
previously.” 3,5-Dichlorophenylacetylene was prepared according to
a literature procedure.”® Bis(trimethylsilyl)butadiyne was purchased
from GFS Chemicals. n-BuLi was purchased from Aldrich. Lithium
diisopropylamide was prepared in situ by addition of n-BuLi to
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distilled diisopropylamine. All reagents were used as received.
Tetrahydrofuran was freshly distilled over sodium/benzophenone.
All lithiation reactions were carried out under N, using standard
Schlenk techniques.

Physical Measurements. "H NMR spectra were obtained with a
Varian Mercury300 NMR instrument, with chemical shifts {8)
referenced to the residual solvent signal (CHCl, at & = 7.26 ppm).
UV/vis spectra were obtained with a JASCO V-670 spectropho-
tometer. FT-IR spectra were measured as neat samples using a
JASCO FT/IR-6300 spectrometer equipped with an ATR accessory.
Electrospray mass spectra were obtained as electrospray in positive-
ion mode with the aid of an Advion Expression Compact Mass
Spectrometer. Elemental analysis was carried out by Atlantic Micro
Laboratories in Norcross, GA. Electrochemical analysis was done on a
CHI620A voltammetric analyzer with a glassy carbon working
electrode (diameter = 2 mm), a Pt-wire auxiliary electrode, and a
Ag/AgCl reference electrode. The analyte concentration is 1.0 mM in
4 mL of dry acetonitrile with a 0.1 M Bu/NPF; electrolyte
concentration, unless otherwise stated.

Synthesis of [{Co(MPC)Cl},(-CICI, ([11C1,). To a methanolic
solution of [Co(MPC)CL]Cl (1.00 g, L8 mmol) was added
triethylamine (5.0 mL, 36 mmol), followed by a THF solution of
Dbis(trimethylsilyl)butadiyne (0.188 g, 0.967 mmol). The solution was
allowed to reflux for 24 h as the color turned from green to orange to
red. The solvent was removed via rotary evaporation, and the residue
was purified on silica gel with a gradient of CH,Cl,-MeOH, gradually
proceeding from pure CH,CL, to a 9:1 ratio of CH,Cl, to MeOH.
The collected red product was recrystallized from CH,Cl-Et,O.
Yield: 0.435 g, (44% based on Co). ESI-MS (MeCN): 498
[{Co(MPC)Cl}, (4-C,)]**. Elem. Anal. for CgHgNg0Q,Co,Clg
([1]CL-2H,0-2CH,CL): caled C 50.88, H 632, N 879. Found C
50.54, H 6.64, N 8.91. '"H NMR (CDCl, &): 829 (br, 2 H, NH),
7.60—7.10 (m, 20 H, ArH), 6.12 (br, 2 H, NH), 5.57 (br, 2 H, NH),
4.44 (m, 2 H, CH), 4.23 (m, 4 H, CH,), 3.74 (m, 2 H), 3.58 (br, 2 H,
NH), 3.37 (m, 2 H), 3.11 (m, 6 H), 2.79 (m, 4 H), 2.27 {(m, 6 H),
1.99 (dd, 2 H), 1.83 (m, 4 H), 148 (d, 6 H, CH,), 1.35 (d, 6 H,
CH,) ppm. UV—vis spectra, Ay (nm, & (M™" cm™)): 207 (66 000),
233 (74 000), 350 (3100), 520 (380).

Synthesis of [{Co(MPC)(C,Ph)},(u-C)ICI; ([21CL,). A solution of
[1]CL, (83 mg, 0.078 mmol) in THF was combined with a solution of
Li-phenylacetylide {prepared from 0.36 mmol phenylacetylene and
0.50 mmol LDA) in THF at —78 °C. This was allowed to warm to
room temperature and stirred 12 h before quenching with air and
removal of solvent via rotary evaporation. The residue was purified on
silica gel with a 18:1 ratio of CH,Cl,:MeOH. The collected orange
fraction was recrystallized from CH,ClL-Et,0, yielding 63 mg (68%
based on Co). ESI-MS {MeCN): 564 [{Co(MPC){C,Ph},(4-C,)]*".
Elem. Anal. for Cj; sHggN:Co,Cly {[2]CL-3.5CH,CL): caled C 57.35,
H 5.99, N 7.48. Found C 57.17, H 5.99, N 7.48. "H NMR (CDCl,
5): 8.29 (br, 2 H, NH), 7.65—-7.05 (m, 30 H, ArH), 549 (br, 2 H,
NH), 491 (br, 2 H, NH), 422 (m, 4 H), 4.00 {t, 2 H), 3.62 (br, 2 H,
NH), 3.41 (m, 4 H), 3.02 (m, 6 H), 2.86 (m, 2 H), 2.65-2.05 (m, 8§
H), 1.94 (dd, 2 H), 1.72 (m, 4 H), 142 (4, 6 H, CH,), 1.37 (d, 6 H,
CH,) ppm. UV—vis spectra, Ay, (nm, & (M~ cm™)): 224 (92 000),
260 (74 000), 349 (2,700), 484 (340).

Synthesis of [{Co(MPC)(3,5-CIC,Ph)L(u-C)ICI, (31CL). A
solution of [1]Cl, (86 mg, 0.080 mmol) in THF was combined
with a solution of Li-3,5-dichlorophenylacetylide (prepared from 0.36
mmol of 3,5-dichlorophenylacetylene and 0.50 mmol of LDA) in
THEF at —78 °C. This was allowed to warm to room temperature and
stirred for 12 h before quenching with air and removal of solvent via
rotary evaporation. The residue was purified on silica gel with a 24:1
ratio of CH,CL—MeOH. The collected orange fraction was
recrystallized from CH,Cl,/Et,0, yielding 56 mg (52% based on
Co). ESLMS (MeCN): 633 [{Co(MPC)(3,5-CIC,Ph)}.(-C,)]>.
Elem. Anal for CeoHgN01Co,Cly ([3]CL-H,0-CH,CL): caled C
57.52, H 574, N 7.77. Found C $7.34, H 5.89, N 7.51. '"H NMR
(CDCL, 8): 7.99 {br, 2 H, NH), 7.80—7.00 {m, 26 H, ArH), 5.57 (br,
2 H, NH), 4.84 (br, 2 H, NH), 422 (t, 2 H), 4.09 {m, 2 H), 3.85 (1,2
H), 3.70—3.20 (m, 6 H), 3.15-2.85 (m, 6 H), 2.68—2.28 {(m, 6 H),

2.17 (m, 4 H), 1.94 (dd, 2 H), 1.74 (m, 4 H), 1.40 (m, 12 H, CH;)
ppm. UV—vis spectra, Ay, {nm, & (M™! cm™)): 226 (100 000), 279
(62 000), 349 (2500), 479 (320).

Computational Details. The geometries of [1]*, [2]*, and
[3]" in the ground states were fully optimized based on the crystal
structure of [1](BPh,),. Both [2]** and [3]** had the additional
ligands manually edited without changing the rest of the structure.
The density functional method B3LYP (Beck's three-parameter
hybrid functional using the Lee—Yang—Parr correlation functional)®’
was used for calculations with the def2-TZVP basis set used for
cobalt, and the def2-SVP basis set was used for all other atoms.*® The
calculation was accomplished by using the Gaussianlé program
package.s9

X-ray Crystallographic Analysis. Single-crystal X-ray data was
collected on a Bruker AXS D8 Quest CMOS diffractometer using Mo
Ko (1 = 0.71073 A) radiation with Apex3 software.®” Data was
reduced using SAINT® and structures were solved with SHELXTL.”"
Refinement was performed with SHELXL.** ORTEP plots were
produced using SHELXTL.®
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Ni" Complexes of C-Substituted Cyclam as Efficient Catalysts for

Reduction of CO, to CO

Brandon L. Mash,®! Adharsh Raghavan,® and Tong Ren*!?

Abstract: Two new nickel(ll) complexes of cyclams bearing  both 1 and 2 in 20 % aqueous acetonitrile. Cyclic voltammetry

C-alkyl groups, Ni{(MEC)OTf, (1, MEC = 5,12-diethyl-7,14-di-  studies of 1 and 2 under CO, in 20 % aqueous acetonitrile re-

methyl-1,4,8,11-tetraazacyclotetradecane) and Ni(CTMC)OTf; (2,  vealed significantly increased catalytic currents compared to

CTMC = 5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclotetradec-  previously studied Ni'(cyclam) and Ni"(MPC). Controlled poten-

ane), were prepared, and their similarity to Ni'(MPC) (MPC = tial electrolysis studies of 2 revealed a 250 % increase in CO

5,12-dimethyl-7,14-diphenyl-1,4,8,11-tetraazacyclotetradecane)  turn over frequency from that of Ni(cyclam)OTf, and a 40 %

in ring conformation was revealed through single-crystal X-ray  increase from that of Ni(MPC)OTf,. Such improvements estab-

diffraction studies. Solution electronic absorption spectroscopy  lish the benefit of electronically donating substituents that min-

\mdicates the retention of octahedral coordination mode for  imize steric interference around the axial catalytic sites, Y.

Introduction

Conversion of CO, to carbon fuel sources using solar energy is
one of the grand challenges in renewable sciences and technol-
ogy.""* In addition to generating the reducing equivalent (elec-
trons) through water oxidation, efficient and robust catalysts for
CO, reduction has been a bottleneck.!”! Efficacy in promoting
CO, reduction to CO and formate has been demonstrated for
many transition-metal complexes. Heavy/precious metal active
sites are often involved, such as Re, Ru,”® Ir/® or Pd,"’ and
these catalysts often exhibit low tolerance to aqueous condi-
tions, preferentially producing H, in these cases. Hence, CO,
reduction/activation by 3d metal-based catalysts has received
intense interest. Among noteworthy examples of homogeneous
catalysts are Fe-tetraphenylporphyrin and derivatives by Save-
ant and co-workers,'® selective reduction of CO, to formate us-
ing [Fe;N(CO),,]" by Berben and co-workers,”! and reduction of
CO, to methanol by borane with Ni and Fe pincer complexes
by Guan and co-workers."” Li and co-workers reported photo-
reduction of CO, to CO catalyzed by molecular Co complexes
immobilized on solid support.!'" Lu and co-workers reported
several examples of Cu complexes as photoelectron-catalysts
for CO, reduction in agueous solution.!'?!

Among the earth-abundant transition-metal catalysts,
Ni'"(cyclam) (cyclam = 1,4,8,11-tetraazacyclotetradecane) is one
of the most active in producing CO from CO, and compares
favorably even with its 4"- and 5*"-row organometallic compet-
itors.l*] Furthermore, Ni''(cyclam) and many of its derivatives dis-
play selective production of CO over H, even under purely

[a]l Department of Chemistry, Purdue University,
560 Oval Drive, West Lafayette, IN 47906, USA
E-mail: tren@purdue.edu
www.chem.purdue.edu/tren/
= Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under https://doi.org/10.1002/ejic.201801198.

Eur. J. Inorg. Chem. 2019, 2065-2070 Wiley Online Library

aqueous conditions, with the bulk of studies performed with a
Hg working electrode.!'?l Nevertheless, early observations by
Fujihira and co-workers that a catalytic wave can indeed be
observed at a glassy carbon electrode!' reveals the promise
of carbon electrode as an environmentally benign surrogate.
Through controlled-potential electrolysis, Kubiak and co-work-
ers recently verified that CO is the major electrolysis product in
Ni'{cyclam) catalyzed CO, reaction.”*! Seeking more robust and
efficient catalysts, our laboratory recently reported the prepara-
tion of three new nickel(ll) complexes of cyclams bearing C-
aryl substituents, and demonstrated that of the new complexes,
Ni'"{MPC) is significantly more efficient than Ni'(cyclam) in re-
ducing CO, to CO under the same conditions.!'® We postulate
that the improved catalytic ability results from the increased
electron-donor ability of the aryl functionalized cyclam ring,
and that it can be further improved through reduction of the
steric interference of the substituents with the active catalytic
site, To test this hypothesis, we set out to develop catalysts with
similar electron-donating C-substituents while minimizing their
size. Reported in this contribution is our effort in synthesizing

/\(\(—‘ 20Tf —‘ 20Tf

:

NH HN NH HN
N/ N/
Ni Ni
/N VAN
Ni(MEC)OTf, Ni(CTMC)OTT,

Figure 1. Structures of Ni(MEC)OTf, (1) and Ni{CTMC)OTT, (2). See discussion
below regarding axial coordination.
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Scheme 1. Preparation of L (L = MEC or CTMC), [Ni"(L)1C1, and Ni'(L)(OTf),. Axial coordination is solvent dependent.

two nickel{ll} complexes of cyclams bearing C-alkyl substituents,
namely Ni'"{MEC) and Ni'"CTMC) (Figure 1), and studying their
proficiency in reducing CO, through both cyclic voltammetry
and controlled potential electrolysis (CPE).

Results and Discussion

Synthesis

As shown in Scheme 1, the preparation of the precursor MED
(5,12-diethyl-7,14-dimethyl-1,4,8,11-tetraazacyclotetradeca-
4,11-diene) follows that reported by Hay and co-workers:'"! a
proton-templated condensation between ethylenediamine and
4-hexen-3-one (1:1) in the presence of one equiv. of HCIO, re-
sulted in [H,MED](CIO,), as a white microcrystalline material
(66 %). [HMEDI{CIO4), was reduced by NaBH, to yield MEC
(> 90 %). The reaction between free base MEC and NiCl, re-
sulted in [NI(MEC)ICI; as a light pink crystalline solid in 71 %
yield, and [NI{MEC)ICI, was converted to [Ni{MEC}I{OTf), (1)
quantitatively upon reaction with triflic acid. The preparation of
[HCTMDI(CIOL),, CTMC (97 % yield), Ni({CTMC)Cl, (75 %), and
[NI{CTMC)IOTS, (2, 66 %) follow an identical protocol.

Molecular Structures

X-ray quality single crystals of Ni{MECHCTf), (1) and
[NI{CTMC)(H,0),1(0Tf), were grown via slow diffusion of Et,0
into a H,O-MeCN (v/v, 1:4) solution of 1 and MeCH solution of
2, respectively. Molecular structures of 1 and [2]** along with
some selected bond lengths are provided in Figure 2a and Fig-
ure 3, respectively, Interestingly, the cyclam frameworks of
NI"(MEC) and Ni'™{CTMC) overlap perfectly with that of Ni'(MPC)
as shown in Figure 2b, indicating identical ring conformations.
This is an important feature, as the ring conformation is a key
parameter in the efficacy of carbon dioxide reduction."® Previ-
ous results indicate that cis-coordination geometry or boat-
shaped ring conformation reduces the catalytic capacity of the
complexes. In addition to the identity in ring conformation, the
Ni-N bond lengths in both complexes 1 and [2]?* are about
the same as those of Ni"(MPC) [Ni-N1, 2.093(2) A; Ni-N2,
2.080(2) AJ, despite the change in the donor strength of macro-
cycles that stems from the replacement of aryls in MPC with
alkyls in MEC and CTMC.

Eur. J. Inorg. Chem. 2019, 2065-2070 www.eurjic.org

¢

Figure 2. (a, top) Molecular structure of 1 at 30% probability level. Hydrogen
atoms have been removed for darity. Selected bond lengths [Al: Nil-N1,
2.0880(7); NiT-N2, 2.0802(7); Ni1-01, 2.1742(7). (b, bottom) Overlay of cyclam
tings of 1 (red) and [Ni(MPO(MeCN), 12+ (grey).

UV/Vis Spectroscopic Analysis

Having established the pseudo-octahedral coordination geom-
etry for both 1 and [2]** in solid state, we endeavored to study
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Figure 3. Molecular structure of [2]** at 30 % probability level. Hydrogen
atoms and the two triflate counterions have been removed for clarity. Se-
lected bond lengths [A]: NiT-N1, 2.088(2); Ni1-N2, 2.095(2); Ni1-O1, 2.149(2).

the solution geometry of these complexes based on visible-
light absorption spectroscopy. In solution, Ni(tetraamine) spe-
cies may exist in a spin-state equilibrium between the diamag-
netic square-planar geometry and the octahedral paramagnetic
geometry, with the population of each state being affected by
factors such as solvent and counterion.'” UV/Vis absorption
spectra were collected for complexes 1 and 2 in a 20 % aque-
ous MeCN solution (Figure 4), the same solvent conditions as
those used in subsequent voltammetric studies. As expected
from their appearance as purple solids, complexes 1 and 2 dis-
play nearly identical absorption spectra in 20 % aqueous aceto-
nitrile. Similar to the case of Ni'(MPC), the feature of the visible
region is dominated by a weak d-d band around 330 nm, and
a slightly weaker d-d band around 500 nm, both of which are
indicative of an octahedral, high-spin species. An even weaker
unassigned band is present around 690 nm. Similar absorption
spectra were obtained in dichloromethane and neat acetonitrile
for both complexes, revealing the retention of octahedral ge-
ometry. Cutiously, while the spectrum of 1 in methanol retains
octahedral characteristics, the methanolic solution of 2 is red,
and displays a sharp d-d transition at 466 nm, while the above-
mentioned d-d bands fade (Figure 5), thus indicating the domi-
nance of the square planar form.

Solution Voltammetry

As shown in Figure 6a, the cyclic voltammograms of 1, 2 and
Ni"(MPC) recorded in aqueous acetonitrile are nearly identical
under Ar. Each complex displays a reversible one-electron re-
duction as well as a reversible one electron oxidation (See sup-
porting information for anodic CVs), which are assigned as the
Ni(+1/42) and Ni(+3/42) couples, respectively. The Ni{+1/42)
couples for 1 (-1.81 V vs. Fc} and 2 (-1.80 V vs. Fc) are slightly
cathodically shifted from Ni"(MPC) (-1.78 V vs. Fc), presumably
due to the less electron-donating substituents in the latter.
While the cyclic voltammograms of 1, 2 and Ni'(MPC) under
Ar are nearly identical, the CVs. recorded under CO, are quite
different (Figure 6b). They all share the common features of the
loss of reversibility for the Ni(+1/42) couple, significant increase
in current and the growth of an additional reduction peak at
more negative potentials. These features are indicative of cata-
lytic reduction of CO,.1"®! Furthermore, while the catalytic cur-
rents at —1.76 V are about the same for 1 (56 pA) and Ni'(MPC)
(49 pA), it is nearly doubled for 2 (96 pA). Clearly, the decrease

Eur. J. Inorg. Chem. 2019, 2065-2070 www.eurjic.org
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Figure 4. U¥/Vis absorption spectra of 1 (red) and 2 (blue) in 20 % aqueous
MeCN.

60
——20% Aq MeCN
MeOH

50

40

30 o

& (M'em™)

20 4

T
400 600 800
X (nm)

Figure 5. UV/Vis absorption spectra of 2 in 20 % Aq. MeCN (blue) and MeOH
(green).

in the steric bulk of C-substituents results in a noticeable in-
crease in catalytic efficiency.

Controlled Potential Electrolysis

The improved catalytic currents of 1 and 2 compared to
NI"(MPC) prompted further examination of their catalytic profi-
ciency through controlled potential electrolysis (CPE) experi-
ments, which allow for the establishment of the composition
of reduction products through headspace analysis and ensuing
estimation of Faradaic efficiency and catalytic turnover. The
conditions of CPE experiments were identical to those de-
scribed in our previous report,!'! except for a AgC| coated silver
wire being used as the reference electrode in place of a Ag wire
pseudoreference electrode. The potential for each experiment
was held at a constant -1.76 V vs. F¢/Fc*, which is slightly more
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Figure 6. (a, top) Cyclic voltammograms of 1.0 mm solutions of 1 (red), 2
(blue), and NiMPQ(OT(), (black) recorded in a 0.08 m solution of BuyNPF, in
20 9% aqueous MeCN on glassy carbon working electrode, purged with Ar;
(b) Cydic voltammograms of 1 (red), 2 (blue), and Ni(MPO(OTE), (black)
purged with CO,.

positive than Ni(+1/+2) couples for each complex under CO,.
Each experiment was performed with 0.5 mm catalyst in 20 mL
of solution. Similar to our previous work, the headspace was
sampled after 30 minutes of electrolysis and injected into a gas
chromatograph with a thermal conductivity detector {GC-TCD)
to quantify the gaseous products. The gaseous products for
1, 2, Ni(MPQ)OTf, and Nilcyclam)OTf, as well as their catalytic
efficiencies are reported in Table 1.

The selected electrolysis potential resulted in lower FE but
higher TOF for Ni'(MPC) and Ni'(cyclam) compared to our previ-
ous report.'8! While each experiment showed significant and
highly variable H, production, a catalyst-free CPE experiment
revealed that the H, production is mostly due to the back-
ground current instead of the catalysts. In accordance with cy-
clic voltammetry studies, compound 2 showed both the highest
TOF (15.2 h™") and FE (66 %) for the production of CO. Com-
pound 2 is closely followed by 1 in each category (TOF:

Eur. J. Inorg. Chem. 2019, 2065-2070 www.eurjic.org

14.5 h™1, FE: 57 %), while Ni(MPC)OTf, held a lower TOF (TOF:
11.0 h™', FE: 52 %). In agreement with our previous work, all
catalysts outperformed Ni'{cyclam) substantially (TOF: 44 h7',
FE: 35 %) under the same conditions. These results follow a
clear trend of increasing catalytic ability with reduction in steric
bulk of the electronically donating carbon substituents. With
identical conformations and axial ligand behavior in solution,
the importance of easily accessible axial catalytic sites is high-
lighted.

Conclusions

Both Ni(MEC)OTF, (1) and Ni{CTMC)OT, (2) show significantly
improved catalytic current for CO, reduction as opposed to
Ni”(cyclam) and 2 displayed double the current of our previ-
ously reported Ni{MPC}CTf,. Controlled potential electrolysis re-
vealed CO turnover frequencies of 14.5 and 15.2 h™' for 1 and
2, respectively. This significant increase from Ni(MPC)OTf,
(11.0 h™") and Ni{cyclam)OTf, (4.4 h™") is attributed to the use
of electronically donating alkyl substituents without the steric
interference around the axial catalytic sites of the phenyl
groups present in Ni{MPC)OTf,. The necessity of the trans-Ill
conformation of the cyclam framework is highlighted by com-
parison of the molecular structures of 1 and 2 with that of
Ni{MPC)OTf,. The results of this work may allow for further de-
velopment of cyclam-like ligands to improve catalytic activity
for the conversion of CO, to CO.

Experimental Section

Materials: The ketone precursor for [H,MED](CIO,)> was purchased
from Sigma-Aldrich and the precursor for [H,CTMDI(CIO,), was
purchased from Arctom Chemicals. 5,12-diethyl-7,14-dimethyl-
1,4,8,11-tetraazacyclotetradeca-4,11-diene  and  57,12,14-tetra-
methyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene dihydroperchlor-
ate were prepared according to literature procedures.'”?% All rea-
gents were used as received.

Physical Measurements: 'H NMR spectra were obtained with a
Varian Mercury300 NMR instrument, with chemical shifts (8) refer-
enced to the residual solvent signal (CHCl; at 6 = 7.26 ppm). UV/
Vis spectra were obtained with a JASCO V-670 spectrophotometer.
Gas chromatography data were collected on an Agilent 7890A in-
strument with a thermal conductivity detector (TCD) and an HP-
Molsieves column (length = 30 m, diameter = 0.320 mm, film =
12.0 pum). Electrospray mass spectra were obtained as electrospray
in positive-ion mode with the aid of an Advion Expression Compact
Mass Spectrometer. Cyclic voltammegrams were recorded at a scan
rate of 100 mVs™' on a CHI620A voltammetric analyzer with a
glassy carbon working electrode (diameter = 2 mm, area =
0.0314 cm?), a Pt-wire auxiliary electrode and a Ag/AgCl wire refer-
ence electrode. Potentials were referenced to a ferrocene internal
standard added to the solution. Controlled-potential electrolyses
were performed with a CHI620A voltammetric analyzer with a Duo-
cel reticulated vitreous carbon disc (porosity = 100 ppi, diameter =
200 mm, thickness = 5 mm) as the working electrode, a graphite
rod auxillary electrode, and an Ag/AgCl reference electrode. The
concentration of analyte is always 1.0 mwm for cyclic voltammetry
experiments and 0.5 mm for bulk electrolysis experiments.
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Table 1. CPE data for 1, 2, Ni'tMPQ), Ni'(cyclam), and catalyst-free experiments.?!

QQ TON, CO TON, H, TOF [h71], CO TOF [h'] H, FE. CO %) FE, H, [%] pmeol <O pmol H,

1 24.2 73+04 21 £09 145 4.2 57+2 16+7 72 21
2 223 77£03 1707 15.2 3.4 6o+ 1 156 77 17
Ni(MPC)™* 20.6 55 1.0 1.0 2.0 52 10 55 10
Ni(cyclam)?* 12.2 2.2 24 4.4 4.7 35 38 22 24
blank 75 - - - - 3 00 1 23

[a] Performed in COssaturated solutions of 20 % aqueous MeCN with 0.08 m NBu,PF; data for 1 and 2 reported as the averages of 2 trials; all other data
reported from a single trial: solutions were electrolyzed for 30 min and headspace gases were analyzed via GC-TCD. Q = total charge passed, faradaic

charge to form preduct

efficiency (FE) = , turnover number (TON) =

total charge passed

5,12-Diethyl-7,14-dimethyl-1,4,8,11-tetraazacydotetradecane
(MEC): 5,12-Diethyl-7,14-dimethyl-1,4,8,11-tetraazacyclotetradeca-
4,11-diene diperchlorate (1.00 g, 2.07 mmoly was suspended in
50 mL of MeOH. NaBH, (0400 g, 10.6 mol) was added in small
portions and stirred for 3 h at 45 °C, causing the solid to dissolve
slowly in the effervescent selution. The solvent was removed under
reduced pressure and an aqueous sclution of 2 M KOH was added.
The product was extracted with CH,Cls, dried with Na;50, and fil-
tered. Solvent was removed undler reduced pressure leaving white
crystalline solid. Yield: 0.544 g, 92 %. ESI-MS (CH,Cl,): 285.4 [MEC +
H*T*. "TH NMR (CDCls, 8): 3.04-2.21 (m, 16 H, CH, CH,), 1.60-1.17 (m,
8 H, NH, CH,), 1.01 (d, 6 H, CHJ), 0.80 (m, 6 H, CH3) ppm.

5,7,12,14-Tetramethyl-1,4,8,11-tetraazacyclotetradecane
(CTMC): 5,7,12,14-Tetramethyl-1,4,8,1 1-tetraazacyclotetradeca-4,11-
diene diperchlorate (2.00 g, 441 mmel) was suspended in 50 mL of
MeOH. NaBH,4 (0.835 ¢, 22.1 mol) was added in small portions and
stirred for 3 h at 45 °C, causing the solid to dissolve slowly in the
effervescent solution. The solvent was removed under reduced
pressure and an aqueous selution of 2 m KOH was added. The prod-
uct was extracted with CH,Cl,, dried with Na,S0, and filtered. Sol-
vent was removed under reduced pressure leaving white crystalline
solid. Yield: 1.10 g, 97 %. ESI-MS (CH5Cly): 257.4 [CTMC + H'IT". 'H
NMR (CDCly, 8): 3.00 (m, 2 H, CH,), 2.76 (m, 8 H, CH, CH,), 2.31 (m,
6 H, NH, CH,), 1.49 (m, 2 H, CH,), 1.29 (m, 2 H, CH,), 1.02 (m, 12 H,
CHa) ppm.

Ni(MEC)Cl: MEC (0.300 g, 1.06 mmol) was dissolved in 20 mL of
MeOH. A methanolic solution of NiCl-6H,0 (0.261 g, 1.11 mmol)
was added and the solution immediately turned purple. The selu-
tion was heated for 30 min before adding ether to produce purple
solid. The solid was collected, washed with diethyl ether, and dried
under vacuum. Yield: 0.308 g, 71 % based on MEC,

Ni{MEC){OTf); (1): Ni(MEC)Cl, (0.308 g, 0.897 mmol) was dissolved
in = 5 mL of triflic acid, producing an purple solution. This was
allowed to stir 12 hours with a stream of N, bubbling through the
solutien into an aquecus KOH trap. Et,O was then added producing
a purple solid, which was collected by filtration, washed with di-
ethyl ether, and dried under vacuum. Yield: 0.397 g, 97 %. ESI-MS
(CH,Cly): 532.5 [NHMECHOTI™; 3414 [Ni(MEC) - H™1". Anal. for
CigHagFsN4NiOsS; (INI(MECQIOTH,}: caled. C 33.71, H 566, N 8.74;
found C 33.71, H 5.84, N 8.74.

Ni{CTMC)Cl,: CTMC (0.500 g, 1.95 mmol) was dissolved in 20 mL
of MeOH. A methanolic solution of NiCl»6H,0 (0.463 g, 1.95 mmol)
was added and the solution turned cloudy with a red/green hue.
The selution was allowed to stir overnight, over which time purple
crystals formed. This was filtered and collected. The solvent was
removed from the red filtrate under reduced pressure leaving red/
yellow residue. Upon addition of CH,Cly, the solid turned purple
and a light purple solution formed. This was sonicated and filtered.

Eur. J. Inorg. Chem. 2019, 2065-2070 www.eurjic.org

mol product

: turnover frequency (TOF) = E

mal catalyst’ time

This process was repeated and all collected selid was combined.
Yield: 0.638 g, 75 %.

Ni{CTMCHOTH), (2): Ni(CTMC)Cl, (0.380 g, 0.984 mmol) was dis-
solved in = 7 mL of triflic acid, preducing an orange solution. The
solution was stirred for 12 h with a stream of N, bubbling through
the solution into an aqueous KOH trap. Addition of Et,0 to the
solution produced a purple solid, which was collected and washed
with diethyl ether. Yield: 0.397 g, 66 %. ESI-MS (CH,Cly): 463.4
[NI(CTMO(OTHIY; 313.3 INIIMEC) H'I*. Anal. for CisHaaFsNaNiOsS;
{INI(TMC)IOTF,} (613.26): caled. C 31.34, H 5.26, N 9.14; found C
31.33, H 5.74, N 9.08.

X-ray Crystallographic Analysis: Single crystal X-ray diffraction
data for 1 were collected on a Bruker AXS D8 Quest CMOS diffrac-
tometer using Mo-K, (4 = 0.71073 A) radiation with Apex3 software.
Single crystal X-ray diffraction data for 2 were collected on a Bruker
AXS D8 Quest CMOS diffractometer using Cu-K, radiation (A =
1.54178 A) radiation with Apex3 software. Data set was reduced
using SAINT and structures were solved with SHELXTL. Refinement
was performed with SHELXL. ORTEP plots were produced using
SHELXTL.2"

CCDC 1870623 (for 1), and 1870624 (for [2]0Tf,) contain the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre.
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