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Abstract

Asymmetric MaMsMg Hetererometallic Extended Metal Atom Chain (HEMAC) compounds
supported by the 2,2’ — dipyridylamine (dpa) ligand present a wide range of structural, spectroscopic, and
magnetic phenomena. An introduction for a general audience as part of the Wisconsin Initiative for Science
Literacy is presented in Chapter 1. An overview of the synthetic, electronic structure, and magnetic
properties of symmetric and asymmetric trimetallic HEMACs is part of the work in Chapter 2. This chapter
more broadly covers paramagnetic heterometallic metal-metal bonded compounds including
heterobimetallic compounds and heterometallic compounds of higher nuclearity. Chapters 3 and 4 deal
with the Mo,Ni supported HEMACs. Chapter 3 discusses the results of one-electron oxidation on the
Mo.Ni(dpa),Cl. compound, which results in a species with extraordinarily large ferromagnetic coupling. A
synthetic breakthrough for facile axial ligand substitution on a Mo,Ni chain is presented in Chapter 4. This
chapter includes a thorough investigation of the structural, magnetic, and spectroscopic consequences of
different axial ligands on a Mo,Ni chain. The next two chapters further investigate axial ligand effects with
Chapter 5 exploring the effects of three axial halides with a Cr,Fe(dpa),X. (X = Cl, Br, and I) compound via
Mossbauer spectroscopy while Chapter 6 investigates the unusual spin state of Mo.Co(dpa),Br: in
comparison to Mo.Co(dpa),Cl. via SQUID magnetometry, magnetic circular dichroism spectroscopy
(MCD), and density functional theory (DFT) computations. Chapter 7 concludes the thesis with ongoing
work regarding the ability of Mo.Ni(dpa),X. compounds to behave as molecular wires in addition to the

effects on electron transport of different axial ligands on the homometallic Niz(dpa),X. chain compound.
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Chapter One
Dr. Chipman or: How I Learned to Stop Worrying and Love Transition Metals

Wisconsin Initiative for Science Literacy: Introduction for a General Audience

This chapter begins with a reflection on my education in Inorganic Chemistry followed by a
description of the field and what I've accomplished in my doctoral research.

As any student is told in their high school chemistry course, inorganic chemistry involves the
science of “that short stubby rectangle” in the middle of the periodic table. I was no different. Figure 1.1
shows the same periodic table that I learned from when I took my first chemistry course in 2007. While a
large portion of inorganic chemistry is centered on that rectangle, inorganic chemistry encompasses so
much more! Nonetheless, I was told I would learn more about that magical rectangle in college.

I entered college in August of 2010 and sat through General Chemistry, Organic Chemistry, and
then Biochemistry before I was finally able to take a course on “that short stubby rectangle.” To my dismay,
I was placed in “Advanced Inorganic Materials” because the introductory course didn’t fit my schedule. This
meant two things: 1) I waited until my junior year of college (Fall 2012) before I could learn anything
substantive about inorganic chemistry, and 2) I would graduate college in 2014, seven years after I started
taking chemistry courses, without taking a fundamental inorganic chemistry basics course. Logically, this

meant I enrolled at UW—Madison in Fall 2014 for grad school and joined John Berry’s inorganic chemistry



research group. I nervously informed John that “I have never taken a formal inorganic chemistry course.”
This turned out to be ok in his eyes and five years later in 2019, I'm defending the research I did in inorganic

chemistry to become Dr. Jill Ann Chipman.

i[g Periodic Table of the Elements

g = 1 18
§ i |JH V i Atomic Mass — [12.011 t0d tates 2He

g Group ! :2 i * Group »
g 1 2 13 = 14 : 15 wis - 17 18
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Source: CRC Handbook of Chemistry and Physics, 91% ed., 2010-2011, CRC Press

Figure 1.1 The New York State Reference Tables Periodic Table of the Elements. This is the periodic table
I used while learning chemistry in high school. "That short stubby rectangle" is highlighted in orange.:

I've really found my space in the field of inorganic chemistry, but it took twelve years to get here! It took
about half that time to even begin to understand inorganic chemistry. For a field that supports life as we
know it, inorganic chemistry shouldn’t be a mysterious black box to society. It needs a better introduction
than “the short stubby rectangle” or “not organic.” I've therefore written this introductory chapter as means

to answer two questions:

1.) What is Inorganic Chemistry?

2.) How did my research contribute to Inorganic Chemistry?

1.1 What is Inorganic Chemistry?
The American Chemical Society defines inorganic chemistry by stating “Inorganic chemistry is

concerned with the properties and behavior of inorganic compounds, which include metals, minerals, and



organometallic (defined below) compounds.” Whereas organic compounds must contain a carbon-—
hydrogen bond, inorganic compounds are largely centered on compounds that do not contain carbon.
Organometallics are a special mix of organic and inorganic chemistry and they contain a metal bonded to a
carbon. Generally speaking, many inorganic compounds include a metal; more specifically, a transition
metal. As mentioned above, the transition metals are “that short stubby block” in the middle of the periodic
table. That block makes up about 1/3 of the periodic table.

In contrast to the other 2/3 of the elements, the transition metals contain two key properties. Many
non-transition metals have one of these two properties, but not both! Transition metals are conductive,
lustrous, malleable, and ductile, just like the other elements of the periodic table classified as metals.
Conductive means that the material can allow electricity (aka a current) to flow through. For example, the
electrical wires in many homes are made of copper, a transition metal. Transition metals are also lustrous,
meaning theyre shiny. The remaining two properties, malleability and ductility are very similar. We can
think about them by thinking of a large block of any transition metal. We may want a sheet of our metal;
transition metals are malleable and are easily flattened into sheets. Maybe we don’t want a sheet, we instead
want to make our block a wire; transition metals are ductile and can be drawn into thin wires. These are all
properties of transition metals that we can see with our naked eyes. The property that interests me about
transition metals, however, is one we can'’t see with the naked eye.

The other distinctive property of transition metals is that they can house different numbers of
electrons and still be stable. Most elements can exist in two states; neutral (atom) or charged (ion).
Transition metals are no different in this way, but they are different in that they can exist in multiple charged
states. That is, they can hold different numbers of electrons and still be stable. In comparison to the other
elements of the periodic table, this is a relatively unique property. For example, the element fluorine (F)
which is not a transition metal, can exist in a neutral form, or as an ion, with a —1 charge, by housing an
additional electron. Meanwhile, the element iron (Fe), which is a transition metal, can exist in a neutral
form, but it can also exist with +2 or +3 charge, by losing two or three of its electrons, respectively. Figure
1.2 illustrates these differences. Not very many other elements outside the transition metals are capable of

doing this. It is only the transition metals that have both of these properties.



Neutral fluorine Fluorine -1 ion (fluoride)

Figure 1.2 Fluorine can house one additional electron when it is an ion (top); Iron can lose either two or
three electrons when it is an ion (bottom). Electrons are denoted by the letter “e”

Given these two properties, chemists can tailor the environment around a transition metal in order
to give it desired behaviors. As chemists, we must carefully design our compounds to have them behave in
ways that we would like. However, nature has been able to harness the power of transition metals too. They
are found in minerals, plants, and animals. For example, many of the precious gemstones we value come
from some of the most common minerals in the world. However, with a small amount of a transition metal
“impurity” these common minerals skyrocket in value. For example, the ruby is formed when a chromium
impurity is present in the mineral corundum.3 Figure 1.3 below shows the mineral corundum in comparison

to both a rough and a cut ruby.

Corundum Rough Ruby

Cut Ruby

Figure 1.3 The mineral corundum is composed of aluminum and oxygen. Upon introduction of a
chromium impurity, a ruby can be formed. Both a rough ruby and cut ruby are shown for contrast. 4



Our bodies are full of red blood cells, which get their distinctive red color from the iron center in a
complex called heme, which lives in a protein called hemoglobin (Figure 1.4 top). Heme has more
responsibilities than just binding oxygen and making our blood red. It helps promote a variety of chemical
reactions in our bodies that allow us to live.5 Our bodies do not just contain iron however and many of the
medications that help humans to overcome health complications contain a transition metal. One of the most
well-known cancer drugs, cisplatin, was initially discovered in 1845 (Figure 1.4 bottom). It remains in use
today and contains platinum.® Moving outside of our bodies, we can also find platinum in the catalytic
converter of the cars that we drive. We might also find rhodium, cobalt, zinc, and copper, which are all
transition metals.” Moving to smaller items, metals including copper, nickel, silver, gold, and lead, are also
found in our cell phones, computers, and tablets. It would be negligent to disregard the point that many of
these metals do come from non—renewable sources.8 This means we are responsible for recycling our used
electronics and car parts in a way that allow us to sustain our way our life without damaging the world

around us!
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Figure 1.4 (Top) the iron center in heme gives red blood cells their distinctive red color. Heme is a part of
the protein known as hemoglobin. (Bottom) cisplatin is one of the most well-known and used cancer drugs.9

For inorganic chemists, nature provides an amazing inspiration source. A great deal of inorganic
research is focused on understanding how metals in living things do what they do. Other chemists marry
the field of inorganic chemistry with organic chemistry (the chemistry of the element carbon) to form a
hybrid field called organometallic chemistry. Organometallic complexes contain at least one metal—carbon

bond. While both of these topics are studied in the Chemistry department at UW—Madison, neither one



represents my research. My research remains in understanding some of the most fundamental aspects of

inorganic chemistry and finding applications for some of the complexes that I make.

1.2 How did my research contribute to Inorganic Chemistry?

One of the characteristics of a transition metal is the ability to conduct electricity. The big picture
goal of my research is take that ability, fine tune it, and make small—scale single molecule electronic pieces.
In order to make smaller electronics that have the same (or more) strength as their larger versions, we need
smaller building blocks. The smallest possible building block? A molecule! My research has involved
making Heterometallic Extended Metal Atom Chains, or HEMAGCs, for short. The chains I work with are
three metal atoms long, with two different metals arranged asymmetrically. The metal chain is surrounded
by four paddlewheel supports, called ligands. A ligand is most generally defined as something that is bound
to a metal. A ligand can be as simple as one atom or it can be part of group of atoms. The ligand used in this
work is dpa (or 2, 2’ dipyridylamine). There are an additional two capping ligands on either end of the chain.
Our group has a well-established method for building these chains, and much of my work has focused on
the effects of changing the capping ligands on the ends of the chains.0-16

Scheme 1.1 shows the general HEMAC structure as well as the places I have made modifications as
part of my research. If we look at a HEMAC and compare it to a normal electronic wire, there’s a similarity!
A wire contains a core that carries current and it is surrounded by an insulating blanket. A HEMAC contains
a three-metal atom long chain (the core) and surrounds it with insulating ligand! Of course, my research
goes a little bit further than just a visual similarity, shown in Figure 1.5. I've chosen to focus this section on

the two contributions I've made that are closest to molecular electronics.
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Scheme 1.1 The general structure of one of my HEMAC compounds supported by the dpa ligand. Different
spheres represent different portions of the HEMAC that I have modified.
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Figure 1.5 The visual comparison between an electric wire and a molecular wire. The molecular wire is
much smaller than a normal electric wire but shares the same design.

My first major success in research used molybdenum (Mo) and nickel (Ni) to form a Mo—Mo—Ni
chain that didn’t behave like any other previously made chain.”? The compound I started with was
Mo,Ni(dpa),Cl,. Our group had not yet made this compound, so this in itself is a new advancement. A

structure of this chain is shown below (Figure 1.6).



Figure 1.6 A structural representation of Mo,Ni(dpa),Cl,. Different color spheres represent different
atoms. Hydrogen atoms have been removed for clarity.

This chain consists of a Mo. species that is bound together and contains no unpaired electrons in
addition to a Ni2+ ion that contains two unpaired electrons. When I remove an electron from the overall
chain, it can come from either Ni2+ or Mo., for this chain, it came from Mo.. This means that in total I have
three electrons each with a preferred spin (think clockwise or counterclockwise). Two spins can pair
(couple) together with the same spin (ferromagnetically) or with opposing spins (antiferromagnetically).

This is illustrated in Figure 1.7.

Ferromagnetic Antiferromagnetic

bbb

Metal 1 Metal 2 Metal 1 Metal 2

Figure 1.7 Electrons in different metals can pair together with spins that are in the same direction
(ferromagnetic: left) or opposite (antiferromagnetic: right).

In order to figure out which situation was occurring, I turned to a new instrument in our
department called a SQUID magnetometer (Figure 1.8). A magnetometer is a great instrument in that it

allows the user to determine what the electrons in their compound are doing. It can also be used to



determine if the compound of study is behaving like a single molecule magnet. When I conducted SQUID
measurements on my MoNi(dpa),Cl. chain, I determined the electrons are coupled in the same direction,
meaning they are coupled ferromagnetically. This was a surprising result as all the other chains prior to this
one have electrons that couple in the opposite direction; meaning they couple antiferromagnetically.18-22
Using other methods, including computations, I was able to learn why this occurred and make a generalized
statement for future work. As I leave this project to our younger students, they can apply the same methods
to our other chains as I did to my Mo.Ni(dpa),Cl. HEMAC. We would like to see one of the HEMACs behave
like a small magnet, called a single molecule magnet. These are especially valuable in computers and other

electronics, which continue to be made smaller and smaller (meaning they need smaller and smaller parts).

Figure 1.8 The SQUID magnetometer at UW—Madison.23

Most of our chains are made with chlorine (Cl) capping ligands bound to the terminal ends.
However, one of the long-term goals of this project is to bind our chains to gold surfaces and determine if
our HEMACs can act like tiny wires. Past work from other labs have determined that homometallic
extended metal atoms can act like small wires.24 Computational chemists have suggested that HEMACs
would do the same.25-2¢ This testing occurs by using an instrument called a scanning tunneling microscope
(STM) to measure the current response across one molecule (Figure 1.9).27 The molecules of interest are

bound to a gold surface and separated by other molecules that do not have a response. This is where the
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challenge lies for HEMACs. All of the HEMACs up until 2018 were made using chlorine capping ligands
and chlorine does not bind to gold. The ligand of choice for chain compounds is the thiocyanate ligand. This
ligand is made of a nitrogen (N), a carbon (C), and a sulfur (S) atom all in a line; N—C-S. The important

part of this ligand is a sulfur atom, which can bind very strongly to gold, although there are other options.
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Figure 1.9An STM is used to measure the current properties of HEMACs. HEMACs are bound to a gold
surface and may be isolated from one another by other species that do not have a current response.

Our group has tried in the past to switch the chlorine out for one of these ligands, but it has been
quite challenging..28-20 My second major project made this transformation simpler. I've developed a way to
swap the capping ligands on the ends of the HEMACs out for whatever capping ligand we would like.3° I've
made a small library of HEMACs based on the same Mo.Ni chain in my first project with different capping
ligands, some of which contain sulfur. They are currently being tested as wires by another research group.
These different capping ligands will likely affect how well each HEMAC behaves as a wire. We're especially
excited about this work because we're using two different metals instead of one. This means we might have
current flow in one direction over another. This is called a diode. Just as with a single molecule magnet,
these potential single molecule wires or diodes would be valuable in electronic devices as we continue to
make smaller and smaller electronics!

These two pieces of my research don’t cover all of the work that I've done over the past five years.

Instead, they’re the two pieces that are closest to molecular wires and have solidified my understanding of



11

inorganic chemistry the most. Further, even though my work represents only a small section of the field, I
hope that you, the reader have a better understanding of the field of inorganic chemistry as a whole and if
someone asks you what inorganic chemistry is you don’t need to say “that small stubby rectangle” or “not
organic.”

Thank you for reading. I hope you enjoy the rest of this dissertation.
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Chapter 2

Paramagnetic Metal-Metal Bonded Heterometallic Complexes
Jill A. Chipman and John F. Berry

This chapter is in preparation for submission to Chemical Reviews
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1. Introduction and Overview

Metal-metal bonded coordination compounds represent and important extension of the classical
chemistry exemplified by Werner’s coordination theory.*3 The first molecular compound containing a
metallic metal-metal bond was reported by Wilkinson and coworkers in 1960.4 The complex was an
otherwise symmetric dimer, CpMo(CO);—CpW(CO)s, that is diamagnetic.4 Guidelines for the preparation
of such closed shell heterometallic metal-metal bonded compounds were put forth by Coffey, Lewis, and
Nyholms and are still generally applicable today.

It was not until 1969-1970 that it was recognized that metal-metal bonded complexes could also be
paramagnetic.67 The early examples made use of one-electron or three-electron bonds, which had been
described earlier by Pauling.® More important in fields beyond chemistry is the “double exchange”
mechanism of spin coupling that requires delocalization of one or more unpaired electrons. This
mechanism is invoked to described ferromagnetic coupling in adjacent spin centers in magnetic solid
materials,9 in proteins containing Fe—S clusters,© and in small coordination compounds.!* The electron
delocalization in these systems often is best described by metal-metal bonding.

There were relatively few paramagnetic complexes with heterometallic metal-metal bonds reported
before 2007 — we note in particular some example of earlier compounds below. In 2007, a concerted effort
began to prepare new examples of paramagnetic heterometallic metal-metal bonded complexes, and the
results of these studies will be the major topic of this review. In this section, we describe some cross-cutting
concepts and themes before describing in detail heterobimetallic compounds, heterotrimetallic
compounds, and compounds of higher nuclearity.

2.1.1 Development of Metal-Metal Bonding: From Homometallic to Heterometallic
A question of fundamental significance is how a heterometallic metal-metal bond differs from a

homometallic one. To explore this question, we start with the first metal-metal multiple bond to be
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described; the Re=Re quadruple bond in the [Re.Clg]>- ion, shown in Figure 2.1A.*2 Ligand field analysis
indicates the availability of d,z, d., dxs, and dy, Re valence orbitals to engage in metal-metal bonds of o, 2
x 7, and § symmetry, respectively. In the D, symmetry of the [Re.Clg]>- ion, the two Re d,. orbitals overlap
strongly to yield o type bonding (a,) and antibonding (a..”) combinations. The overlap of m-symmetry
orbitals in less, and 6 bonds are weaker still. Nevertheless, the o2 4 §2 quadruple bond is the most useful
and accurate description of the ground state of the [Re,Clg]? ion. 13-4

Next, let’s consider a hypothetical heterometallic complex that is isoelectronic to the [Re,Clg]> ion:
[WOsClg]>. The polar heterometallic bond lowers the molecular symmetry to C4. The same four valence
orbitals that were available in the Re, system are still available for the WOs compound: d,z, dy;, dvs, dys.
However, as emphasized in the Figure 2.1B, the difference in effective nuclear charge between W and Os
will result in the W 5d orbitals lying uniformly higher in energy than the Os 5d orbitals. Overlap of the W
and Os d 2 orbitals will result in a ¢ bonding (a;) and antibonding (a;") combination, but the interaction is
not as covalent as in the Re, case. The a, orbital will by polarized toward Os with a,* polarized toward W.
Similar effects, with even stronger polarization, will happen in the m an 8 symmetry orbitals such that the
b." orbitals may have close to 100% W character and be considered non—bonding. While the polarization of
these bonds is still a consequence of their heterometallic nature, it should be emphasized that these effects

can be further exacerbated (or even mitigated) by an appropriate choice of W or Os supporting ligands.
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Figure 2.1 Qualitative molecular orbital (MO) diagram for (A) [Re.Clg]>- and (B) [WOsClg]>-

Another issue highlighted in Figure 2.1 deals with the bookkeeping of electrons. For the [Re,Clg]>
ion, most chemists (although not all) are comfortable assigning an Re3+ oxidation state to the two Re ions.
This is emphasized in Figure 2.1A where we have split the [Re,Clg]>- ion into hypothetical [ReCl,]- fragments
each with a d4 valence electron configuration. A similar deconstruction of the [WOsClg]? ion yields d3
[WCl,]-and d5 [OsCl,]- fragments. Does the uneven electron distribution make sense? Should we consider
d4 [WCl,]> and d4 OsCl, fragments with an uneven distribution of charge? Moreover, the fact that all of the
valence electrons in the [WOsCls]2- ion occupy bonding orbitals that are (perhaps heavily) polarized towards
Os suggest significant electron transfer from W to Os towards a limit of Wé+/Ose (i.e., d°/d8). Attempts to
assign specific oxidation states to the metal atoms in these compounds are fraught with difficulty and only
sow discord and confusion. Thomas and coworkers have promoted a useful shorthand, inspired by

Enemark-Feltham notation for metal nitrosyls, that obviates these bookkeeping difficulties.1’s Here, the
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[WOsClg]2- compound is described as having a {WOs}8 configuration: eight electrons occupy the valence
orbitals, and W—Os bond covalency prevents us from making any more specific an assignment.

While the examples given in Figure 2.1 are diamagnetic compounds, this review focuses on
compounds that are paramagnetic, which raises an important point about metal-metal bond polarization.
We have a very specific and useful reason for this. Consider the hypothetical open-shell [WOsClg]- ion,
formally having one electron removed from the [WOsClg]?>- ion. Based on Figure 2.1B, we may suggest a 62
714 61 electron configuration for this species. The §-symmetry unpaired electron provides the opportunity to
probe the composition of the b, orbital. Since both W and Os have naturally occurring isotopes with nuclear
spins, the W and Os hyperfine interactions with the unpaired electron, easily measured by EPR
spectroscopy, allow the polarization of the valence orbital to be measured directly. We include these data in
this review where they are available.

We also include a significant amount of crystallographic data, including metal-metal bond
distances. These distances must be considered carefully. For example, the Re-Re distance in the [Re.Cls]>
ion may not be directly comparable to the W—0Os distance in [WOsClg]>-because the atoms involved are all
different sizes. The situation is worse if we are comparing first—row transition metals to those in the second

or third row. In order to deal with this issue, where possible, we include a normalization of the metal-metal

distances using Cotton’s formal shortness ratio (FSR), defined as FSR = ﬁ.l Here, d is the observed
1,A 1,B

metal-metal distance, and the R, values are metallic radii given by Pauling.1¢ In essence, the FSR described
how much shorter (or longer) a distance would be than that of a metallic sample of the element(s) involved.
Also germane to this discussion are bond radii for the elements. Alvarez and coworkers have used
crystallographic data to compile a list of covalent radii (R.) for the elements.” Distances within the sum of
covalent radii indicate that bonding between the two atoms may be considered (Note: an analysis of the
electronic structure must support the claim of a bond, not just distances!) With regard to multiple bonding,
we also point out the sets of single,'® double,19 and triple bond2° covalent radii determined by analysis of
experimental and theoretical data from Pyykko and coworkers. These data are used in Table 2.1, to compare

the Re,Clg2- and WOsClg?- ions.
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Table 2.1. Comparative bond length/radius data for Re,Cls2- and WOsCls2. Values in parentheses are FSR

values.
Exp. Sum of Sum of single Sum of double Sum of triple
covalent radii  bond radii bond radii bond radii
Re.Cls> 2.22A 3.02A 2.62 A 2384 2.20 A
(0.87) (1.18) (1.02) (0.93) (0.86)
WOsClgz=  N/A 3.06 A 2.66 A 2.36 A 2.24 A
(1.19) (1.04) (0.92) (0.87)

The Re—Re bond distances in the Re,Clg> ion is known from crystallographic data, 2.22A.2t This
distance is clearly shorter than the sum of the covalent, single, or double-bond radii for Re. Its agreement
with the sum of the Re—Re triple bond radii provides strong support for a Re—Re bond with a bond order
of at least three. Though experimental data for the WOsCls2- ion are lacking, we can see good agreement
between the sums of radii comparing to the Re, case, and in the case that the {WQOs}8 unit possesses a full
0271462 quadruple bond like the Re.Cls? ion, we may anticipate a similar metal-metal distance.

FSR data are also given in Table 2.1 and allow us to make more specific recommendations about
how FSR data may be interpreted generally. For any given metal, we may calculate the expected FSR value
at the covalent limit as R¢/R,; with R. = the Alvarez covalent radius, and R, the Pauling metallic radius. FSR
values expected for single, double, or triple bonds may likewise be calculated from the Pyykko datasets.
Averaging over all transition metals gives the results shown in Table 2.2 and summarized in Figure 2.2. We
thus see that covalent metal-metal bonding may be considered for compounds < 1.22, with single bonds
having FSR ~ 1.01, double bonds ~ 0.92, and higher bond orders having FSR < 0.92. We note that these
rough guidelines should not be used prescriptively, but instead should be used to support other

experimental or theoretical evidence for metal-metal bonding.



20

< Bond orders = 3 |

Double bonds

Single bonds

Figure 2.2. FSR ranges for multiple bonds, single bonds, and the covalent bonding limit for transition
metal-metal bonding. Error bars are drawn to one standard deviation.

Table 2.2. FSR values expected for covalent, single, double, or triple bonds.

Covalent FSR  Single-Bond Double-Bond Triple-Bond

Dataset 12
Average 1.15 1.01 0.92 0.89
Standard Deviation 0.07 0.05 0.04 0.05
Dataset 2P
Average 1.17 1.02 0.88 0.86
Standard Deviation 0.06 0.05 0.06 0.06

a Dataset 1 contains the elements from Group 4 to Group 9
b Dataset 2 contains the elements from Group 3 to Group 9, including the lanthanides
1.2 Guiding Principles in Controlling Spin States

1.2.1 Localized vs. Delocalized Unpaired Electrons

One of the greatest challenges and goals in molecular magnetism is the ability to control spins at
the single electron level.22-25 This can be accomplished in heterometallic compounds largely by tuning the
nature of localized delocalized orbitals that house unpaired electrons. Localized orbitals tend to be of either
s or § symmetry with respect to the metal-metal bond whereas delocalized orbitals tend to be of 0 symmetry.
The double exchange mechanism (described in Section 1.2.3) best illustrates the significance of
delocalization in molecular magnetism. Electrons present in mixed-valent systems will couple with one
another via the double exchange mechanism to give rise to an overall high-spin system.26-28 Additionally,
electrons that are present in overlapping orbitals will couple antiferromagnetically via the superexchange
mechanism (described in Section 1.2.2), whereas they will couple ferromagnetically if the orbitals are

orthogonal.29 In examining the magnetic properties and electron transport abilities of the heterometallic
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compounds presented in this review, we note that the delocalized o pathway is a guiding principle that
supports the majority of these interactions.

2.1.2.2 Superexchange

The superexchange mechanism is used to understand the interaction of two paramagnetic ions via
a bridging diamagnetic ion with guiding principles outlined in the Goodenough-Kanamori rules (Scheme
2.1).26.30-32 Here, we apply these rules to heterometallic metal-metal bonded compounds. The main idea
behind superexchange is that unpaired electrons on two metal centers may interact with filled orbitals from
a third central metal atom or from bridging ligands. As emphasized in Scheme 2.1A and 2.1B, these
situations both tend to be antiferromagnetic interactions. Ferromagnetic interactions may result from the

example situation in Scheme 2.1C in which the magnetic orbitals are rigorously orthogonal.

3d 3dor2p 3d

%+

AN N

Scheme 2.1 General mechanism for superexchange (top). Orbital interactions that give rise to different
magnetic coupling (bottom). Interactions A and B results in antiferromagnetic interactions while C results
in a ferromagnetic coupling.

2.1.2.3 Double Exchange

The double exchange mechanism occurs most often in systems containing two magnetic centers
that contain a different number of valence electrons from one another. The magnetic centers themselves
may be different from one another. The key feature is the presence of one or more “extra” electrons that are
delocalized across two metal atoms. If the other spins on the two magnetic centers all align in a parallel (i.e.
ferromagnetic) arrangement, the “extra” electrons do not need to flip spins as it resonates between the two

metal centers.
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33-36 An antiferromagnetic state requires the “extra” electron to undergo a spin flip to form a Pauli-allowed
state, which is not favorable. This effect is exemplified in [Fe.(u-OH);-(tmtacn).]2* (tmtacn = 1,4,7-
trimethyl-1,4,7- triazacyclononane) where a mixed valent Fe(II/III) system presents an overall S = 9/2

ground state as a result of the double exchange mechanism (Scheme 2.2).33

o i 4
Fe2s Fe2s
Ferromagnetic coupling does not require a spin flip

T = delocalized

B ) T Spf”i‘//b
4+ &SN
+ 4% ~" 3+

Antiferromagnetic coupling requires spin flip

Scheme 2.2 Mechanism by which double exchange occurs using a bimetallic mixed valent Fell/Ill species.
Ferromagnetic alignment is energetically favorable.

The electron delocalization in [Fe,(u-OH);-(tmtacn).]2* occurs via direct Fe—Fe bonding. As in the
other edge sharing biooctahedral structures, the most important metal-metal interaction takes place via
overlap of two d,2 orbitals, which form a bonding and antibonding combination as shown in Figure 2.3. The
“extra” itinerant electron described above is the spin-down electron occupying the o bonding combination

of d,> orbitals. Thus, the double-exchange coupling mechanism is intimately tied to metal-metal bonding.
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Figure 2.3 MO diagram for [Fe,(u-OH);-(tmtacn),]2* emphasizing the ¢ bonding interaction via overlap
of the Fe d,2 orbitals. The o26*! electron configuration constitutes a 2-center, 3-electron bond, and the lone
[ spin electron represents the “extra” double—exchange mechanism.

Notably, in the [Fe,(u-OH);-(tmtacn), ]2+ system, and other systems showing double exchange, the
delocalized itinerant electron, is a B-spin, or minority spin electron. Recently, Berry and coworkers have
described a heterometallic complex in which delocalized, itinerant electron is a majority spin electron. As
outlined in Scheme 2.3, this delocalized electron may align ferromagnetically with electrons delocalized in
orbitals that are orthogonal to the one carrying the delocalized electron. While clearly related to the concept
of double exchange, this mechanism differs in that the “extra” electron belongs to the majority spin. This

interaction has been dubbed “double orthogonality” by Berry.37
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ol
oo | B F

delocalized a spin electron delocalized a spin electrons

Scheme 2.3 Ferromagnetic spin coupling via double orthogonality: a delocalized a-spin electron is
orthogonal to other, localized unpaired electrons. The orbital orthogonality leads to a ferromagnetic
alignment of spins.

1.3 Early Examples of Paramagnetic Heterometallic Metal-Metal Bonded Compounds and
Previous Reviews

Before 2007 few examples of paramagnetic heterometallic metal-metal bonded compounds were
reported. Lippert and coworkers introduced paramagnetic heterometallic metal-metal bonded chains in
1981.38 Their synthetic strategy was to use Pt!l-nucleobase complexes as metalloligands, producing a wide
variety of Pt—M—Pt heterotrimetallic compounds having paramagnetic central M atoms.39-45 For example,
the methylthymine complex with a central Pd! ion is shown in Figure 2.4. Analysis of the electronic
transitions and EPR spectra of these compounds led to the conclusion that the filled Pt d,2 orbitals act as
ligands to the central metal atom.4¢ This conclusion continues to support many of the higher nuclearity
chains discussed in Section 4 of this review. Another related trimetallic species with a Cu.Pt core was
supported by the 1-methylcytosinate ligand. The diamagnetism of the compound stems from strong

antiferromagnetic coupling between the two Cu! mediated by the central Pt d,. orbital.4

1-methylthymine

Figure 2.4 Heterotrimetallic PtPdPt complex synthesized in the Lippert lab.4:



25

In 2005, Matsumoto and coworkers reported a quasi 1D system of paramagnetic Pt—Rh octomers
bridged by Cl ions (Figure 2.5).47 Each chain contains a [-Pt—Rh—Pt—Pt—Pt—Pt—Rh—Pt—CIl-] unit built of
[Pt.]4+ and [PtRh]5+ building blocks with one unpaired electron per octomer unit. In this case, the unpaired
electron does not occupy the d,. orbitals of Pt; rather it occupies the d,, orbital of Rh and “hops” from one
Rh to another. This class of systems has been subsequently developed further by the Uemura and Ebihara

groups and will be discussed in detail in Section 4.

Figure 2.5 Quasi 1D chain complex containing Pt and Rh synthesized by Matsumoto and coworkers.47

Zhou and coworkers reported a pair of Pt—Cr heterobimetallics supported by either the e-
thiocaprolactam or 2-mercaptopyridine ligand to support their complexes (Figure 2.6).48 These early
structures were made using the metalloligand approach (discussed in Sections 2.1.2 and 3.1.1.3).

Furthermore, the 2-mercaptopyridine is the same ligand used to support compound B29.
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N
H

S

¢- thiocaprolactam 2 —mercaptopyridine

Figure 2.6 Pt—Cr heterobimetallics from H.C Zhou and coworkers.48

Several reviews and book chapters have been compiled that cover individual aspects of this review.
The book chapter “Metal-Metal Bonds in Chains of Three or Metal Atoms: From Homometallic to
Heterometallic Chains” in Metal-Metal Bonding provides a good introduction to trimetallic and
polymetallic chains as well as their applications in molecular electronics.49 Similarly, in 2015 Peng and
coworkers published a mini review highlighting the advances of homometallic and heterometallic chain
compounds in molecular electronics.5° The groups of Thomas and Lu have compiled several reviews and
book chapters that highlight the work done on C3 symmetric bimetallic compounds including both structure
and bonding as well as their reactivity.5152 The book Molecular Metal-Metal Bonds: Compounds,
Synthesis, Properties contains examples of paramagnetic heterometallic metal-metal bonded compounds
although it does not contain a specific chapter covering heterometallic compounds. 2 Our goal in this review
is to provide a holistic and comprehensive view of the field of metal bonded compounds from bimetallic

species to infinite chains.

2.1.4 Organization of this Review
We categorize paramagnetic heterometallic metal-metal bonded compounds into three classes
based on the number of metal atoms present; heterobimetallic, heterotrimetallic, and heteropolymetallic.

Each section further describes synthesis, magnetic properties and electronic structure of all of the
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compounds. Since there are limited examples of heterometallic metal-metal bonded species before 2007,
this review will primarily cover material from 2007 onward. We have chosen to focus this review on
transition metal heterometallics only, excluding lanthanides, actinides, and main group metals.
Additionally, we focus on coordination compounds: low-spin organometallic species and low spin cluster

compounds will not be included.

2.2, Paramagnetic Heterobimetallic Complexes

Heterobimetallics represent the simplest way to observe the impact of two different metals on one
another. To this extent the groups of Lu and Thomas have utilized three-fold symmetric ligand scaffolds to
support a variety of unique heterobimetallic species.53-84 Some of these species have found success in
catalytic transformations and small molecule activation,5 57, 64-65,85-86 cross-coupling reactions,5% 69.87-88 and
C—H activation.®4 89 Detailed reviews of their reactivity is described elsewhere.5 85 90 In addition to these
three-fold symmetric species, the groups of Doerrer, Zamora, and Berry have synthesized heterobimetallic
compounds supported by four ligands in a paddlewheel arrangement, affording structures with C,
symmetry.9-99 Remarkably, the compounds comprising this section display a wide range of magnetic
behavior, which is sometimes counterintuitive and surprising.

In 2009, the Thomas group reported a trio of paramagnetic heterobimetallic Zr—Co complexes each
supported by a different ligand and yielding a final compound with C; symmetric structure.3 Since 2009,
her group has studied many early-late heterobimetallic complexes in the context of reactivity64-65, 67-70, 80, 82-
83, 87-88, 90,100-102, These compounds have also been explored magnetically. Thomas and coworkers have also
studied other transition metal pairings outside of early-late heterobimetallics in order to explore their
bonding and magnetic properties.7+72 75,7879, 81 In addition to these C; symmetric complexes, the group of
Connie Lu reported a heterobimetallic Cr—Fe species in 2013.53 Since this time, her group has explored
heterobimetallic complexes spanning a wide range of bond orders and spin states enabling her group to
make predictions regarding magnetism and electronic structure. 5362 103 Turning to C, symmetric species,
the group of Linda Doerrer reported a trio of Pt—M (M = Fe, Co, Ni) supported by thiocarboxylate ligands
in 2012.95 The Co and Ni heterobimetallic proved interesting in that their magnetic behavior in the solid

state and solution is quite different. Since 2012, her group has continued to explore the effect of different
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thiocarboxylates as well as axial ligands on the magnetic properties of numerous heterobimetallic species.95
99,104

The heterobimetallic compounds discussed in this section all contain a M-M bond and either three
or four bridging ligands that buttress the M-M bonded unit. The exception to this are the compounds made
by the Lu group. These compounds are supported by tripodal chelating ligands that contain an apical N
atom, which constrains substrate binding to the remaining open site metal site only; these ligands (L,-L3)
are shown in Figure 2.7. The Thomas group has used phosphinoamide based ligands that were first explored
in the context of early-late heterobimetallic catalyzed reactions by Nagashima and coworkers.105107 The
phosphinoamide ligands with altered substituents on the N or P atoms (Ligands T;-T5in Figure 2.7). Both
Doerrer and Berry labs have taken advantage of hard-soft acid base theory to form C, symmetric compounds
using the ligands shown in Figure 2.8. The Doerrer and Zamora groups have utilized a thiocarboxylate

backbone while the Berry group has used a thiopyridone.95-96:98-99, 104, 108-109

.
iPr
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HN

P(Pr),

N

PPh; HN P HN

P(Pr);

Ph

ey Qe 0% 5

NHN

“% DD

Figure 2.7 Ligands used to support C; symmetric bimetallic complexes synthesized by the Thomas and Lu
groups.58:63

Figure 2.8 Ligands used to support C, symmetric bimetallic complexes by Doerrer, Zamora, and Berry. 97
108
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2.2.1 Synthetic Methods Used to Form Heterobimetallic Compounds

2.2.1.1 Self-Assembly

Simple addition of K,PtCl,, MCl.- xH,O, and the sodium salts of thba or Sac in aqueous solution
affords selectively the Pt-M heterobimetallic compounds B1-B5 (see Tables 2.3-2.6 for compound labels).
For example, the preparation of B15 from the aquo B3 is shown in Scheme 2.4. The selectively of thee
reactions stems from the concept of hard/soft acid/base theory (HSAB), where the soft Lewis acid Pt!

preferentially binds to the softer S-donor atom of the ligand.

A

§70
2) NiCly nH50 | \SA|“‘~\O — | s ,_,.h\o - | s=%ho

— ™ P{—— Ni-OH; ——————= py oo M=Ni L >
ONa avemight, RT < .« R PyNH, DCM 2Pt Ni—PyNH,
S a 9 S{'FO | sul.. o‘| Yz, gt ___.01'|
) >3 o}

Scheme 2.4 Self-Assembly method used to form thiocarboxylate heterobimetallics.95-96

2.2.1.2 Metalloligand Approach

The metalloligand approach is another successful synthetic strategy in forming heterobimetallics.
In the metalloligand approach, a monometallic precursor is made first. This species is then added as a
“ligand” to the second metal. In some cases, an external reductant such as Zn, or KCs is used to reduce the

bimetallic species and form a metal-metal multiple bond. Several examples are shown in Scheme 2.5.
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Scheme 2.5 Metalloligand approach used in the synthesis of heterobimetallic compounds.78. 103, 108

2.2 Structural Information

2.1.1 Bond Distances and Formal Shortness Ratios for M-M distances

The most valuable metric for structural comparison for any bimetallic species is the metal-metal
distance. To make reasonable comparisons among 26 unique metal pairings, we use the FSR with bond
cutoffs described in Section 1.1. We note that in compounds where the author does not consider a bond to
be present, we do not include here. The FSR values for the compounds synthesized by the Thomas and Lu
groups range from dative interactions to triple bonds (0.79 to 1.09).

When considering four-fold symmetric compounds, an additional parameter arises that will in turn
influence the magnetic behavior of the compound. In the crystallization process, many of the compounds
for the Doerrer lab crystallize as dimers of two bimetallic units. Over the course of developing their library,
Doerrer and coworkers noticed that their compounds crystallized into one of four general classes. The four
categories are known as staggered, eclipsed, partially eclipsed, and square geometries as shown in Figure

2.9. Note, only the two M ions are paramagnetic however, the Pt—Pt interaction provides the intramolecular
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pathway for spin coupling. The FSR values for these species (FSR = 1.02 to 1.11) suggest a weak single

bonding or covalent interaction between the Pt and 3d metal.
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Figure 2.9 The four crystallization geometries observed in C, symmetric structures.97

2.2.2 Correlation of Metal-Metal Distance with Valence Electron Count

Valence electron counts, n in {MM’}» are also given in Tables 2.3-2.6. In investigating the valence
electron counts of each heterobimetallic along with its corresponding FSR value, we sought to understand
the relationship between these two parameters. To investigate these two properties, scatterplots correlating
d-electron count against FSR for C; symmetric compounds was generated (Figure 2.10). There is a clear
decrease in the FSR lower bound as the number of d electrons increases, to a point. At 10 d-electrons, there
exists only one Cs;-symmetric compound: B93 (T5)Zr(u2-nt n3-tBuN;)(T5).Co. The general “10 electron
vacancy” may be attributed to the tendency for C; symmetric compounds with 10 d-electrons to be
diamagnetic with a quintuply bonded configuration. 10 d-electrons are capable of populating all of the
bonding orbitals and thus, once the number of d-electrons exceeds 10, the antibonding orbitals can be
populated. This effect can be seen by a general increase in FSR lower limits. Despite the clear trend in the
FSR lower limits there is a distinct spread in FSR values at each valence electron count. This spread is strong
structural evidence for a continuum of bonding, from strong multiple bonds to weak interactions, that can
occur at any valence electron count due to mismatches in orbital overlap for two differing metal atoms. A
comparison between B35 and B80 provides a good illustration of this effect. Both compounds have a
{MM’}¢ configuration but the FSR for B35 is 0.79 while that for B80 is 1.05. Three main effects can help

us to rationalize this disparity. First, is the effect of orbital mismatch described above. Compound B35
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contains a {VFe}9 core whereas B80 is {ZrCo}9. The metal atoms are only four columns away from each
other in the former complex to six in the latter. Thus, there will be a greater disparity of d orbital energies
in B80 due to the large differences in effective nuclear charge. Compound B80 also contains two other
features that serve to lengthen the metal-metal bond. The Zr atom has an increased coordination number
with a bidentate ligand bound to the axial site. Furthermore, the Co atom has a strong n-acceptor ligand,
N, trans to the metal-metal interaction. The Co—N, = backbonding will render the Co n-symmetry orbitals

less available to interact with Zr.
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Figure 2.10 Scatterplot correlating valence electron count and FSR values for C; symmetric
heterobimetallics.
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2.2.3 Electronic Structure of Heterobimetallic Compounds

The electronic structure of each complex featured in this section can be derived from either an
idealized C5-symmetric or C,-symmetric structure. Those derived from the idealized C;-symmetry structure
can be further classified into one of two generalized structures. These general possible structures are shown

in Figure 2.11.

m m
| \‘\\\L \\\L ‘ ‘
W==== =M
l@t’l M----- M
L \ / = J =z
~ T O
-
d,,., &(b) —
dy.,2 8(b) S —— —— dy0 8°(b)
—_— —— dy0, 6(b)
d;; 0'(a) E— —_— S dy; o'(a)
dey ') —— —— e ()
d,, 8'(b) R S ———
d,, 8(b) S —_—
de.nle) ——m — dy,. (e)
d,; o(a) — Sm— — d,; o(a)

A B C

Figure 2.11 Qualitative MO diagrams for C, (left) and C; symmetric (middle and right) structures. For C,
structures, the electronic structure is highly dependent on metal and ligand identities.52

2.3.1 Electronic Structure of C, Symmetric Heterobimetallics

In a C, structure the five metal d orbitals transform into 2 x, 1 5, and 2 § symmetry orbitals
representing the dx;, dys, d,2, dxy, and d,2_, orbitals, respectively (2.11A). The 8 symmetry d,2_, orbital is
predominantly involved in metal-ligand bonding and is typically not occupied unless the metal ions are
high-spin.t This stituation is similar to that posed in the hypothetical [WOsCls]2- species presented in Figure
2.1B. In the compounds listed in Table 2.3 we have a low spin {PtS,} and a high spin {MO,L} (M = Mn, Fe,
Co, Ni); both in a square planar environment. These centers can than interact with d,. overlapping to form
o symmetry orbitals, dx, dy, forming those of ;1 symmetry, and dyxy, forming 8 symmetry orbitals. Again, the

d,2_,2 orbitals are primarily involved with metal-ligand bonding and not metal-metal bonding. A
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qualitative MO diagram for B3 is shown in Figure 2.12. Here the 16 electrons of the {PtNi}:6 unit fill up to

the 6* and Ni d,2_,2 levels, resulting in an S = 1 ground state (reflecting the interaction of a d® Pt!! center

with a high spin Nill ion).

Xy,X2-y2

{NiO,OH,} {Pts,}
Figure 2.12 Qualitative MO diagram for PtNi(tba),OH,.95

2.2.3.2 Electronic Structure of C; Symmetric Heterobimetallics
In comparison to the tetragonal ligand field imposed by C, symmetric species, the trigonal ligand
field found the within Cs-symmetric structures. This in consequence, allows all five metal d orbitals to

pariticpate in metal-metal bonding. In a C; structure, the dyy and d,2_, 2 orbitals become degenerate orbitals

x?-y
of § symmetry (2.11B). In some metal-ligand pairings with strong n-donor ligands however, these orbitals
are the highest in energy but are still low enough to partipate in metal-metal bonding (2.11C).

Looking at three-fold symmetric structures subtle changes in bonding can be correlated the the
difference between the group numbers of the two metals, AN, as shown in Figure 2.13.58 At the left end, in
which AN is either zero or one, all valence orbitals have sufficient overlap to form a quintuple bond. The Lu
group has isolated two compounds with quintuple bonds, the heterobimetallic MnCrL; complex has a
quintuple bond and is diamagnetic and a homometallic CrCrL,.58 The middle compound (B31) has a AN of
two, and contains a triple bond. In this bonding schematic, the 8§ symmetry orbitals have been localized to

one metal center or the other and are therfore nonbonding. All of the other orbitals remain delocalized.

Moving to the right end is a case in which the AN value is five (such as in B36). In this case, all of the orbitals
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localize to one metal center or the other. This trend is due to the energy mismatch of the participating
orbitals stemming from differences in the effective nuclear charge. Large differences in energy prevent
delocalized bonds from forming as in the case of B36 with only a dative interaction. A notable feature of
this dataset is that is shows clearly that the symmetry of the d orbitals strongly affects the degree of energy
mismatch. Thus, §-symmetry orbitals, which have relatively poor overlap to begin with, are the first orbitals
to “localize” when AN increases. Thus, B31 can be described as having only a o2r4 configuration

contributing to its metal-metal bonding describe being a {MM’}2 complex.

M; d;; 6 d, o (a)

M, d

dxv.yz n (E)

6y 8 (b) + * + A
A
|

M, d 6 dxv,vz 5‘(b) T |

s
xyyz 1

M, d

Xy,X2-y2

2 Yxyx2-y2

M, d, o d,; o (a) *v% A% T |

Mz dxv,vz T dxv,vz n (e)

CrMn(L,); CrFe (L,)3 VNi(L,);
AN=1 AN=3 AN=5
Quintuple Triple Dative

Figure 2.13 Qualitative MO diagrams for three heterobimetallic species synthesized by Lu and coworkers.
These compounds range from having a quintuple bond (left) to a dative interaction (right). orbitals depicted
in black represent highly delocalized orbitals across the chain. As the difference in group number increases,
the orbitals become localized onto one metal center. These localized orbitals are denoted in either blue or
gold and correlate to the metal of that color.58

As in the case of B30 and B31, the dominant electronic structures of Lu’s complexes are similar to
that shown in Figure 2.11B.53 Compounds B30 and B31 both contain Fe and Cr (AN = 2) and are nearly
identital structurally. However, B30 {M.}" =11 is the neutral form of B31 {M.}" =12. In the eletronic
structure of both B3o and B31 AN = 2 leads to the § and &" orbitals being replaced with localized d orbitals
for Fe and Cr, respectively with no 6 bonding. In the case of B30, there is one unoccupied §* orbital on the
chromium center. This vacancy leads to a break in denegeracy of d orbitals and is instead found highest in

energy.
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It is important to note that computational treatment of heterometallic metal-metal bonded species
is challenging as many of the compounds are multiconfigurational. While some compounds such as B41-
B43 can be treated with DFT methods.62 The majority of the compounds listed in Table 2.4(B30-B4o,
B46, B48) are multiconfigurational and have been treated with ab initio CASSCF/CASPT2 multireference
methods. The dominant component represents between 40% and 90% of the total electronic
wavefunction.53-55 57, 59-61 However, there are also examples, such as B44, 45, and B47 in which the
dominant component represents as little as 7% of the overal electronic wavefunction.5¢

Many examples of complexes synthesized in the Thomas lab contain the early-late pairing of Zr and
Co. The mismatch in orbital energy, AN = 5, is significant in these complexes. This leads to highly polarized
Co-Zr bonds that ultimately promote reactivity toward substrates with polar bonds. Furthermore, these
bonds are often quite weak and can be best described as dative ;t bonds and/or o single bonds.52 Despite
having similarities in both metal identities and ligand sets, many subtle differences are present in the
electronic structures of the Lu and Thomas’ compounds. Notably, the C; symmetric compounds synthesized
in the Lu lab contain a three atom long bridge in the ligand between the two metal centers. For the Thomas

compounds, this bridge is only two atoms in length. This two atom long bridge enforces a pseudotetrahedral
geometry at the metal bound to the phosphorus centers. In contrast, the three atom long linkage allows a
more flexible geometry enabling the metal center to interact with the lone pairs of the phosphorus atoms
(Scheme 2.6). In contrast to the compounds from Lu and workers that feature traditionally low overall spin
states and large metal-metal bond orders, those from the Thomas lab present smaller metal-metal bond

orders with overall higher spin states. 52 72

S S
N P N——P.
Three atom bridge; parallel bite Two atom bridge; divergent bite

Scheme 2.6 Effect of bridge length between N and P atoms on lone pair orientation.
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While the majority of the complexes from the Thomas lab contain metals of two diferent rows, they
have also synthesized pairings of exclusively 3d transition metals. Specifically, B52-B53 and B62, which
contain a V and Fe pairing as well as B56-B58 which contain Cr paired with either Fe or Co. In the VFe
heterobimetallics, the resultant electronic structures are analogus to the CrFe heterobimetallic B3o
prepared by Lu and coworkers. Both feature a o bond and two n bonds, resulting in extremely short bonds
with FSR values much less than one. Turning to the Cr based heterometallics B56-B58, In contrast to the
VFe species and despite the more favorable AN of two, the Cr and Fe containing B56 and B57 contain
longer metal-metal distances, as evidenced by FSR values near one. Furthermore B56 contains an S = 2
ground spin state. These observations are justified by examining the n* orbital energy of B56 being lower
in energy than the localized nonbonding Fe d orbitals. As a result, electrons are able to populate both the
nonbonding and antibonding orbitals, thus leading to longer metal-metal distances with higher spin states

(Figure 2.14).

*

G — - -

— — R1Jr—¥ —— 4+

Energy

A
G# %%L“

V(T,);Fel (B62) Cr(T,);Fel (B56)

AN=3 AN =2
M} {M;}"=10

Figure 2.14 Qualitative MO diagrams for the bonding manifolds in the compounds made in the Thomas
lab that give rise to both multiple bonds and dative interactions. Orbitals that are in red or blue are localized
to the corresponding color metal. The nt* orbitals have been emphasized with a box.

2.2.4 Magnetic Properties

Despite containing only two metals, the range of magnetic interactions presented is wide-ranging.

Depending on the location of the unpaired electrons and the energies of the d orbitals they reside in,
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unpaired electrons may be localized to one metal center or be delocalized over both centers and coupling
can be ferro— or antiferromagnetic. Many of the complexes syntheisized by Lu and Thomas are made of
exclusively first-row metals that can exist in multiple spin states. Furthermore, the magnetic
characterization done on many of the species synthesized in the Thomas lab have allowed her group to
elucidate mechanistic details of several organic transformations including N-N bond cleavage, 84

hydrosilyation of ketones, ¢9 and N—-H bond activation. 7°

2.2.4.1 Isolated Magnetic Ions

Despite strong metal-metal bonding, it is possible for unpaired electrons in a heterobimeatallic
complexes to remain localized on one metal center or the other. For example, all the heterobimetallics in
the Lu group contain metals that couple with one another. For example, the series of L, supported B35,
B36, and B37, all contain V-M bonding interactions butspins that are isolated on eiether V or M.¢o. 78
Compounds B35 and B37 both have S = 1/2 ground states as initially determined via the Evans method.
However, the unpaired electron for B35 is localized on Fe whereas the spin in B37 is V-centered.
Compound B37 was also examined via the Evans method and found to have an S = 1 ground state. The low
effective magnetic moment of 0.71 cm3 K cm* was attributed to the presence of a localized VI d2 ion with g
< 2. The half integer spin systems of B35 and B37 were also investigated via EPR spectroscopy. The EPR
spectrum for B35 has a nearly axial signal, with g values of 2.04, 2.08, and 2.23. The spectrum lacks large
hyperfine splitting and, paired with g values larger than two, Lu and coworkers determined the spin was
localized to the iron center. The opposite is true for B37, which presented a rhombic signal with g values of
2.00, 1.92, and 1.80. Additionally hyperfine coupling (70.4, 22.8, 74.7) x 104 cm! is observed which could
come from either 59Co (I=7/2) or 5tV (I=7/2). However, the g values less than two suggest that the spin is
housed on the V center.6° The electronic strutures of all three species were examined computationally and
the computational results supported localized spin centers as described above with localization attributable
to large AN.

Consistent with Lu’s observation of isolated metal centers on compounds with large disparities in
group numbers, Thomas and coworkers have seen similar behavior in most of their 3d transition metal
supported complexes. In two of the limited number of their heterobimetallics containing a 4d or 5d

transition metals such as B94 and B95 both illustrate (FSR 1.07 and 1.06, respectively) metal-metal
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interactions. These interactions involve a Cr(III) and either a Rh(I) or Ir(I) species. Both Bg4 and B95
have spin states of S = 3/2. This is attributable to a diamagnetic Rh or Ir species and Cr(III) ion housing
localized d electrons.

As mentioned in Section 2.2.1, the geometry of the crystallized dimer of heterobimetallic units in
compounds B1 to B28, dictates their magnetic behavior. For compounds that exist in the square geometry,
the magnetic data suggest that each bimetallic paddlwheel units behaves independently with one high-spin
metal (IT) ion. This is also the case for B8 and B9 which are axially ligated on both sides and cannot
dimerize. The rationale for the isolated behavior lies in the communication via Pt d,2 orbitals. When these
species dimerize they do so with Pt atoms facing each other. When the Pt atoms are in close enough
proximity (as with every geometry except square), unpaired electrons on the terminal 3d metals can
communicate via this pathway and couple. The square geometry does not have this magnetic pathway
available. This behavior is only possibly in the solid state when the compound is in a crystallized form. We
may consider compounds B2-B77, which exist in either the staggered or partially ecliped geometries. The
solution state (Evans method) magnetic moment for B2-B7 are all consistent with an isolated spin center.

Their solid state behavior will be discussed in Section 4.

2.2.4.2 Spin Coupled Magnetic Centers

The Lu group has prepared a systematic series of compounds that enable them to enumerate trends
in magnetic properties and make synthetic choices to tune these properties. For example, they have used
the L, ligand to form a series of isostructural MM’L,Cl (M = Co, Fe; M’ = Fe, Mn, Cu) complexes.
Compounds B44 (CoMn) , B45 (CoFe), and B48 (FeMn) were examined via SQUID magnetometry. In
B44, B45, and B48, antiferromagnetic coupling was observed, the magnitude of the coupling decreases
going from B45 > B48 > B44. These data are summarized in Table 2.7. For this series, the spin state can
best be described as Siotal = |Sm— S
Table 2.7. Coupling and g values for B44,B45,B48. For B44, B45, and B48, these data were obtained

from SQUID magnetometry measurements at room temperature. For B44 g values were determined from
EPR spectroscopy.

Compound M, M. {M.}» S, S, Stotal g1 g: g J (cm)  Ref
B44 Co Mn 12 3/2 5/2 1 2.00 209 N/A -120 56
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B45 Co Fe 13 3/2 2 1/2 216 216 N/A -184 56
B48 Fe Mn 1 2 5/2 1/2 2.00 206 N/A -145 56

There are two possible mechanisms for exchange coupling to consider. In a direct exchange
mechanism, coupling would occur through d orbital overlap on adjacent metal centers. This mechanism
was ruled out by considering the strength of the coupling constant (J) against a homobimetallic Fe,L.Cl
complex, which has the greatest d orbital overlap. Therefore it should present the largest antiferromagnetic
coupling value. However, the opposite is observed and Fe,L.Cl instead presents a weak ferromagnetic
interaction between the metal centers. Thus, the dominant magnetic pathway was determined to be through
superexchange via the bridging ligands. Based on the Goodenough-Kanamori rules, the unpaired d
electrons present on the metal backbone of § symmetry are capable of interacting with each other via the
conjugated ;t system of the ligand backbone. However, compounds B44, B45, and B48 also contain
unpaired d electrons of 1 symmetry. These are not capable of interacting via the bridging ligand. Thus, a

degree of direct exchange is believed to occur in these systems.5¢

2.2.5 Reactivity and Catalytric Applications of Heterobimetallic Compounds

2.2.5.1 Reactivity of Heterobimetallic Compounds

Thomas and coworkers have extensively examined the ability of early-late heterobimetallic
complexes to react with small organic or inorganic substrates. These reactivity studies may generally be
summarized in Scheme 2.7, which specifically highlights the compound (thf)Zr(MesNP(iPr).);Co(N.),
which has been the most widely studied complex. Other compounds whose reactivity have been studied
include: (1) anionic compounds with a halogen ligand at Zr in place of the thf ligand,%¢ (2) compounds with
Tis4 or Hf¢¢ in place of Zr, (3) alternative bridging N—P ligands {PrNP(iPr),,57 XyINP(iPr),,74,84, or

PrNP(Ph),, (4) terminal ligands other than N, on Co (CO,8 or isonitriles?7: 101 have been utilized).
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Type A: Reactivity at Zr with Redox

< ) ) < ),
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CO_N2

thf—Zr——Co—N, L—2r

Type B: Bimetallic Reactivity with Ligand Rearrangement

( /N—'=\)3 < N—'°\>2

thf—2Zr Co—N,

Type C: Reactivity with Metal-Metal Bond Scission

(=) : =)

thf—2Zr——Co—N, E=7Zr Co—N;

Scheme 2.7 The three types of reactivity patterns observed for early-late heterobimetallics.

There are three general reaction types that have been observed for these -early-late
heterobimetallics. In the first (Type A Scheme 2.7), ligand substitution occurs at the early metal site and is
accompanied by one electron reduction of the incoming substrate. Examples include reactions with diaryl
ketones, which give either stable or unstable ketyl radical complexes,®9 80, 82-83 hydrazine and hydrazine
derivatives,”0: 84 alcohols, and water,58 67 which eliminate H, to yield alkoxide and hydroxide complexes,
respectively, and also alkyl peroxides. ¢7 In the Hf—Co complex, methyl iodide also shows Type A reactivity,
liberating ethane.®¢ Ethyl diazoacetate undergoes similar reactivity, being reduced by two electrons between
a pair of Zr—Co complexes.”” Even these reactions occur at Zr(IV), the low-valent Co is the source of the
electron reducing the substrate.

Type B reactivity involves addition of X—Y molecules across the Zr—Co bond yielding products in
which X bridges between the two metals, and Y adds as a terminal ligand to Co. In the process, one of the
bridging N-P ligands shifts to a terminal chelating mode opening up the bridging site for the X group. The
result is a net two-electron oxidative addition, and a broad range of X—Y molecules may be activated
through this process. These include: I,,%4 methyl iodide (yielding a bridging methyl ligand),o4 ¢6] CO.,

yielding a bridging oxo/terminal CO product,®sketones, which form bridging oxo/terminal carbene
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products,80 83ketimines, which add the N-H bond to yield terminal hydride species,8? disulfides giving
bridging and terminal thiolates. ¢7 Adamantyl azide reacts somewhat similarly, yielding the bridging-to-
chelating N-P ligand switch, and a bridging imido group from loss of N,; the Co terminal ligand remains
unchanged.”” In addition to the Type B product, oxidative addition of I, also yields ZrCo(N-P),I, in which
the overall C; symmetry is retained (no ligand switch), having the two I atoms in the terminal positions, one
at each metal site.64 Generally, these are reactions that leave a soft donor ligand that preferentially bonds
to the low-valent Co atom.

Pyridine N-oxide also undergoes Type B reactivity forming a complex with a bridging O atom and
a Co-bound pyridine ligand.”¢ The bridging O atom can be further functionalized by reaction with
triphenylsilane to yield a Zr-terminal siloxide product bound to a Co-terminal hydride. The hydride
complex shows hydridic reactivity upon reaction with formic acid, and adds across the multiple bonds of
other substrates (CO., diphenyldiazomethane, benzonitrile, and phenylacetylene).76

The third reactivity pattern, Type C, involves cleavage of the metal-metal bond, and generally
occurs when the incoming substrate can form more than one bond to Zr, or can lead to a Zr=E multiple
bond. For example, O, adds oxidatively to form an end-on peroxo ligand at Zr.10t A similar oxidation by
pyridine N-oxide yields the terminal Zr=0 species.t Both have Zr—Co distances outside the bonding
range.'o! Other substrates that react in this way include diphenyldiazomethane and mesityl azide.””

In addition to the three reactivity patterns outlined above, there are also reactions that involve
activation of a N-P ligand C—H bond,%4 destruction of the N-P ligand by scission of the N—P bond,[N] or
oxidation of the P end of the N—P ligand. 84 Reaction of (thf)Zr(MesNP(iPr),);Co(N.) with H, was found to
selectively cleave one N—P bond;%4 Thomas and coworkers sought to counteract this irreversible reaction
by employing a new generation of Zr—Co complexes bearing only two N—P ligands, which react cleanly with
H, via a Type B reaction as shown in Scheme 2.8.102 This non-destructive reactivity has allowed the bis-N—

P-ligated complexes to be used as catalysts for hydrogenation (vide infra). 102
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Scheme 2.8. Oxidative addition of H, to Zr—Co complex supported by only two N—P ligands.

2.5.2.2 Catalytic Applications of Heterobimetallic Compounds

The Zr—Co complex (thf)Zr(MesNP(iPr).);Co(N,) has been utilized as a catalyst for two types of
reactions: silylation of ketones and Kumada cross coupling. The ketone silylation is based on the Type A
reactivity of the Zr—Co complex with ketones, expanded to 13 substrates including aryl/alkyl and alkyl/alkyl
ketones. PhSiH3 is used as the silylating reagent and the silyl ethers are not isolated but converted in situ
to the alcohols via acidic workup.®® The Kumada coupling reaction involves metathesis of n-
octylmagnesium bromide with a wide variety of alkyl halides.7+ 87 Generally, primary alkyl halides gave
higher yields than secondary, and aryl halides were activated, but not well. The reactivity of the halides, I >
Br > Cl, is as expected. The reaction mechanism was studied by Ess and coworkers,88 and the Zr—Co
structure was found to facilitate both the oxidative addition and reductive elimination steps in comparison
to a model mononuclear Co complex.

The analogous Ti—Co complex was found to catalyze the disproportionation of hydrazine to
ammonia and nitrogen. This catalytic reaction was developed from the stoichiometric Type A reactivity
observed with hydrazine. At 2 mol %, the Ti—Co complex was capable of 18 turnovers for hydrazine
disproportionation.84

As mentioned above, the Zr—Co complexes supported by only two N—P ligands are active catalysts
for hydrogenation. Hydrogenation of diphenylacetylene was studied, and nearly quantitative conversion
was achieved with 10 mol % Zr—Co complex. The reaction is selective for semihydrogenation forming up to

98 % of a mixture of stilbenes (57:43 Z:E).102

3. Paramagnetic Heterotrimetallic Compounds

Unlike heterobimetallic compounds that can exist in only one topology, heterotrimetallic

compounds can exist in one of three forms: symmetric chain, asymmetric chain, or cluster. The chain forms
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have been studied by the groups of Peng, Nuss, and Berry.37 110-134 In addition, triangle-shaped high-spin
trimetallic species have been explored by Betley and coworkers.35-136
3.1 Synthetic Methods and Structural Data for Heterotrimetallic Compounds

3.1.1 Heterotrimetallic Chain Compounds

The majority of the chain compounds presented in this section are supported by the dpa (2,2’
dipyridylamine) ligands7 although complexes employing both the npo (1,8 naphthyridin-2(1H)-one)"8 and

npa (2-naphthyridylphenylamine)4 ligands have also been reported as shown in Figure 2.15.

AN AN = a
N N N N N o N N N

Hdpa Hnpo Hnpa

Figure 2.15. The three ligands (in their protonated forms) used to support heterometallic extended metal
atom chains (HEMACSs).114, 118,123

In 2007, the Berry group23 and the group of Peng!2 separately reported the first examples of
heterometallic extended metal atom chain compounds (HEMACs). We reported the asymmetric
Cr.Fe(dpa),Cl, chain,23 while Peng and coworkers reported the symmetric CoPdCo(dpa),Cl. complex.112
This follows extensive work on the homometallic EMACs of Crj,23, 138-146 Cog4 139, 147-155 Cu4, 146: 156-157 Nig,154:

158-163 Rug, 142 164-166 and Rhj,7 all with unique magnetic behavior. Our lab has primarily focused on

asymmetric chains of the form MaMaMg,37 123-124, 126128, 130-132, 134 in which the M A=M, core is a quadruply
bonded diamagnetic unit while the Peng lab has worked with both symmetric chains of the form M sMgMa
m-112, 117, 19 and asymmetric MaMaMg chains (which do not necessarily contain a quadruple bond).:3-114, 118,
120 Both our lab and the Peng lab have also constructed MaMgMc¢ chains.16. 125 To construct these chains,
three general methodologies have been established. These are described below. The bond metrics for
symmetric MAMgMa HEMACs are shown in Table 2.8 the bond metrics for asymmetric MaAMaMg HEMACs

are shown in Table 2.9 while the MaAMgM¢ data are shown in Table 2.10.

3.1.1.1 Self-Assembly
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The self-assembly method has proven to be an effective method in the generation of both symmetric
and asymmetric HEMACs. For symmetric HEMACs, the central metal (Mp) is limited to a Group 10 metal,
although the terminal metals (M4) span the entirety of the 3d transition metals.111-112, 117, 119 These HEMACs
are made by adding MaCl, (note: when Ma = Ni, Ni(OAc).4H-0 is used), either K.MzCl, or MgCl.(MeCN),,
Hdpa, and tBuOK to napthalene and the reagents are allowed to react at elevated temperatures (Scheme
2.9A).17 This chain may be the desired final product however this step may be followed by a metal-atom
substitution step to replace My (Section 3.2.1.2). Using slightly different starting materials, asymmetric
HEMACs may also be synthesized using this method.4 18 For MaMaMz HEMACs (R33,R38-44)
containing a, the M source is either a Mo(OAc), or M.(OAc),Cl precursor while the Mg source is an MgCl..
Reaction of these metal starting materials, the desired ligand, and in some reactions tBuOK are allowed to
react in molten naphthalene (Scheme 2.9B).118 During this time, excess NaNCS may be added to alter the

axial ligand identity from Cl to NCS (ligand substitution discussed in Section 3.1.1.4).

A _Z F
1. MnCly, PdCly(MeCN), m R2
‘ ‘ 2. tBuOK N m\T\'Cl
- _» Mn=---Pd'===-= n—
S e naphthalene W
NN, .\/\/1 Oy =
| = = |
B F Z m NN
1. Moy(OAc),, Ni(OAc), 4H,0 dpa
| | 2. NaNCs .y \\\Esz.NCS
e N naphthalene SCN% !
N N N Q\/\) R33

Scheme 2.9. Self-assembly method used to make heterometallic chain compounds.7-118

3.1.1.2 Metal-Atom Substitution

Heterotrimetallic chain compounds are amendable to metal-atom exchange reactions at the outer
positions. To accomplish such a reactivity, the initial HEMAC is treated with a slight excess of incoming
M4Cl, in molten naphthalene, substituting out the initial Ma. This scenario is exemplified in the synthesis
of the FeMgFe(dpa),Cl, series with Mg = Ni, Pd, or Pt (compounds R4-R6). Self-assembly from FeCl, and
M5Cl, was successful in the synthesis of FeNiFe(dpa),Cl. and FePdFe(dpa),Cl. (Scheme 2.10A);the same is

not true for FePtFe(dpa),Cl.. Extended reaction times led to product decomposition and/or oxidation of
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the Fell centers. To combat this, a CdPtCd intermediate species is first synthesized and then treated with

FeCl, in a metal-atom substitution step to afford the desired product (Scheme 2.10B).119

A
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N N N
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Scheme 2.10 Synthetic methods for

substitution.9

compounds R4-R6.

3.1.1.3 Metalloligand Approach

Mg = Ni or Pd

N A

o [ Te— R
Cl——Cd*---:Pt"----- Cd—Cl

]

FeCl,
naphthalene

Compound R6 requires metal atom

The metalloligand approach is not unlike the methods discussed in Section 2.1.1. A bimetallic

quadruply bonded Group VI M,(dpa), core with M, = Cr,, M0, W, or MoW are synthetically accessible. For

Crao(dpa),, this is accomplished through addition of a large excess of NaCN to the homotrimetallic

Cr;(dpa),Cl,. In this reaction, a Cr is abstracted to presumably form the Cr(CN)s2- ion (Scheme 2.11 A). In

contrast, Mo,(dpa), and MoW(dpa), are made in a similar way to one another. Either Mo.(OAc), or

MoW!(piv), is treated with four equivalents of Lidpa to afford the desired dpa supported core (Scheme 2.11

B,C). The W,(dpa), core is made by the treatment of two equivalents W(CO)s with four equivalents of Hdpa

in molten naphthalene (Scheme 2.11 D).
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Scheme 2.11 M, core formation for MAMaMpz HEMACs.

To this initial core, a heterometal can be introduced (typically) in the form of a M(II) halide.37: 123-
127,132 High temperatures are required to rearrange the dpa ligands on the M, core from their initial trans-
2,2 orientation to the 4,0 geometry required for the HEMAC structures. For Cr,-supported HEMACs,
refluxing THF is sufficient (Scheme 2.12A).121 123-124,126-127 For Mo,, W, and MoW, molten naphthalene is

needed to achieve this transformation (Scheme 2.12B).37; 124-127, 130-132
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Scheme 2.12. Metalloligand approach for MA=M,- Mg HEMACs.

Initial synthetic efforts in this area began with Cr,-supported HEMACs while varying Mz (R13-
R16).123-124,126 Berry and coworkers subsequently developed a method for Mo, supported HEMACs (R25-

R29),37, 124, 126-127, 130,132 fo]llowed shortly thereafter by W, (R36-R37)127:132 and MoW (R49)!25 compounds.
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These chains utilize a 3d transition metal in the M3 position. In 2014 the first example of a MA=M,- Mg
chain in which Mg is not a first row transition metal was reported with the synthesis of Mo.Ru(dpa),Cl.,
W.Ru(dpa),Cl,, and the one electron oxidized [Mo.Ru(dpa),Cl.][OTf] (R35) although only the latter is
paramagnetic.130-131 For these reactions, a simple halide salt was unavailable and instead half an equivalent
of [Ru(CO);Cl.]. was used in reaction with the M.(dpa), starting materials to prepare the HEMAC chains.

Compound R45 and R46 are also made via a metalloligand approach using a Ru.(dpa),Cl
“ligand”.12c The Rus(dpa),Cl “ligand” can then be treated with either [Rh(COD).]BF,/LiCl (R45) or
[Ir(COD)CI]. (R46). This is followed by addition of KPFe and allowed to stir with the reaction mixture in
air affording R45 and R46 in 68% and 52% yield, respectively. 120

3.1.1.4 Axial Ligand Substitution

Early efforts toward axial ligand substitution were attempted by Berry and coworkers on Cr,-
supported HEMACs. These efforts were met with poor yields, loss of Mg, and inconsistent yields across a
period. These axial ligand substitution reactions required large excesses of the incoming ligand, which was
hypothesized to cause loss of Mg.128 Berry attempted to counter this problem through the use of labile axial

ligands and stoichiometric amounts of incoming ligand. 128-129 While this was somewhat successful, yields
remained inconsistent. Furthermore, in axial ligand substitution of Cr = Cr—Fe compounds, small amounts

of Cr=Cr-Cr were detected as an impurity suggestive of metal-atom scrambling.120 It was hypothesized
that a strong three-center three-electron bond across the Mo,-supported HEMACs would be more
amenable to axial ligand substitution. Indeed, successful axial ligand substitution was achieved by Berry
with a series of Mo,Ni HEMACs. It is possible to utilize M(OTf), salts instead of MCl, salts when introducing
the heterometal to the M, core. The use of a more labile triflate ligand in the axial position has enabled
Berry and coworkers to successfully substitute the axial triflates for -NCS and -NCSe ligands in a Mo,Ni

complex in good yield (Scheme 2.13).134
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Scheme 2.13 Synthesis of Mo.Ni(dpa),Cl. HEMAC followed by facile axial ligand substitution.34
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3.1.1.5 Structural Trends in Heterotrimetallic Chains

Spin state assignments for specific metals within HEMACs generally can be made by analysis of the
M-N distances. The Co-containing complexes R10, R15, and R28 help to illustrate this point. With Co—N
distances of 2.16 A and 2.10 A, respectively, compounds R10 and R28 can clearly be described as
containing high-spin Co2* ions.12 124 For the former symmetric compound, antiferromagnetic coupling of
the outer two Co2* ions yields a significant decrease in x-T toward o emu K mol- at low temperature. The
assignment of the spin state in the asymmetric R28 is more straightforwardly supported by SQUID
magnetometry with x-T = 3.00 emu K mol* at room temperature consistent with an S = 3/2 spin center
with significant orbital contribution to the susceptibility.?24¢ Compound R15 is structurally more complex,
and displays magnetic properties consistent with an S = 1/2 - S = 3/2 spin crossover. Consistent with this
assignment, the crystal structure of R15 at 100 K shows Co—N bond distances at 2.05 A, ~ 0.05-0.10 A
shorter than in R10 or R28, as expected for a low-spin Co2* ion. The room temperature crystal structure
of R15 was also recorded, having Co—N distances of 2.13 A. Compound Ri15 and R28 provide an
enlightening comparison. The former compound, having a Cr = Cr---Co chain, can achieve a low-spin Co2*
ground state below ~100 K while the latter compound with a Mo = Mo---Co chain remains high-spin at all
temperatures. This puzzling result led Berry and coworkers to propose that the Cr = Cr “ligand” provides
a stronger ligand—field than the Mo=Mo “ligand”. However, further analysis of the crystal structures
provides a differeny and more satisfactory explanation. In R15, the Cr—N bond distances are uniformly
shorter than the Mo — N distances in R28 by 0.11 — 0.17 A. The lengthening of the Ma—N bond distances as
Ma, is changed from Cr to Mo most clearly impact how short the Co—N bond distances can be. Thus, it is
most likely these longer Mo—N distances that cause the pyridine groups in the Mo.(dpa), ligand to enforce
a weaker ligand field to Co2*.

Aside from the commonly used dpa ligand, Peng and coworkers have introduced two other ligands
shown in Figure 2.15. The impact that the choice of ligands has on the torsion angle in each chain is
illustrated in Figure 2.16. With dpa, the torsion angle ranges from 20.89° to 25.35°. However, with npa this
angle decreases to approximately 21°.114 When the equatorial paddlewheel ligand is changed to the fused

ring npo, the ligand becomes planar with respect to the metal backbone. The planarity of the npo ligand as
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opposed to the helical dpa ligand is hypothesized to support current values in single-molecule

measurements in the npo-supported R38-R40.118

CoPdCo(dpa),Cl, [CuCuPd(npa),CIJ[OTf]  MoMoNi(npo),(NCS),
Cu facing Mo facing

Figure 2.16. End-on (top) and side facing (bottom) views of HEMACs supported by (L to R): dpa, npa,
and npo ligands (represented by R1, R47, R33, respectively).112 114,18 All H atoms, molecules of solvation,
and counter anions have been omitted for clarity. In any case of disorder, the dominant orientation is
shown. In all end-on views, the axial ligands have also been omitted.

The compounds synthesized in the Berry lab (R13-32, 34-37,49) all contain a quadruply bonded
bimetallic core of Group VI metals. These quadruple bond core distances are within the expected range.68-
177 For Cr, this distance spans a range of nearly 0.4 A from 1.78 to 2.15 A.170,173,178 An Mo, bond is typically
between 2.07 A and 2.16 A while the W, quadruple bond is slightly longer and is between 2.18 A and 2.28
A in length.® 179180 Comparing the Ma—Mj distances, all fall within a similar range from 2.6170(7) A for M
= Co to 2.797(5) A for M = Mn.37 123-124,126-127,132_ The exception being the M = Ni series all of which present
remarkably short Mo—Ni and Cr—Ni bond distances of 2.524(4) A and 2.582(2) A, respectively.s7 121
2.3.1.2 Heterotrimetallic Triangles

Betley and coworkers have reported the synthesis and characterization of two Co/Fe (R52, R53)
and two Mn/Fe (R54, R55) triangular clusters.:35-13¢ The Co/Fe compounds were supported by the
MeC(CH,NHPh-0-NH,); ligand (C,) while the Mn/Fe species were supported by the [1,3,5—CsHo(NPh-o-
NSitBuMe,);]¢-ligand (C,). The ligands are presented in Figure 2.17 while an example of each triangle is

shown in Figure 2.18. These ligands have also been used to support homotrinuclear clusters.181182 The



63

ligand scaffold is hexadentate and enforces a coordination environment conducive to the formation of
trinuclear or hexanuclear clusters. The synthesis of these triangles is accomplished through both metal
atom substitution as well as the metalloligand approach. When synthesizing triangles supported by the C,
ligand, Betley and coworkers utilize a thawing THF solution containing a [(C,)Fes;(u—Cl)], hexamer to which
solid CoCl. is added. By varying the number of equivalents of CoCl, added, either a Co,Fe or a Fe,Co triangle
can is obtained (Scheme 2.14A). When using the C. ligand however, a bimetallic C. containing Mn or Fe as

well as C, is used and the third metal is added in a separate synthetic step (Scheme 2.14B). Table 2.11

presents the bond metrics for these four triangles.

Bu N Me

Figure 2.18 Triangle compounds R53 (left) and R54 (right), synthesized by the Betley lab. The metal
triangle motif has been emphasized in red.
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Structurally, these compounds pose a challenge to crystallographic methods in that the metal ions
differ by only one electron in each pairing. Thus, the metal atom identity cannot be determined
unambiguously by X-ray crystallography alone. In the R52 and R53 pairing, paramagnetic *H NMR spectra
of both compounds were unique, suggesting different metal compositions. Structurally, R52 and R53
display an isosceles triangle with one short M—M distance and two longer ones. The structure is interpreted
as containing a bonded [M.]5* unit and an isolated M2+ ion. Compound R52 was crystallographically
refined using equal populations of Co and Fe in the [M,]5* site while two Co atoms were refined in the
[M,]5+ site in R53.13¢ These assignments were supported by comparing their Mossbauer spectra to that of
the Fe; analog. In the homometallic species, there are three quadrupole doublets of equal intensity with one
having a higher intensity than the other two. In R52, again three doublets are seen with similar isomer
shifts to the Fe; species, but with a ratio of 1.3:1 between the two lower isomer shift species and the higher
one. In R53, only the higher isomer shift signal is present, consistent with the placement of the two Co
atoms in the [M.]5+positions. For the Mn/Fe pairings of R54 and R55, Betley and coworkers utilized
Mossbauer spectroscopy, EPR spectroscopy, X-ray fluorescence spectroscopy, and anomalous X-ray
scattering to make assignments. Compound R54 produces a Mossbauer spectra with two distinct signals,
indicative of two irons in chemically different environments. X-ray fluorescence spectroscopy further
suggested an Fe:Mn ratio of 2:1. Compound R55 is less straightforward, although and EPR spectrum
confirmed the existence of a [Mn,] unit, it was unclear if this sample also contained an impurity of different
metallic composition. A Mossbauer spectrum also suggested the presence of two chemically distinct Fe
species. However, a single iron sample could produce two signals if the Fe is disordered over two distinct
geometric positions. X-ray diffraction experiments near the absorption edges of Mn or Fe allowed
anomalous scattering to be used to determine that there is one Mn site and Fe site and one mixed site
present in R54.136
2.3.2 Electronic Structure of Heterotrimetallic Compounds

2.3.2.1 Electronic Structure of Symmetric and Asymmetric Heterotrimetallic Chains

2.3.2.1.1 Electronic Structure of Symmetric Heterotrimetallic Chains
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The electronic structure of symmetric HEMACs can be best described as consisting of two high spin
M(II) centers bridged by a d® diamagnetic metal center; either Ni2+, Pd2+, or Pt2*. A molecular orbital
diagram for R10 is presented in Figure 2.19. Orbitals of 0 symmetry have been emphasized and drawn out.
The m and 8 symmetry orbitals are localized, signifying no multiple bonding is present. Furthermore, in
order to accommodate two high spin Co2* centers (S = 3/2), electrons are forced to occupy d,2_ ,2 orbitals
that are mainly M-L antibonding. These two Co centers are coupled antiferromagnetically to give an overall

S = o state, however, shoes the S = 3 state that represents the highest state in the spin ladder.

A A
b, Pd dx2-y2 I

b, Co dyop ' 4

energy
o
g
+1

Figure 2.19. (A) Qualitative MO diagram for R10 and (B) the o symmetry orbitals that contribute to the
3c¢/3e- bond in the compound.2

2.3.2.1.2 Electronic Structure of Asymmetric Heterotrimetallic Compounds

Compounds that contain a multiply bonded Cr, unit have consistently challenged computational
methods. Asymmetric Cr.M(dpa),X. compounds are therefore similarly problematic from a computational
standpoint. McGrady and coworkers initially reported a method to approximate the geometries of Cr.M
species using a broken-symmetry density functional theory (BS-DFT) approach. Their approach was to

optimize the geometries based on a faa spin-coupling scheme rather than the more physically meaningful
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apa scheme. The faa avoids the bias toward Cr—Cr dissociation that is seen in the affa models but does not
capture the double exchange-like o dissociation via the Cr.M oy, orbital. Nevertheless, despite being higher
in energy than the afa configuration, the agreement in Cr—Cr as well as Cr—M lengths is remarkable.’83 In
order to capture the multiconfigurational nature of Cr,M(dpa),X. complexes, CASSCF and CASPT2
approaches have been employed by Lopez and coworkers to correlate trends in effective bond order (EBO)
in the series of Cr.M HEMACs as well as the homometallic Crs(dpa),Cl..18¢ The CASSCF results were

analyzed according to the EBO formalism with EBO = @ where 1) are the occupation numbers of the

bonding and antibonding combinations of the orbitals. The CASSCF wavefunctions for Cr.-M compounds
show a set of bonding and antibonding orbitals localized on the Cr. unit that were used to calculate EBO
values. These values may be compared to the EBO of 2.14 for the isolated Cr.(dpa), molecule to assess how
the M atom affects the Cr = Cr bond.

Based on the Cr=Cr bond distances, 1.94 A for Cr.(dpa),’5 and 2.02 — 2.07 A for the
Cr.M(dpa),Cl. molecules,'2” we expect to see a moderate impact of M on the Cr= Cr bonding. Indeed, the
Cr=Cr bonding. Indeed, the Cr = Cr EBO values are reduced to 1.67, 1.71, 1.66, for Cr.M(dpa),Cl. with
M, = Mn, Fe, and Ni, respectively.!2t 123, 126 Moreover, the change in EBO may be further analyzed taking
into account the individual o, 1, and § component of the Cr = Cr bond. Surprisingly, the major loss in EBO
appears to stem from loss of Cr—Cr 7t bonding where the 7t contribution to EBO is 1.20 in Cr.(dpa), but only
0.92 in Cr,Mn(dpa),Cl. with the other heterometallic compounds behaving similarly.184 This result is
surprising in view of the BS-DFT results that indicated clearly a o-bonding pathway for electron
delocalization throughout the Cr.M chains. The CASSCF results indicate essentially no Cr—-M bonding
interactions.184 Figure 2.20 demonstrates these differences quite clearly, showing in (A) the BS-DFT onp
orbital for Cr,Mn(dpa),Cl,, as well as the three o-symmetry orbitals for Cr.Fe(dpa),Cl. derived from
CASSCF (14,13) calculations. The DFT oy, orbital displays clear delocalization across the three metal atoms,
and its occupation by a single electron with two electrons occupying the o bonding combination have been
described as a 3¢/3e- 0 bond.183 The CASSCF orbitals are localized either on the Cr, unit or on the appended
Fe atom, and Lépez and coworkers consequently describe no bonding between Cr and Fe in this system.84

Currently, these contrary results have not been reconciled.
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Figure 2.20 The oy, orbital of R13 derived from DFT calculations (A), The three orbitals of 6 symmetry
for R14 derived from CASSCF calculations (B-D).183-184 (A) Reprinted from Arcisauskaite, V.; Spivak, M.;
McGrady, J. E., Structure and bonding in trimetallic arrays containing a Cr—Cr quadruple bond: A challenge
to density functional theory. Inorg. Chim. Acta 2015, 424, 293-299 with permission from Elsevier.(B-D;
Reprinted (adapted) with permission from Spivak, M.; Lopez, X.; de Graaf, C., Trends in the Bond
Multiplicity of Cr, Cr; and Cro.M (M = Zn, Ni, Fe, Mn) Complexes Extracted from Multiconfigurational
Wave Functions. J. Phys. Chem. A 2019. Copyright 2019 American Chemical Society.

In contrast to the Cr.M compounds, whose multireference nature complicates computational
assessment of bonding, treatment of Mo,M complexes at the DFT level is straightforward. Calculations have
been reported for Mo,M(dpa),Cl. compounds with M = Cr,'32 Fe,27 Ni,37 and Ru,3° for cationinc
Mo.M(dpa),Cl. complexes with M = Ni,37 and Ru,3! as well as for compounds with different axial ligands,
Mo,Ni(dpa),X, with X = OTf, NCS, and NCSe.34 For the compounds containing first-row transition metals,
the general feature is a 3¢/3e- 0-bonding interaction that spans all three metal centers.37:127.132 The Mo,Ru
and W.Ru compounds have 3c/3e- o-bonding, interactions, but also 3c¢/4e- m bonding interactions in
addition.30 One-electron oxidation of Mo,Ru(dpa),Cl. adds an additional 3¢/3e- 6 bonding interaction.3°-
131

Compared to symmetric HEMACs, the asymmetric HEMACs synthesized present a similar
electronic structure to that described above. However, those formed with a Group 6 metal core contain a
quadruple bond that contains o, 7, and 8 bonding. Figure 2.21 illustrates the construction of an MO diagram
for the asymmetric R29. As with the MO diagram for R10, the 0 symmetry orbitals have been emphasized.

These orbitals can be considered a 3c/3e- when the o bonding orbital is doubly occupied and the ¢ non-

bonding orbital is singly occupied.
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Figure 2.21 Construction of a molecular orbital diagram for R29. Orbitals contributing to the 3¢/3e bond.

2.3.2.1.3 Computational Predictions for Heterotrimetallic Compounds

The 3c/3e- bond in heterometallic chains is similar to that proposed in the homometallic
Cos(dpa)4Cl. and Cry(dpa),Cl. by Bénard et al.138-139 148, 153,186 The composition of the o symmetry orbitals
depends strongly on the metal identities as shown in Figure 2.22. Moving across the first-row transition
metals in the Mo.M(dpa),Cl. series, there is a noticeable decrease in contribution from the outermost Mo
and Mg species, while the Cl atom bound to the heterometal increases significantly in contribution. The
orbital contributions for the occupied o spin onp orbitals remain relatively constant. However, in the
unoccupied B spin on, orbital, the overall character is dominated by the heterometal (in excess of 50%).
There is also a slight decrease in terminal Mo character and a slight increase in inner Mo character. Given
that the compounds presented here contain two different metals, the polarization of these compounds is
logical, which is manifested in metal orbital contribution. The consequence of this polarization is the
lowering in energy of the ¢ and ony, orbitals allowing us to further consider the M.(dpa), core as a ligand
with respect to the heterometal. The ¢ orbitals decrease in energy by 0.32 eV for the a component and by
0.49 eV for the B. The oy energy decreases in value by a larger magnitude, 1.22 eV for the a component and

1.61 eV for the (.
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3.2.2 Electronic Structure of Heterotrimetallic Triangle Compounds

Turning to the triangular species (R52-R55) from Betley and coworkers, despite having a different
geometry, the predominant pathway of metal-metal bonding remains via o interactions.35-136 Specifically,
analyses have been performed on the homometallic C,Fe; cation, which helps provide insight into the
electronic structures of R52 and R53.182 The homometallic species presents as a [M,]5+ core that is

antiferromagnetically coupled to the third isolated metal In the case of the oxidized C,Fes*, the [Fe,]5+ core



71

contains 11 valence electrons, which fill to give an S = 3/2 species. The third metal is treated as an
independent high spin Fe2+ site. The [M.]5* cores for R52 and R53 are [FeCo]5+ and [Co.]5* with 12 and 13
valence electrons, respectively. This gives an S = 1 ground state for R52 and an S = 3/2 ground state for
R53.136 For all three of these species however, the HOMO and LUMO are both are of o symmetry within
the [M.]5+ core and are shown in Figure 2.23 This orbital treatment was not conducted on R54 or R55 but

should be similar and the ground spin states were not determined.35

HOMO LUMO

% ¥

() (4,

Figure 2.23 HOMO and LUMO for the highly coupled bimetallic [MsMg]5+ "core" of the triangle
compound.136

3.3 Magnetic Properties of Heterotrimetallic Compounds

While some heterotrimetallic compounds illustrate one isolated magnetic center, others present
weak to moderate antiferromagnetic coupling. Uniquely R18 illustrates ferromagnetic coupling. In both
types of coupling d,zorbital overlap determines both the type of coupling, and the strength of the coupling

constant, J.

3.3.1 Isolated Magnetic Centers

For asymmetric chains containing a quadruply bonded Ma=Mj unit, the magnetic properties
depend solely on the Mg identity. With the exception of R15 and R21, all My =M,--Ms HEMACs present
magnetic behavior consistent with an isolated high spin M(II) center. For R15 and R21, which both contain

a Cr, core and a Co heterometal, spin crossover behavior is observed. At low temperatures the yT value for
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R15 is 0.50 cm3 K mol, which remains constant as a plateau until 125 K where it rises to 2.5 emu3 K mol-
at room temperature. This is indicative of spin crossover equilibrium involving Co2* transitioning from LS
S = 14 at low temperature to S = 3/2 at higher temperatures. The magnetic data were modeled with T at
210 K, AH - 5.7 kJ/mol, AS = 27 J K-t mol- as the parameters for spin equilibrium. As discussed in section
3.2.3, this is also illustrated in the structural metrics for R15. For R21 only a room temperature value of yT
was recorded via the Evans NMR method, 1.37 emu K mol-. This value is between what is expected for S =
/2 and S = 3/2 and therefore it was suggested that this compound also undergoes spin crossover which was
supported by variable temperature crystallographic data. Interestingly, R22 has T = 0.32 emu K mol at
room temperature indicating a low-spin configuration for the Co2+ ion. As R15, R21, and R22 have axial
Cl, Ny, and CH5CN ligands, respectively, the spin-state of the Co2* ion can be tuned by the -

donor/acceptor properties of the axial ligands in this Cr.Co system.

The facile synthesis of these chains allows for systematic comparisons amongst a series. Our lab
has synthesized R25 and R37 and compared them to the homometallic Cr;(dpa),Cl. to better understand
the effect of the heavier Mo,(dpa), and W.(dpa), “ligands” on the Cr2+ ion.!32133 All three species display
similar magnetic behavior as a function of their similar electronic structures. The isolated high spin S = 2
Cr2+* ion presented slow magnetic relaxation as a result of axial magnetic anisotropy. This was quantified
using magnetic susceptibility measurements and further supported with high field EPR data. Variable
temperature magnetic susceptibility measurements on both the heterometallic species and the
homometallic analog presented increasing zero field splitting (ZFS) moving down the Group VI bimetallic
cores. The magnitude of the ZFS parameter for R37, 3.617 remains the largest reported for a high spin Cr2+

species (with the exception of chromocene, which has a fundamentally different electronic structure.)!33

3.3.2 Spin Coupled Magnetic Centers

For the symmetric Ma—Mg—Ma species, the magnetic properties are similar to one another, only
differentiated by the strength of the coupling constant between the two metal termini. The central Mg of
either Nill, Pd", or Pt! is in a d8 configuration in a square planar environment, thus rendering the central

metal diamagnetic. This leaves the only the two terminal metals to couple with one another. The 300 K 4T
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values are all slightly less than would be expected for two isolated centers, indicating that the two terminal

metals are indeed coupled and in an antiferromagnetic fashion. Table 2.12 summarizes the parameters

derived from modeling this magnetic susceptibility data for each symmetric chain. All of the symmetric

species are diamagnetic in the ground state, which is illustrated by a tendency toward ¥ T = 0 emu K/mol in

their magnetic susceptibility plots at low temperatures.

Table 2.12. Magnetic properties of the symmetric HEMACs made by Peng and coworkers. M spin denotes
the terminal metal atoms. g values were determined via EPR spectroscopy or SQUID magnetometry. SQUID
magnetometry data were taken at 300 K and are reported in cm3 K-*mol+

Code xT M, spin J (cm™) g values Ref

R1 7.08 5/2 -6.85 1.94 117

R2 5.73 5/2 -14.9 1.91 17

R3 3.69 5/2 -33.1 1.91 117

R4 4.57 2 -11.8 2.11 119

R5 4.30 2 -23.5 2.24 119

[R5]+ N/R  Fell =2 -20.1 2.00* Fell,2,05 Felll 119
Felll = 5/2 EPR: g, =1.84, gy = 1.47, g, = 1.40

[R5]2+ N/R  5/2 -29.1 2.00* 119

R6 1.87 2 -39.7 2.00* 119

[R6]2+ N/R  5/2 -49.9 2.00% 119

R7 5.55 Fell = 2 -13.6 2.01 Fell,2.11 Felll 119
Felll = 5/2 EPR: g« =1.91, g, = 1.35, g, = 1.34

R8 3.70  Fell =2 -48.5 2.10 Fell,2.12 Felll 119
Felll =5/2 EPR: g =1.66, gy = 1.50, g, = 1.49

Rog 6.20 5/2 -11.4 2.04 119

R10 3.09 3/2 - 46. 24 2.20 112

Ri11 0.50 1/2 -3.73 2.02 111

EPR: g, =2.25,g, =2.10
Ri2 0.50 1/2 - 0.39 2.00 111

EPR: g, =2.28, g, =2.07

* these g values were fixed at 2.00
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While the majority of these symmetric chains show moderate antiferromagnetic coupling, R11 and
R12 are modeled as having near negligible coupling constants. In considering the trio of MnMMn(dpa),Cl.
compounds (M = Ni, Pd, or Pt; compounds R1-R3), Peng and coworkers noted a decrease in coupling
constant value moving from R1 to R3. This result led to a more thorough theoretical consideration of two
possible coupling mechanisms. The first is through a ¢ pathway of overlapping d,> orbitals while the second
stems from superexchange via the bridging dpa ligands. In contrast to the Mn2+* compounds, Cu2+
compounds R11 and R12 show a decrease in J moving from R11 to R12.In this case, unpaired electrons
are present in orbitals of § symmetry only, meaning that only ligand mediated superexchange is possible.
This type of coupling is inherently weaker than direct exchange due to a longer orbital pathway.1t In R1-
Rg3 unpaired electrons are present in both ¢ and 6 symmetry orbitals allowing both direct exchange through
Md,> orbitals and superexchange.’”? These observations are in agreement with a prior theoretical
investigation from Bénard and coworkers on the hypothetical NiPdNi(dpa),Cl. molecule compared against
the known Niz(dpa),Cl. EMAC. This analysis predicted a larger antiferromagnetic coupling constant for
NiPdNi(dpa),Cl. on the basis of increased d,z overlap between Ni and Pd in comparison to d,> overlap
between Ni atoms only in Niz;(dpa),Cl.. The Pd orbitals are more diffuse than Ni orbitals and allow for
greater communication between the two termini.

Asymmetric HEMACS that contain a paramagnetic MaMa core (R41-R48) engage in spin coupling
with Mg ions. Notably, the pair of Rq47 and R48 are best modeled as having remarkably strong
antiferromagnetic coupling (J = - 498.90 cm™ and - 501.24 cm!, respectively) between adjacent Cu2+ ions.
In the % T plots, the T at room temperature is reported as 0.5 emu K mol-*. Given the only magnetic centers
are two adjacent M Cul! centers, this value is lower than would be expected for two isolated Cu™! centers
(0.75 emu K mol?). Thus, remarkably strong antiferromagnetic coupling is present. This was further
supported computationally with predicted J values for R47 and R48 of -572.51 cm™ and -556.75 cm. The
theoretical results also support the proposed mechanism, which involves superexchange via the bridging
npa ligand. This behavior is similar to that of the Cus(dpa),Cl,, that reports a lower bond on the value of J
as > 500 cm™. 187 This was later supported computationally.:88 Neither species is diamagnetic despite the

large J values. This is attributed to the helicity of the bridging dpa ligand. 187
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Recently, Berry and coworkers reported the first ferromagnetic HEMAC in the form of R18, the
one electron oxidized analog of R17. Both the neutral and one-electron oxidized compounds were examined
via variable temperature SQUID magnetometry.3” The neutral species presented % T data consistent with an
isolated S = 1 Ni2+ center. However, upon oxidation, the yT value rose to 1.75 emu cm3 K mol-tindicative of
an S = 3/2 species. This suggested that oxidation of the [Mo.]4* core, which was expected based on
electrochemical data of R17, gave rise to two magnetic centers (the Mo,5+ and Ni2+ sites) that are coupled
ferromagnetically, with J of at least 150 cm. This result was initially surprising as two of the unpaired

electrons were found to be located on a Mo. dy, orbital and a Nid,z_,2 orbital, which should be of

y

appropriate orientation (and energy) to overlap. The observed ferromagnetic interaction was then justified
by considering the third unpaired electron, which is housed in a o, orbital, which is rigorously orthogonal
to both the Mo, and Ni § symmetry orbitals as shown in Figure 2.24. DFT calculations supported
stabilization of this S = 3/2 ground state by 340 cm against the lowest energy S = 1/2 system, an energy
difference corresponding to 3J, in good agreement with the experimentally determined lower bound of 150
cm,
2230
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Figure 2.24 MO diagram for R18 with emphasis placed on the SOMOs.
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Two of the four heterometallic triangles synthesized in the Betley lab have been examined via a
combination of EPR and SQUID magnetometry in order to understand the magnetic intricacies within each
structure. SQUID magnetometry data were reported for R52 and R53. For compound R52, the T value
reaches as a maximum of 5.78 cm3 K mol- at 300 K and decreases to 1.55 cm3 K mol- at 5K. These data
were modeled assuming the presence of an S = 1 [FeCo]5* core and a high spin Fe2+ center that are weakly
antiferromagnetically coupled with a coupling constant of -4.25 cm-. The same is true for R53, which has
¥ T value 4.53 cm3 K mol at 300 K and decreases to 2.33 cm3 K mol at 5K supporting an S = 3/2 ground
state. The coupling constant between the [Co,]5* S = 1/2 core, with the high spin Fe2+ center was determined
to be -6.35 cm. 136 At room temperature these spins uncouple and the T values match well for two
independent S = 1 and S = 2 center for R52 and two independent S = 1/2 and S = 2 centers for R53.

3.4 Electron Transport Properties of Heterotrimetallic Compounds

3.4.1 Significance of the ¢ Orbital Pathway

The delocalization of electrons across a molecular structure is one of the key principles in molecular
electronics. In many organic electronics, electrons travel freely in a conjugated ;t network. The same is not
true for metal chain compounds; instead it is the o pathway via the d,2 orbitals. In support of this idea,
McGrady and coworkers have conducted detailed computational analyses of the homometallic
Cr;(dpa)4(NCS), and Cos(dpa)4(NCS), structures.!89-191 Experimentally, the Cr;,Co; and the Ni; species
present molecular conductivity.92194 However, the Cr; has enhanced conductivity on what was initially
believed to be 7t orbitals present in Cr; but not Co, or Niz. McGrady and coworkers computed a transmission
spectrum of the Cr; and found that the 7t orbitals fell far too low in energy to play a noticeable role and act
as the dominant electron transport channel. Instead, it is the o, symmetry orbitals that provide the
pathway for electron transport. In the oy, orbitals Cry the d,. orbitals are localized on the two terminal
metals with little contribution from the central Cr. However, slight deviations from an ideal D, symmetry
allow the central Cr to contribute, strengthening the overall transport property and allowing enhanced
conductivity (Scheme 2.15). This does not happen with Co; or Ni; hence, the lesser conductivity. This

pathway proves significant in heterotrimetallic compounds as well.
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Scheme 2.15 oy, orbitals for an ideal D, Crs(dpa),(NCS). (left) become distorted (right) allowing central
Cr character to be introduced.89

2.3.4.2 Computational Investigations of Heterotrimetallic Compounds as
Components in Molecular Electronics

One of the primary long-term goals for metal chain compounds is to develop them as potential
compounds for molecular electronics. Extended metal atom chains (EMACs) provide a testing ground for
the hypothesis; they contain a conductive core, a sheath of organic ligand, and axial ligands capping the
chain, enabling the chain to be adhered to a surface. On a superficial level, these chains resemble a
macroscopic wire on a much smaller scale (Figure 2.25).49-50, 122, 159, 161, 195-196 UJtilizing a modified scanning
tunneling microscopy break junction (STM-BJ), experimentally testing this hypothesis is possible. In this
method, a gold STM tip is smashed into a gold substrate until a conductance value greater than 10 G, (where
Go is a single quantum of conductance) is achieved. The gold substrate has been previously bathed in a
solution of the analyte. The solution may contain a nonconducting alkanethiol that is the same length as
the analyte in order to better space out the analyte molecules. The tip is then slowly removed and eventually
the gold-gold physical contact ruptures and the conductance of a single molecule of the analyte can be
observed as it too is elongated and ruptured. These measurements are taken thousands of times on different
portions of the gold substrate. The result is a histogram of conductance measurements that allow for an

interpretation of conductance to be made.197-201
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Figure 2.25. Macroscopic wires and the analogous molecular wires made with extended metal chains.

EMACs ranging from three metal atoms in length to eleven metal atoms in length have been studied
using the STM-BJ technique. Early work focused on a trio of Cr, Co, and Ni chains. This trio has been
studied in both the trimetallic and pentametallic states.193-194: 196 In both cases, the Cr chain has had the
highest conductance followed by Co and Ni. This is rationalized based on d orbital overlap; the greater the
overlap, the greater the conductance. Furthermore, moving from the trimetallic to the pentametallic chains,
conductance values decrease. This is reasonable given resistance is proportional to length and thus the
longer pentametallic chains have the greatest resistance. These results are supported computationally using
a non-equilibrium Green’s function to predict transmission spectra for each chain. These transmission
spectra allow for the determination of the dominant electron transport channel (i.e. molecular orbital) and
its symmetry.42 189 In addition, the supporting dpa ligand was found to not contribute significantly to
conductance, which furthers the analogy to a macroscopic wire as well as confirms the primary electron
transport occurs via the metal atom chain.

While EMACs of varying composition length have been explored as molecular wires, their
heterometallic counterparts have not yet received the same experimental treatment. However, their
potential properties have been computationally explored in the context of molecular electronics. The
physical asymmetry of Ms\MaMg HEMACs suggests that they could have an asymmetric current response.
Given that EMACs behave as wires, it is not unreasonable to hypothesize that these asymmetric HEMACs
would have current rectification behavior. Using a non-equilibrium Green’s function calculations, the

McGrady group examined Mo.M(dpa),(NCS). (M = Cr, Mn, Co) as well as Ru.M(dpa),(NCS). (M = Ni, Cu)
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in the context of current rectification by generating transmission plots of each compound. Theoretical
current-voltage response curves were also generated for the Mo.M series. Current for a wire flows equally
in both directions (Figure 2.26A) whereas for a rectifier, current flows preferentially in on direction (Figure
2.26B). In a current voltage response curve, the slope is indicative of the resistance and thus a rectifier will
have a horizontal portion indicating near infinite resistance. When turning to the transmission diagrams,
it was discovered that physical asymmetry was a requirement but not the only property of a chain needed
for current rectification.202-203 More important is the symmetry of the conductance channels and their
proximity to the fermi level of the electrode. As such, the rectification capability is strongest in Mo,Co
followed by Mo,Cr with Mo.Mn having negligible rectification capabilities.202 With these computational

results in mind, there is now a strong motivation to experimentally validate these results.

Current

B Current

Voltage Voltage

Figure 2.26 Idealized current voltage I/V curves for (A) wire and (B) rectifier

2.4. Paramagnetic Heteropolymetallic Complexes (More than Three Metals)

Extensive work focusing on extending the length of metal chain compounds beyond three metal
atoms has been performed on homometallic extended metal atom chains (EMACs), which have been
synthesized from five to eleven metal atoms in length. 49,196, 204-210 A similar body of work is currently being
developed for heterometallic chains containing at least one metal-metal bond.37, 111121, 123-132,134 A goal of this
research area is to explore the attractive optical, magnetic, and conductance properties of the compounds.37.
50, 111-113, 117-118, 122-123, 126, 133, 164-167, 195, 211-214 The primary means of electron communication in the longer chains

like in the shorter bimetallic and trimetallic series is via overlap of 0 symmetry d,. overlap. 215216 Within
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this section, both discrete molecular chain and several quasi 1D or “infinite” polymeric chain compounds

are described.

2.4.1. Synthetic Methods and Structural Data for Polymetallic Chains
2.4.1.2 Molecular Chains

Peng and coworkers have reported four discrete compounds including heterometallic chains.217-219
These chains contain two different metals and are supported by either the bna (bisnaphthyridylamido) or
tdpa (tripyridyldiamido) ligand, which are shown in Figure 2.27. These pentametallic compounds are made
by self—assembly at high temperatures (Scheme 2.16A). For tdpa-supported complexes P1 and P2 the
bimetallic Rus(OAc),Cl or Mo,(OAc), precursors are used in addition to Ni(OAc).'4H,O0. The reagents are
mixed with the ligand in molten naphthalene. An excess of NaNCS is then added as a source for the NCS
axial ligand. For the bna-supported complexes, bimetallic Mo.(OAc), is first allowed to react with the Hbna
ligand in molten naphthalene for several hours after which Ni(OAc).-6H.O and LiCl are added to the
reaction mixture (Scheme 2.16B). Presumably, the reaction proceeds via an Mo, intermediate but none was
isolated. The resulting chains P3 and P4 are tricationic and three equivalents of KPFs are added in a final

step to provide suitable cations.2?9 The bond metrics for these compounds are presented in Table 2.13

N/ N \N N \N
H H
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Figure 2.27 Ligands used to support pentametallic chains; H.tdpa and Hbna
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Scheme 2.16. Synthetic conditions for formation of heteropentanuclear chains P2 (A) and P4 (B)

Structurally, the four heteropentauclear complexes (P1-P4) share one notable similarity; a metal—
metal multiple-bonded bimetallic unit of either Ru, or Mo,. For P2-P4, which contain a Ma.Mg;
stroichiometry the M, unit contains the middle atom of the chain For P1, a central Ni atom is flanked on
either side by Mo, units, yielding a stoichiometry of Mo,Ni. The M, placement has an interesting effect of
the helicity of the pentametallic chain, which is easily seen in the end-on view of P1 in comparison to P2
(Figure 2.28). The torsion angles of P1 is quite small, ranging from 10.5° to 11.3°. While complexes P2 —
P4 have torsion angles nearly double those of P1 ranging from 19.970° to 25.579°.217-219 All of the Mo, bond
distances are in the “normal” range of quadruple bonds (between 2.07 A and 2.16 A).779 For complex P2,
crystallographic differention between the disordered metal atoms at positions M2 and M4 was note possible
and thus, these distances were arbitrarily fixed and it is therefore not possible to compare Ru. distances to
the other Ru, containing compounds. Complex P5 does not have this disorder and thus we may make
several comparisons. The Ru—Ru distance of 2.318(2) is within the range for a Ru=Ru bond rather than a

Ru, with a 2.5 bond order. 220
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Table 2.13 Structural data for the pentametallic chains synthesized by the Peng lab. The name of each

compound reads the metal composition from left to right.

M1_M2_M3_M4_M5

Compound Code M,—M. M.—M, M;—M, M,—M. Ref.
Mo.NiMo,(tpda),(NCS).A P1 2.1021(7) 2.516(4) 2.516(4) 2.1021(7) 218
Ni,Ru.Ni(tpda),(NCS). P2 2.090(8) 1.961(8) 2.031(7) 2.011(8) 221
2.397(1) 2.290(1) 2.261(1) 2.0383(1)
[Ni,Mo,Ni(bna),Cl.][PFs]; P3 2.311(5) 2.369(5) 2.133(2) 2.514(2) 219
[Ni-Mo,Ni(bna),(NCS).][PFe]; P4 2.334(4) 2.408(3)  2.109(2) 2.535(2) 219
[Ni,Ru,Ni(bna)Cl.][PFe]s P5 2.376(2) 2.318(2) 2.3122(2) 2.362(2) 219

A M1 — M2 is crystallographically equivalent to M3—M4, and M2—M3 is crystallographically equivalent to

M4 - Ms5.

Figure 2.28 Crystal structure images of P1 (top) and P2 (bottom) pentametallic chains illustrating the
effect of the metal-metal multiple bond location on torsion angle. All molecules of solvation and H atoms
have been removed for clarity. In both end—on views, the axial-NCS ligands have been omitted.27. 219

4.1.2 Quasi 1-Dimensional Polymeric Chains

Ebihara, Uemura, and coworkers have synthesized both molecular and poymeric chain compounds

containing Rh, Ru, Pt, and Cu.47 222224 Given the similarity in synthesis for finite chain P9, it will be

discussed in this section. The chains are constructed of a bimetallic Ru,,Rh,, PtRh, or Pt, bimetallic species

and a (Pt,), or PtCuPt unit. The Ru, and Rh, units are supported by four acetate paddlewheel ligands while

the Pt,,PtRh, and PtCuPt units are supported by a combination of pivalamidate (piam) ligands and dangling

NH;, ligands (with the exception of (P77). The general synthetic method for both finite and infinite chains
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involves adding a solution of Ru.(OAc),NO; or Rh,(OAc), to a solution of either [Pt.(piam).(NH;),]-(PFs).
or [Pt.Cu(piam),(NH;),](PFs). with excess NaPF¢. The single molecular chain, compound, P9, uses a
perchlorate anion and a trifluoroacetate anion as the counter anions instead of hexafluorophosphate.223 In
this chain, hydrogen bonding interactions from the hydrogen atoms of the amine ligands (on the CuPtCu
units) prevents the chain from growing past 8 metal atoms in length.223 A general overview of these
synthetic methods is presented in Scheme 2.16. The structural data for these compounds are presented in

Table 2.14.



84

"sIaIomod pue feleliqy ‘eintuap) Aq PazI{Iin SPOIISLI USYIUAS 31} JO SUIPNQ LT°F SWIPS

[ ]
HN o\y 0 E__ w90 N N a\_".”._w.nuﬂfz
Hraial u_ WNH _.__le r_“_r| _.r._fl_.E_U r.._r no .Er % 2ot 4al __“_tz H :_u.‘. r_u_.r ootap
NHN.U_.U.MEUU_ /.ﬂ o T Dz..._.... | 2/._ o'l Hy foIofnan o N By foof4oeN
N 09 _._—m_r.__ ... 0 NP i "n__C0o xw__.___,_ QHEHIND
6d N ¥ N
9 G RN ofthg W N a\mﬂv,_ﬂ..;z 0
vz[a 4] [JeH [ 49 | WM _h_tlﬂ\o _ran .._Uhu r_u.rz HOWE 7 934l J_u_...z H =_u._v e HORNAO™H o
4 Ml —— 1} -1 M ; ¥ X - gen
N 4.5__0 —r CiheesO| N1 g7 - | 4deN 1 Mavio)tyy N ol HN| i Nam | _tNH
N o'l HN | " N o HN M L OFHE %1ang 1
ed N HN Gf,wvu. S - T~ N ey
\_/ EHN EHN
N o BNt o " NTH |
o T0 e oo | g e o
Id Id——NH==Ny Flavorny wa.n_.n_u Z/. _ _U/..._

H
N ol  “%d] Sl ——d - e, |
e THN HN'| © M o] B s
! DEHES I & WS
9d




85

"I9T10UE SUO JO SIONPPE JUSAJOS JUSISIP [[E 218 S2INIonIs [B1SAI0 851 ¢

ez (8)92gET  (S)SS1ge  (9)P6ole  (9)o9SgE q 64 o*Hz*(FoDF R CHND (wetd)yny 1 (ov0) ]

ez (L)106€T  (9FS6iT  (S)otSge  (S)ovSoe g =8d O0D*WUY- (31 1)°[*{ CHN)F (werd)n )3 - (oV0) T

ez (0)EELET  (Wzollie  (B)orlge  (€)orige d -g8d (1) 4 CHN) (ured)n) g H (v 0) R}

ez (T)0LET (Sile  (6)F€ole (6)FEole d «<ved (@1 T CHN) (ured)yny s g (Vo) it
(2)ooge (8)51ie (2)e00E "[0"He-HOPIE-

=z  (8)6Ll6T (e)Shge (e)evie  (e)So9e v Ld 94 T ("HN) (werd* 1 g T (CHN ) (HNODDE )T ]

vz (2)960C  (@)9ebT (e)6glc  (E)lSze v od "2 4 CHN) (werd) 13- (ov ) g ]
Pa *qQ SAWEQ ¥ “aAX*@ @dil opo) punoduro’)

d iq 1 g0 d iy i Fa o 2y \d g " -0 d " 0 il a0 I g i 7q k B id g n Hg W

g adAL aimanns

oy adAL aimianas

"SUreyD 2521} ul s[qissod a1e sad.( 2Injoni)s oM SISHIOMOD pue ‘einuia[] ‘eIeyiqy Aq pszissipuis spunodios o3 10§ solnew puog i T a[qe],



86

Structurally, these heterometallic chain compounds can be divided into one of two types, A or B as listed in
Table 2.13. In the A structure type a bimetallic unit of either Ru,(OAc),* [PtRh(piam),(NH;).Cl.]*, or
[PtRh(CISCCONH)2(NH3)2C12] is bound to a tetrametallic [Pt.(piam).(NH;),].4* unit, In structure type B, a
bimetallic Rh.(OAc), unit is linked to a [PtCuPt(piam),(NH;),]>* trimer. Both types start with a bimetallic
species, either Rh,OAc), or Ru.(OAc),Cl as the first building block and from compound to compound. In
the infinite chain P8A, B, and C, the Rh—Rh distances range from 2.3733(6) A to 2.3901(7) A, quite similar
to the Rh—Rh distance in Rh,(OAc),(OH.). of 2.3855(5) A.225 In the molecular chain P9, this distance is
2.3826 A, also in good agreement with the isolated bimetallic Rh.(OAc),(OH.). We may also compare the
Ru—Ru in P6 (2.257(3) A) to that in an isolated Ru.(OAc),Cl species (2.281(3) &), In the second building
block, the Pt—Cu distances in the Pt—Cu—Pt trimer are within 0.05 A of one another and are similar in
distance to an isolated Pt—Cu—Pt chain (2.6870(6) A).RE We may also compare the Pt—Cu distances in
several Pt—Cu—Pt species synthesized by Lippert.39 43.226-227 In the tetrametallic [Pt,(piam),(NH;)s]4* units
with P6 and P77, the Pt—Pt distances are in between that of an independent are in between that of an
independent [Pt.(piam).(NH;),](PF¢).-2H»0 binuclear complex and the tetramer. It is also important to
note that many of the equatorial ligands have hydrogen bonding interactions that aid in holding the building
blocks together. For example, in P6, the O atoms on the [Ru.(OAc),]* have hydrogen bonding interactions

to the N—H of the piam ligand and the NH; ligands on the [Pt.(piam).(NH,),]. (Figure 2.29).224

o /‘LO HN HsN NH3
o= © W \\\‘\O W \\\\NHB
. R 5 . . o
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Figure 2.29 Hydrogen bonding interactions (emphasized in red) found in heterometallic chain
compounds.

2.4.3 Electronic Structure of Heteropolymetallic Compounds
Although each class of compounds described previously has their own unique electronic structure,

a commonality does exist between almost all but one of the compounds presented in these chains, infinite
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or finite. As was seen with the shorter bimetallic and trimetallic species, the o-symmetry d,- orbital overlap
dominates the metal-metal bonding in these compounds.

The heteropentametallic chains explored by Peng and coworkers each present a unique structure
with some commonalities between them. There are two types of structures that Peng and coworkers have
established, symmetric (MsMaMgMaMa) and asymmetric (MaMgMgMsMa). Only compound P1 is
symmetric. Figure 2.30 illustrates the expected combinations of o-type orbitals in this chain. The Ni d,z
orbital can be destabilized by interaction with the filled Mo, o bonding orbitals, leading to the occupation
of the three lowest o-symmetry orbital combinations, shown in Figure 2.30. Interestingly, the central tdpa
pyridine rings are pointed off-axis with respect to the Ni—N bonds (see the view along the M; axis in Figure

2.28). These less-than-optimal Ni-N bonding interactions lower the Ni d.2_.» orbital enough to allow the

X~y
central Ni atom P1 to have a high-spin ground state.28 Peng and coworkers Mo—Ni § bonding could
contribute to the high-spin state of P1 but at a distance of >2.5 A, such an interaction is unlikely.
Compounds P2-P4 are asymmetric in nature and computational investigations were performed
Ni,Ru,Ni(tpda),(NCS)..22t The electronic structure is consistent with the presence of three magnetic
centers. The terminal Ni, unit features of d8 Ni2+ ions, one of which is five coordinate with S = 1 and on is
square planar with S = 0. The S = 1 Ni ion holds two unpaired electrons d,> and d,_, orbitals. The [Ru.]5*

species is the second magnetic site with S = 3/2 and electrons present in the 6" and " orbitals. An additional

unpaired electron is present in the terminal d° Ni* d,2_,> orbital.

Mo Mo Ni Mo Mo
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Figure 2.30 Orbitals of o-type symmetry for symmetric pentametallic HEMACs from Peng and coworkers.

energy

The chain compounds reported by Ebihara, Uemura, and coworkers were inspired by the mixed-

valent “platinum blue”, a linear, tetranuclear, Pt chain with an average oxidation state of Pt2-25 and contains
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one unpaired electron delocalized across four Pt centers via a ¢ pathway of d,z orbitals.228-220 In P6 and
P7 this motif remains in compounds featuring a Pt, building block. Furthermore, the LUMO for the
majority of the bimetallic building blocks (Rh,, Ru,, PtRh) is a ¢* orbital. Therefore, a pathway uniting the
doubly or singly occupied d,z orbitals of the Pt, building blocks and the unoccupied ¢” orbitals of the M,
building block exists, supporting both bonding interactions as well as electron communication.

In P6 the unpaired electrons are localized on the [Ru.]5* core while in P8 and P9 they are localized
on the [Rh,]4* core. Based on magnetic susceptibility data for P6, the electronic structure is analogous to
that of Ru.(OAc),Cl with a 02148282712 triplet ground state. 216224 The LUMO for the bimetallic building
blocks as well as the [Pt—Cu—Pt] bridged compound remains on a ¢* orbital, composed of d,= orbitals.
Ebihara, Uemura and coworkers have found that simple, yet accurate molecular orbital depictions of these

chains can be obtained by determining and energetically ranking all combinations of d,2 orbitals.

4.2 Magnetic Properties of Heteropolymetallic Compounds

The magnetic behavior of these compounds can be categorized into three general classes: isolated
magnetic centers, ferromagnetically coupled centers, and antiferromagnetically coupled centers. As will be
discussed in section 4.2, despite the differences in magnetic behavior the vast majority of electron
communication occurs through the o pathway. This is also seen in the trimetallic complexes, described in
section 3.

4.3.1 Isolated Magnetic Centers

Despite the apparent similarities between the pentametallic chains P1-P5 all three types of
magnetic behavior are represented. Compound P1 is the only one to present a single isolated magnetic
center. This is easily justified however, when considering the terminal Mo, diamagnetic units are not

magnetically active leaving just the central high-spin [Ni]2+ ion. 218

4.3.2. Intramolecular Spin Coupling
When a diamagnetic [Mo.] unit is bookended by one Ni ion on one side as in P3 and P4, the single
five-coordinate Ni is paramagnetic with S = 1 and the terminal [Ni.]3* unit is also paramagnetic with S =

3/2. Intrachain communication occurs in the form of antiferromagnetic coupling between the two termini.
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Two possible mechanisms for pin couple have been considered: direct exchange via the d,. orbitals or
superexchange via the ligands supporting the chain. Since the magnitude of the coupling, J ~ -45 cm, is
larger than in the homometallic [Ni;(bna),Cl.]** compounds, the authors suggest a o pathway. 219 For P2
weak ferromagnetic coupling is suggested by the magnetometry data as indicated by the slight rise in pes
from 3.67 emu mol K- (300K) to 4.41 emu mol K- (41 K).221 The nature of the spin coupling is ambiguous
since the compound contains three spin centers and the susceptibility data have not been modeled.22

The infinite chain compounds from Ebihara and Uemura present spin coupling between each
discrete octameric unit. Compound P77 for example, is composed of [Pt2] and [PtRh] units, at 250 K, the
complex at a peff of 0.5 cm3 K mol-1.222 this value decreases to 0.04 cm3 K mol-1 as the temperature tends
toward zero. Compound P35 contains a [Ru,]5* bimetallic unit. Variable temperature magnetic susceptibility
data provided a yT value of 0.95 cm3 K mol at room temperature, consistent with that of a [Ru,]!/III unit
with an S = 1 ground state.224 Additionally, substantial zero field splitting (D = 220 cm™, consistent with
other Ru,!"/M species as well as weak antiferromagnetic coupling (zJ = -3 cm™) between [Ru2] units were
found. Most recently, [Rh,] chains bridged by [Pt—Cu—Pt] units were characterized magnetically. Two of
the solvent adducts of P8 were examined to understand if solvent in the crystal lattice had any impact on
magnetic chain communication. These adducts present 4T values of 0.441 cm3 K mol* and 0.412 cm3 K mol-
1 at 300K, decreasing slightly at lower temperatures.23° This is suggestive of one unpaired electron, housed

inthed,_,

2 orbital of the Cu2+ion.223. 230 These electrons present weak antiferromagnetic coupling (J = -
0.35 cm in the first sample, J = - 0.47 cm in the second.) The discrete octanuclear chain P9 showed a
similar T value of 0.412 cm3 K mol-1 at 300 K with slight decreasing behavior at lower temperatures. As
with the infinite chains above, the unpaired electron lives in a d,2_, orbital on the Cu atom. The data were

fit with a weak antiferromagnetic coupling constant of J = 0.45 cm-1 between octameric units. This coupling

occurs between neighboring chains that are approximately 10.2 A apart.

4.3.3 Intermolecular Spin Coupling
As mentioned in Section 2.2.1, the geometry of the crystallized dimer in compounds made by
Doerrer and coworkers, dictates their magnetic behavior. For compounds that exist in the square

geometry, the magnetic data suggest that each bimetallic paddlwheel behaves independently with one
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high spin metal (IT) ion. The rationale for the isolated behavior lies in the communication via Pt d,2
orbitals. When these species dimerize they do so with Pt atoms facing each other. When the Pt atoms are
in close enough proximity, unpaired electrons on the terminal 3d metals can communicate via this
pathway and couple. The square geometry does not have this magnetic pathway available. The other three
geometries do, however, and antiferromagnetic coupling is observed; as a dimer, each compound is
expected to have a singlet ground state. It is also important to notice the disparity in T values observed in
the solid state and in solution. This is attributable to propensity of these heterobimetallics to crystallize
into dimers while this behavior is not possible in solution. The coupling constants (where reported) have

been compiled in Table 6.

Table 2.15 Coupling constants in heterobimetallic complexes in the Doerrer lab.

Compound J (cm) Ref

B2 - 10 95
B3 - 60 95
Bg —-12.7 95
Bs -50.8 98
B6 -6 98
B7 -12.6 98
B17 - 6.7 o)
B18 - 8.8 104
B1g —30.7 ot

Doerrer and coworkers note in these pairings, the Ni containing compound consistently has a greater
magnitude coupling constant. Perhaps the most surprising compound in this class is B20o, which behaves
as a one—dimensional infinite chain linked in a zig—zag pattern through thiocyanate ligands. The % T value
at 300 K is 2.33 cm3 Kmol* whereas beginning at 45 K it dramatically rises to 10.94 cm3 Kmol-.. These
data are consistent with Cr(III) centers that are ferromagnetically coupled that was determined with J =
1.18 cm.. Additionally, under low temperature and low field conditions, B20 presented strong field
dependence indicative of three—dimensional ordering. Furthermore, at 1.8 K, butterly—shaped hysteresis
loops were found. This hysteresis behavior was later attributed to disruptions in the rearrangement of the
chain as a result of the tilting of the magnetic axis of Cr(III) as the magnetic field is changed.99

4.4 Electron Transport Properties of Heteropolymetallic Complexes
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Complex P2 has been studied the STM-bj measurement technique described in Section 3.4. In
comparison to its [Nis] and [Ru;] analogs, compound P2 has a resistance value of 6.1+1 MQ; greater than
[Rus] 4.2+0.9 MQ but less than the [Nis] 23.3+4.1 MQ which was attributed to the HOMO-LUMO gap in
each chain; the lesser the gap, the lesser the resistance. A current—voltage response curve was also
constructed for P2. In contrast to the homometallic analogs which show a continuous line, analogous to the
one in Figure 2.26, P2 presented negative differential resistance (NDR). This is seen in the current-voltage
response curve with sudden spikes on the curve. In contrast to a traditional resistor in which an increase in
applied voltage leads to an increase in current response, the opposite occurs with NDR. The rationale

behind this behavior, which is valuable in molecular electronics remains poorly understood.217

5. Summary and Outlook

Moving from heterobimetallics to heterometallic chains of higher nuclearity, several prominent
trends become apparent. From a synthetic aspect, both the metalloligand approach and self-assembly
methods in conjunction with HSAB allow for the highly selective syntheses of heterobimetallic and
heterotrimetallic chains in which metal atom pairings can be investigated with atomic precision. Currently,
quasi 1D chains may be synthesized by first forming building blocks using methods enabling selectivity and
control but the metalloligand and self-assembly approach have not been investigated for chains of higher

nuclearity. Development of such methods could prove valuable.

Many of the species that present magnetic or electron transport behavior do so through the use of
the o pathway comprised of d,. orbitals. The application of d8 square planar ions (or more generally
diamagnetic species) such as Pt2+ has proved useful in all three classes of paramagnetic heterometallic
metal-metal bonded complexes in this review. Their incorporation allows for long range communication
between magnetic units to occur. This is seen in the heterobimetallic complexes for Doerrer and coworkers
in which Pt-Pt interactions on neighboring complexes allows for magnetic coupling between two
neighboring units to occur. As evidenced in Doerrer’s own quasi 1D chain (B20), the appropriate choice of
bridging ligand and metal-metal pairing allows for long range interactions. Continued development into
the incorporation of other diamagnetic mediators between magnetic centers may be a way to incorporate

existing heterobi- and heterotrimetallic chains into longer quasi 1D chain systems.
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Beginning in 2007, the field of paramagnetic metal-metal bonded compounds has undergone a
renaissance. This renaissance has included heterobimetallic compounds capable of enabling unique
reactivity,5* heterotrimetallic chain compounds exhibiting unusually large ferromagnetic coupling,37,
heterotrimetallic compounds in triangular arrangements,3513¢, and heterobimetallic compounds that

crystallize into tetramers with long range coupling.96- 98
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Chapter Three

Extraordinarily Large Ferromagnetic Coupling (J > 150 cm™) via Electron Delocalization in
a Heterometallic Mo=Mo—Ni Chain Complex

Jill A. Chipman and John F. Berry

This chapter is adapted from Extraordinarily Large Ferromagnetic Coupling (J>150 cm™) via Electron

Delocalization in a Heterometallic Mo=Mo—Ni Chain Complex

Reprinted with permission from Chipman, J.A; Berry, J.F Chem. Eur. J. 2018, 24, 1494-1499.

3.1 Abstract
The new heterometallic chain compounds Mo.Ni(dpa),Cl. (1) and [Mo.Ni(dpa),Cl.]JOTf (2) (dpa

= 2,2’-dipyridylamine) have been prepared and studied by crystallography and magnetic susceptibility,
among other methods. Oxidation of 1 to 2 removes an electron from the multiply-bonded Mo, unit,
consistent with the formulation of 2 as containing a (Mo,)5*---(Ni)2+ core. While 1 contains an S = 1, pseudo-
octahedral Ni(II) ion, 2 has an S = 3/2 ground state in which the two Ni(II) unpaired electrons are joined
by an unpaired electron in a Mo—Mo & orbital. The S = 3/2 ground state is persistent to 300 K, evidencing
strong ferromagnetic coupling of the Mo, and Ni spins with J > 150 cm. This ferromagnetic interaction
occurs via delocalization of a o, electron across all three metal atoms, forcing ferromagnetic alignment of
electrons in orthogonal Ni and Mo, 6-symmetry orbitals. We anticipate that this new means of coupling

spins can be used as a design principle for the preparation of new compounds with high spin ground states.

3.2 Introduction

Control of electron spins at the atomic level is a major goal in molecular magnetism.*4 Orbital
overlap is an important guiding principle for achieving such control, as electrons in overlapping orbitals
will couple antiferromagnetically via superexchange whereas electrons in orthogonal orbitals will couple
ferromagnetically.5 Electron delocalization is another fundamental design principle exemplified by the
“double exchange” mechanism, whereby delocalization of one or more “itinerant” B-spin electrons leads to
alignment of a-spin electrons on two adjacent metal centers (Scheme 3.1A).6-1° In this mechanism, it is the
strong antiferromagnetic interaction between the majority spins and the delocalized electron that leads to

a high-spin ground state, an exact molecular analogy to the concept of ferrimagnetism in bulk materials.
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The double exchange mechanism implies orbital overlap between the a-spins and the B-spin
itinerant electron. But what if the orbitals housing these electrons were orthogonal? Can an a-spin itinerant
electron cause alignment of a-spins in neighboring metal atoms via orbital orthogonality — spins that would
Ni chain complex in which this effect is observed: delocalization of a 6-symmetry electron across the Mo=
Mo-Ni chain causes ferromagnetic alignment of §-symmetry electrons at both the Mo, and Ni centers.

A

®|®

4 | { 1 / 4
| f ! ! | |

Double Exchange: Double Orthogonality:
Delocation of a Delocation of a
minority spin electron majority spin electron
C
Mo Mo Ni

E| 0 O o 4 o
o O o Ao

Scheme 3.1. Spin coupling mechanisms involving (A) electron delocalization of a minority spin electron
(the double exchange mechanism) and (B) a majority spin electron as described in this work. (C) The 3-
center/3 electron o bond within the Mo=Mo—Ni core.
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Over the past decade, we 1120 and others2-3° have studied heterometallic extended metal atom
chains (HEMACs), which contain a linear string of three or more metal centers supported by four triply-
bridging ligands. Of specific interest to this work are trimetallic HEMACs of the form Ma=Ms—Mg in which
a quadruply bonded pair of group VI metals is appended to a high-spin divalent first row transition metal.
In these complexes, the Ma and Mg d,2 orbitals overlap resulting in a 3-center/3-electron bond within the
complex in which an unpaired electron occupies a 3-center on, orbital as shown in Scheme 3.1C.17 3

We have found Mo=Mo-M(dpa),X. compounds to be more chemically robust than their Cr=Cr—
M(dpa),X. counterparts, which are unstable to chemical oxidation.* Additionally, a recent report of
unusually large single molecule conductance behavior of Mo=Mo—Ni(dpa),(NCS)32 prompts an
investigation into the electronic structures of Mo=Mo—Ni chain compounds. Oxidation of MA=Ma—Mj5
HEMACS with Ma = Mo has been proposed to remove an electron from the Mo, 6-bonding orbital but until
this report, we have been unable to stabilize such an oxidized complex.?218-19.33 The only HEMACs that have
been amenable to chemical oxidation have had a different type of electronic structure.2-22 26-27 Thus, we
were curious whether a Mo=Mo-M(dpa),X. complex in which M is a first-row transition metal could be
stable to one-electron oxidation.

3.3 Results and Discussion

Our lab has established synthetic methods for accessing Mo.Mg(dpa),Cl. complexes where Mg is

Cr, Mn, Fe, or Co.'2 141519 Mo,Ni(dpa),Cls, 1, was prepared analogously through reaction of Mo.(dpa), with

1.5 equivalents of NiCl, in molten naphthalene (Scheme 3.2).

/Y\f 1.5 NiCl,
o \\\\v/\o A Ny, 4 hrs

I e I
N'k‘éM\o — CI—Mo\éM‘o\'\"'Ni—CI
1
SN N N FeOTf
i 1 ] CH,Cl,,-78°C
() ]
N SN '
e sl -
) Cl—Mo=Mo"-—Ni=Cl o]
dpa' W

Scheme 3.2 Preparation of Mo.Ni(dpa),Cl, (1) and [Mo.Ni(dpa),Cl,]OTf (2)
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Compound 1 contains a linear Mo=Mo-Ni framework buttressed by a helical set of four dpa
ligands. The cyclic voltammogram of 1 illustrates a quasi-reversible Mo.#+/5+ oxidation wave at E;/» = -0.418
V vs Fc/Fc*, approximately 0.10 V more positive than for the other Mo=Mo—-Mp HEMACs.'> 9 This
observation is consistent with the increased electronegativity of Ni relative to the other Mg metals studied.
Given the reversibility of this wave, it seemed plausible that a one-electron oxidized compound might also
be stable. Indeed, upon dropwise addition of a solution of FeCp,OTf to a CH,Cl, solution of 1 at —78 °C, an
initially fleeting hint of maroon appeared, which became persistent over time. Addition of pentane yields a
maroon colored solid, which was isolated and crystallized by slow diffusion of pentane into a CH,Cl,
solution at —78 °C. Deep purple needles of 2 were obtained in 59% yield.

The molecular structures of 1 and 2 are shown in Figure 3.1. From 1 to 2 both the Mo—Mo distance
and the Mo—Ni distance increased by approximately 0.02 A from 2.107(2) A to 2.129(3) A and 2.525(4) A
to 2.552(4) A, respectively. There is a substantial contraction (0.08 A) of the Mo—Cl distance and no change
in the Ni—Cl distance (Table 3.1). Overall, these changes support the idea that the oxidation is localized to
the Mo, unit. To investigate this hypothesis further, we turned to UV-vis/NIR spectroscopy to characterize

1 and 2 in solution.

Figure 3.1. Crystal structures of 1 (left) and 2 (right.) Hydrogen atoms and any solvent molecules have
been removed for clarity.
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Table 3.1. Changes in bond distances between 1 and 2.

Bond Length in 1 (&) Length in 2 (&) Change (A)
Mo—Mo 2.107(2) 2.129(3) + 0.022
Mo—Ni 2.524(4) 2.552(4) + 0.020
Mo—Cl 2.627(2) 2.545(2) -0.082
Ni—Cl 2.394(3) 2.394(3) 0.000
Mo—Ninner(av) 2.174[3] 2.080[4] - 0.093
Mo—Nouter(av) 2.115[3] 2.163[4] +0.048
Ni—N(av) 2.146[3] 2.156[5] + 0.010

UV-vis spectra of 1 and 2 are given in Figure 3.2. The spectrum of 1 is notably similar to those of
other Mo.Mg(dpa),Cl. compounds and allows us by analogy to assign the features at 494 nm (e = 13,100)
and 671 nm (e = 2,400) as a MLCT transition and a Mo, 6 — &* transition, respectively. These findings are
further supported through time dependent DFT (TDDFT) calculations. Compared to 1, we observe a red
shift in all the transitions in 2. Of note are the features at 1074 nm, which are metal-to-metal charge transfer

transitions that are made available by a hole in the Mo, & orbital.
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Figure 3.2. UV-vis and near IR spectrum of 1 (black) and 2 (red). Inset: cyclic voltammogram of 1.

Magnetic susceptibility data for 1 and 2 are shown in Figure 3.3 with the data summarized in Table

3.2. The x-T value for 1 at 300 K, 1.09 emu-K-mol-, agrees with the spin-only value for an S = 1 system of
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1.0 emu-K-mol-. In the case of 2 the high temperature limit in our data is 1.75 emu-K-mol- for which the
only reasonable assignment is to an S = 3/2 system (spin only value of 1.875 emu-K-mol). Thus, the data
for 1 and 2 were modeled as S = 1 or S = 3/2 systems, respectively. For both 1 and 2, a sharp downward
feature is seen in the x-T vs. T plot below 50 K, indicative of zero field splitting. The data for 1 and 2 were
fitted with giso = 1.935(3); |D|= 9.19(3) ecm, and giso = 1.906(3); |D| = 2.86(4) cm-, respectively.

For 2, fitting the data as an S = 3/2 system suggests that 2 is a strongly ferromagnetically coupled
system (Sni = 1/2 and Sxi = 1; total S = 3/2). Although we were unable to directly obtain a fitted value for
the Mo,---Ni exchange parameter J, simulations of the data with coupled Smo. and Syi centers indicate a
lower bound of 150 cm (Figure 3.4) . These results contrast with previous examples of Ma—Mp—Ma

HEMAC:s that exclusively display antiferromagnetic coupling between M4 centers.22 26-28

Table 3.2. SQUID Magnetometer Fit Parameters for 1 and 2.

1 2
g1 2.171(1) 2.299(3)
gl 1.817(4) 1.710(2)
ID| 9.19(3) 2.86(4)
7J 0.273(3) 0.9(4)
TIP 0.7(1)

Residual 0.00138 0.00566
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Figure 3.3. Variable temperature magnetic susceptibility data for 1 (black squares) and 2 (red triangles).
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Figure 3.4. Simulations of the exchange parameter J against the experimental data for 2.

In addition to magnetic susceptibility measurements, a frozen solution X-band EPR spectrum of 2

was collected (Figure 3.5). Compound 2 displays an axial signal with effective g values of gy . = 2.063 and

gu,eff = 3.897, which are characteristic of an S = 3/2 system where D >> hv, and confirm the assignment of
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the S = 3/2 ground state. The spectrum was modeled with S = 3/2, intrinsic gy =2.060, g. = 2.069, and E/D
= 0.0309, indicative of nearly axial symmetry. An additional Mo (9”Mo and 95Mo) hyperfine interaction was
observable on the parallel component (4,= ~250 MHz.) This hyperfine interaction in 2 is strikingly large in
comparison to other Mo—Mo bonded systems where A values range from 107—-135 MHz.34-37 The largest
value in this range corresponds to [Mo,Ru(dpa),Cl.]*, in which the unpaired electron is nearly completely

localized on a single Mo center. Thus, there appears to be an even greater Mo spin population in 2.

eXx

sim

T T T T T T
100 200 300 400
Field, mT

Figure 3.5. Simulated (red) and experimental (black) EPR spectra of 2 at 8 K. Simulation parameters are
as follows: freq. 9.3846 GHz; g) = 2.060, g1 = 2.069, A; = ~250 MHz; H-strain [700 200 225]; lw =11, points
=1024.

These experimental findings are supported by density functional theory (DFT) calculations. Single-
point DFT calculations allow for comparison between the electronic structures of compounds 1 and 2 as
well as other HEMAC compounds. As described above, 1 features a 3¢/3e o bond consisting of a doubly-
occupied o bonding orbital formed via overlap of the Mo. and Ni d,2 orbitals plus single occupation of the

corresponding onp, orbital. An additional unpaired electron is localized on aNi d z_, > type orbital that makes

x%-y

a strong antibonding interaction with the dpa N atoms.38-42 This is similar to our previous bonding

description for the series of Mo.Mg(dpa),Cl. in which Mg represents a first-row transition metal.:8-19
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Upon oxidation, an electron is removed from the Mo, unit leaving an unpaired electron in the Mo,
Bxy orbital (Figure 3.6). Due to the helical twisting about the Mo—Mo—Ni axis, the Mo. 6.y and Ni d,2.,2
orbitals have the same symmetry and can overlap with each other, suggesting that we should see
antiferromagnetic coupling between the Mo, and Ni centers. However, the oy, orbital is delocalized over all
three metal atoms and is rigorously orthogonal to both of the Mo, and Ni § symmetry orbitals. Thus, the
prevailing interaction is a ferromagnetic one identical to what is depicted in Scheme 3.1B in which the red
electrons are of § symmetry and the green itinerant electron has o symmetry. Notably, the lowest energy S
=1/2 state is predicted by DFT to be ~340 cm- higher in energy than the S = 3/2 ground state. This energy
difference corresponds to 3J and is therefore in good agreement with our estimate for J > 150 cm from the

magnetic data.
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Figure 3.6. (A—C) Singly occupied orbitals contributing to the S = 3/2 ground state of 2 (orange balls
represent the Mo atoms and the pink ball represents the Ni atom). (D) Spin density plot of 2.

3.4 Summary

Thus, in reporting the first example of a one-electron oxidized Mo.Mg(dpa),Cl. monocation in
which Mg represents a first-row transition metal, we find that the cation displays unusual, strongly
ferromagnetic coupling affording an S = 3/2 ground state that persists to room temperature. This

conclusion is supported through EPR spectroscopy, SQUID magnetometry, as well as DFT computations.
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The ferromagnetism arises via a new mechanism in which a delocalized itinerant electron couples
ferromagnetically to electrons in orthogonal orbitals in neighboring spin centers. The resulting magnitude
of the coupling (J = 150 cm) suggests promise for the use of this effect in the design of novel magnetic
materials.
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3.6 Supporting Information
Materials and Methods

All reactions were carried out under a dry N, atmosphere using Schlenk techniques and glovebox
methods. Pentane was purified using a Vacuum Atmospheres solvent purification system. Dichloromethane
was freshly distilled under N, over CaH, prior to use. FeCp,OTf and Mo,(dpa), were prepared according to
previous literature procedures.35 43 Naphthalene was purchased from Sigma-Aldrich and sublimed prior to
use. Anhydrous hexanes were purchased from Sigma-Aldrich and degassed prior to use. NiCl, was
purchased from Strem Chemicals and used as received. The ligand Hdpa was purchased from TCI and
recrystallized from hot hexanes prior to use. Elemental analysis was carried out by Midwest Microlabs, LLC,
Indianapolis, IN. IR spectra were taken on a BRUKER TENSOR 27 FTIR spectrometer using an attenuated
total reflectance (ATR) adapter. Cyclic voltammograms (CVs) were taken on a BASI Epsilon EC instrument
using CH.Cl, solutions with 0.1 M NBu,PFs and 1 mM substrate. The electrodes were as follows: glassy
carbon (working), Pt wire (auxiliary), and Ag/Ag* in CH;CN (reference). The potentials were referenced
against the ferrocene/ferrocenium redox couple by external addition of ferrocene. The EPR measurement
was carried out at 8K using a Bruker EleXeys EPR Spectrometer (E-500A console with ER 0495X SuperX
bridge and SuperX cavity). The parameters were as follows: frequency = 9.3846 GHz, microwave power =
1.589 mW; field center 4000 G; time constant 20.48. MALDI mass spectra were obtained on Bruker
Impact™ II MALDI mass spectrometer. Variable temperature magnetic susceptibilities of crystalline

samples of 1 and 2 were recorded at the University of Wisconsin-Madison on a SQUID magnetometer
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(MPMS 3 Quantum Design) in the temperature range 2-300 K with an applied field of 0.1 Tesla.
Experimental susceptibility and magnetization data were corrected for the underlying diamagnetism using
Pascal’s constants and for the temperature independent paramagnetism contributions. The data were
modeled using the program PHI.34 The crystal structures were deposited in the CCDC with deposition
numbers 1576876 for 1 and 1576877 for 2.
Crystallography

Crystallographic data were measured at the Molecular Structure Laboratory of the Chemistry
Department of the University of Wisconsin—Madison. Crystals were selected under oil under ambient
conditions and attached to the tip of a MiTeGen MicroMount®©. Each crystal was mounted under a stream
of cold nitrogen at 100(1) K and centered in the X-ray beam using a video camera. The crystal evaluation
and data collection were performed on a Bruker Quazar SMART APEXIII diffractometer with Mo K-a (A =
0.71073 A) radiation with a detector to crystal distance of 5.0 cm. The data were collected using a routine
to survey the entire sphere of reciprocal space, and were indexed by the SMART program.44 The structures
were solved using direct methods and refined by least-squares refinement on F2 followed by difference
Fourier synthesis.45 All hydrogen atoms were included in the final structure factor calculation at idealized
positions and were allowed to ride on the neighboring atoms with relative isotropic displacement
coefficients. Due to crystallographic disorder, the metal atoms of 2 were unable to be refined anisotropically
and were thus left refined isotropically.
Computational Methods

The initial coordinates for 1 and 2 were obtained from the crystallographic data for the compounds
with the solvent molecules of crystallization removed and the dominant orientation for any disorder
utilized. All calculations were carried out using the program package ORCA version 3.0.3.4¢ The BP86
exchange-correlation functional,47-48 including the ZORA approximation was used.49 The Stuttgart-Dresden
effective core potential (ECP), def2-SD,5° was used along with valence basis sets def2-TZVP and density
fitting basis set def2-TZVP/J for Mo atoms.5"52 The def2-TZVP basis set and def2-TZVP/J auxiliary basis
set was used for Ni.53-54 The def2-SVP basis set and def2-SVP/J density fitting basis set were used for all
other atoms.53-54 Tight optimization and tight self-consistent field convergence criteria were employed along

with gridg4 for all calculations. Frequency calculations were formed following geometry optimizations to
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ensure the structures were at local minimum. Léwdin population analysis was done to determine orbital
populations.s556 Visualizations were performed with the UCSF Chimera package.5” Symmetry labels
presented in the molecular orbital diagrams were assigned by inspection to conform to the idealized C,

point group.

Mo.Ni(dpa),Cl. (1) Solid brick-red Mo.(dpa), (406.2 mg, 0.466 mmol) and NiCl, (97.0 mg, 0.745 mmol)
were combined with naphthalene (5 g) in a Schlenk flask. The flask was placed in a sandbath that had been
preheated to 220°C and the reaction mixture was stirred for 4 hours during which it became brown in color.
After cooling to room temperature, the mixture was washed with hot hexanes (4 x 40 mL). The residual
dark solid was dried under vacuum and subsequently extracted with CH»Cl, (30 mL). The dark green extract
was then layered with hexanes (70 mL). Dark colored X-ray quality blocks of 1 were obtained after 3 days.
Yield 182.6 mg, 39%. Anal Cald for Mo.Ni(dpa),Cl.: C, 47.93; H, 3.22; N 16.77. Found: C,47.92; H, 3.19; N,
16.64. IR (ATR, cm); 3069 w, 1601 W, 1592, W, 1563 W, 1544 W, 1459 S, 1417 S, 1347 m, 1311 s, 1284 w, 1260

w, 1154 m, 1058 w, 1015 m, 1014 m, 882 w, 856 w, 763 s, 750 w, 738 s, 690 w, 636 w.

[Mo.Ni(dpa),Cl.]SO;CF; (2) Mo.Ni(dpa),Cl. (87.4 mg, 0.0870 mmol), was dissolved in 40 mL of
dichloromethane and cooled to -78 °C. Then, 6.80 mL of a navy blue 13 mM FcSO5CF; solution, also at -78
°C was added dropwise to the brown Mo.Ni(dpa),Cl. solution affording a deep maroon solution. This
solution was allowed to stir at -78 °C for 30 minutes after which it was added to 200 mL of chilled pentane
at -78 °C. A maroon precipitate formed with the orange/yellow supernatant. This mixture was then filtered,
and the orange-yellow supernatant was discarded. The resulting solid was extracted with CH,Cl, (2 x 15
mL) and layered to 100 mL with cold pentane at -78 °C. X-ray quality crystals of 2 formed after 1 week at -
78 °C. Yield: 59.33 mg, 59.33%. Anal Cald for Mo,Ni(dpa),Cl,-2CH.Cl.: C, 39.09; H, 2.75; N,12.72. Found
C, 39.21, H, 2.89; N,12.74. IR (ATR, cm™) 1602 m, 1566 w, 1552 W, 1471 W, 1460 s, 1422 s, 1339 m, 1311 m,
1270 w, 1258 w, 1231 m, 1157 m, 1113 m 1058 m, 1017 w, 859 w, 767 s, 751 S, 743 W, 731 m, 726 m, 692 m,

670 m, 666 (m), 661 (m), 653 m, 648 m, 636 s.
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Table S3.1. Crystallographic Data for Mo.Ni(dpa),Cl. (1) and [Mo.Ni(dpa),Cl.]SO;CF; (2) at 100 K.

FOI'mula MOzNiC40H32N12‘C4H80

[MOzNiC4oH32N12]SOgCF3‘ 2(CH2C12)

Crystal system monoclinic
Space group P2,/c

a/A 16.1186(6)
b/A 15.7622(6)
c/A 16.9848(7)
a/° 90

B/° 98.435(2)
v/° 90

V/As 4268.6(3)
Z 4
Pealcg/cms3 1.673

R [I>=20 (I)] R;=0.0363, wR, =0.0806
R,P [all data] R, = 0.0430, wR, = 0.0833

triclinic

P1

12.0215(3)

14.4876(4)

15.4157(4)

90.135(2)

102.780(2)

98.930(2)

2584.7(1)

2

1.807

R; = 0.0534, wR, = 0.1473
R; = 0.0650, wR, = 0.1537

“R1 = Z||Fo| - |Fc||/E|Fo|

PwR2 = [E[w(F2Z — F2)2 /2[(w(Fg)2]]% ,w = 1/0?(F2) + (aP)?> + bP where P = [max(0 or F2) + 2(F?)]/3.

Table S3.2 Mayer Bond Orders for 1 and 2

Compound Mo — Mo Mo — Ni
2.6969 0.5398
2 2.4810 0.5125

Table S3.3. Spin Populations for 1 and 2.

Compound Mo1 Mo2 Ni Cla Cl2

1 0.052678 0.197549 1.319673 0.062822 0.095524

2 0.058296 0.960333 1.319171 0.056691 0.116705
o Mo2 Mol Nil 2

—@ @ 0 —
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Figure S3.1. Reduced magnetization data for 2. The data shown in Figure S1 were modeled with S = 3/2
in which g, = 2.299(7) and g, = 2.072(8) with |D| = 2.79(6) cm™.
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Figure S3.2. Comparison of molecular orbital diagrams for 1 and 2. Orbitals localized on the Mo, core are
shown in red, blue labels correspond to Ni centered orbitals, and green labels represent delocalized orbitals
across the Mo.Ni unit.
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Figure S3.3. TDDFT transitions for 2 in the near IR region.
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Facile Axial Ligand Substitution in Linear Mo =Mo-Ni Complexes
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4.1 Abstract: Clean axial ligand substitution reactions of heterometallic extended metal atom chains
(HEMACs) supported by the dpa ligand (dpa = 2,2’-dipyridylamine) have been synthetically challenging
due to side reactions that alter the trimetallic core. Following the hypothesis that a heterometallic core
containing second-row transition metals would be more robust toward ligand substitution, we report the
synthesis of three new heterotrimetallic compounds, Mo.Ni(dpa),(OTf). (1), Mo.Ni(dpa),(NCS). (2), and
Mo,Ni(dpa),(NCSe). (3) that are obtained cleanly and in good yield. Compound 1 may be synthesized either
directly by reaction of Ni(OTf). with Mo.(dpa), (4) or indirectly, by reaction of Mo.Ni(dpa),Cl. (5) with two
equivalents of TIOTf. Axial ligand substitution on 1 via solutions containing NaNCS or KNCSe afford 2 or
3, respectively. X-ray crystal structures of 1, 2, and 3 present short Mo—Ni distances of 2.458(8)A /2.47(1)
A, 2.548(1), and 2.546(1) respectively. Density functional theory (DFT) calculations indicate a 3-center 3-
electron o bonding interaction between the Mo. quadruply bonded core and the Ni in both 1 and 2. These
complexes were analyzed by SQUID magnetometry, supporting the presence of a high spin Ni2+ center with
S=1.
4.2 Introduction

Heterometallic extended metal atom chains (HEMACs) supported by the dpa ligand (dpa = 2,2’-
dipyridylamine) were first reported in 2007 independently by ust and the group of S.M. Peng.2 These
complexes can be either symmetric of the form Ma—Mp—M,, or unsymmetric with My—Ms—Mg structures.
Further work in our lab focused on the latter structures has led to the preparation of a large HEMAC family
in which M, is a group VI metal and Mg is either a first or second row transition metal in the +2 oxidation
state.31° The overwhelming majority of these compounds feature chloride axial ligands due to the ready

availability of MCl, starting materials. However, a thorough investigation of the chemical and physical
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properties with HEMACs requires the discovery of new complexes with variable axial ligands.
Homometallic EMACs have been prepared with axial ligands ranging from other halides, pseudohalides,
neutral ligands, and organometallic ligands.3. 117 These modifications have enabled the tuning of electronic,
photophysical, and magnetic properties as well as the formation of one-dimensional polymeric chains via
molecular linkers.18-20

We have examined substitution of axial chloride ligands in My = Ms—Mg compounds with Ma= Cr
and Mg = Mn, Fe, and Co.2-22 In these past efforts, the substitution reactions have been hampered by poor
yields and/or demetallation of Mg upon introduction of the incoming ligand. It was hypothesized that an
excess of the substituting axial ligand, which is needed to achieve useful ligand substitution rate of chloride
compounds may be leading to demetallation.

To counter this problem, we have examined adding stoichiometric equivalents of the incoming
ligand to complexes featuring labile axial ligands. We experienced some success with these methods, 2122
particularly when labile axial acetonitrile ligands were used. However, the yields of ligand substitution were
inconsistent. Another problem surprised us when we examined the products of ligand substitution of Cr =
Cr—Fe compounds. In addition to the expected Cr = Cr-Fe products, there was a small amount of Cr=
Cr—Cr impurity, indicating that metal atom substitution also occurs under these conditions.22

In this work, we set out to explore whether cleaner axial ligand substitution chemistry can be
achieved by switching from Cr=Cr-Mj chains to Mo=Mo—Ms ones. The strength of the Mo =Mo
quadruple bond was anticipated to prevent the metal atom scrambling issue that we have previously
encountered with Cr =Cr chains. Our recent report of the one-electron oxidized [Mo,Ni(dpa),Cl.]* ion?
provides further support for this hypothesis as moving to a Mo, core allowed for the synthesis, isolation,
and characterization of this meta stable-complex. In addition, Peng and coworkers have recently reported
the preparation of Mo,Ni(dpa),(NCS), via a high temperature self-assembly method, which further
supports the idea that the Mo, complexes are seemingly more robust.23 However, it is important to note
that analogous studies have not yet been completed on Cr,Ni(dpa),Cl. to fully understand the significance
of the Ni atom in the chain in addition to moving to a Mo, core. Herein, we report that the use of a Mo =
Mo—Mj5; chain does allow for straightforward axial ligand substitution chemistry to be achieved. Specifically,

we report here a systematic series of Mo,Ni(dpa),X. complexes where X = OTf, NCS, and NCSe. This series
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allows us to enumerate trends in electronic structure and heterometallic bonding as a function of the axial
ligand, X.

4.3 Results and Discussion

Synthesis

In this work, Mo.(dpa), (4) is the key precursor used for the preparation of Mo,Ni chain complexes.
In previous work, 4 was prepared by deprotonation of Hdpa with methyllithium followed by reaction with
Mo,(OAc),.t We report here a modified synthetic procedure for 4 that obviates the need for methyllithium.
In this new procedure, the salt Kdpa is prepared and isolated through reaction of KN(tms). and Hdpa in
ether at room temperature at yields exceeding 80% (tms = trimethylsilyl). This salt was characterized via
H and 13C NMR spectroscopy and elemental analysis confirms its identity. When Kdpa is allowed to react
with Mo,(OAc), in refluxing THF, the resulting Mo.(dpa), is identical via IR spectroscopy to that prepared
via the traditional route but is typically obtained in higher yields, greater than 80%.

From 4, Mo,Ni(dpa),(OTf), (1) may be directly synthesized. Reaction of 4 with 1.5 equivalents of
Ni(OTf), in molten naphthalene at 225°C for two hours affords 1 following workup of the reaction mixture.
Complex 1 may also be synthesized via the addition of an acetonitrile solution of 2 equivalents of TIOTf to
a solution of Mo.Ni(dpa),Cl. (5) in a slightly lower yield. In order to achieve axial ligand substitution,
yielding complexes 2 and 3, an acetonitrile solution containing 2 equivalents of NaNCS or KNCSe,
respectively was added dropwise to a solution of 1 in dry dichloromethane at 0°C. Both reactions are
accompanied by a color change by which the forest green solution of 1 changes to a goldenrod solution of 2
or a brown solution of 3. Complex 2 may be isolated as a brown powder in 72% yield or as brown crystals
in a 45% yield. Complex 3 may be obtained as a crystalline product in 44% yield. This overall synthetic

methodology is outlined below in Scheme 4.1.
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Scheme 4.1. Synthesis of complexes 2 — 5

In the course of our work, an alternative synthesis of 2 was reported by Peng and coworkers.23 In
this case, Mo.(OAc),, Hdpa, Ni(OAc)-4H.0, and excess NaNCS were heated together in molten naphthalene
to afford 2 in 53 % yield. We were surprised that 2 could be prepared under such harsh reaction conditions
with an excess of NaNCS. To investigate this further, we therefore attempted to prepare 2 by heating 5 with
36 equivalents of NaNCS in molten naphthalene. In our hands, this reaction did not yield the expected
Mo.Ni(dpa)4(NCS). product. Instead, we obtained what we believe to be a mixture of Ni(Hdpa).(NCS). and
Mo,(dpa), based on MALDI-TOF mass spectrometry data. Although Ni(Hdpa).(NCS), has not been
previously reported, analogous compounds have been characterized by Hurley and Robinson and these
show similar solubility properties to the material we obtain.24
Geometric Features of Synthesized Complexes

X-ray quality crystals of 1, 2, and 3 were obtained by layering separate dichloromethane solutions
with hexanes (1) or diethyl ether (2 and 3). Compound 1 crystallizes in the monoclinic space group P2,/c
while 2 crystalizes in the triclinic space group P1, and 3 crystallizes in the monoclinic space group C2/c
While 1 presents positional metal atom disorder within the Mo = Mo-Ni chain, 2 and 3 do not present this

disorder. These three structures are fairly similar all presenting the linear, heterotrimetallic chain encased
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by the dpa ligands that wrap the molecular periphery in a helical manner. The molecular structures of

compounds 1, 2, and 3 are shown in Figure 4.1.

N

Figure 4.1. Crystal structures of 1, 2, and 3. Ellipsoids are shown at the 50% probability level. All H atoms
and molecules of solvation have been omitted for clarity. In addition, the dominant orientation in any
instance of disorder is displayed.

In comparison to other Mo = Mo quadruply bonded species supported by the dpa ligand, the Mo
= Mo bond distances for 1, 2, and 3 of 2.110(8) A, 2.1073(9) A, and 2.0966(8) A, respectively (Table 4.1)
are similar to those reported for other Mo, Mg HEMACs that range from 2.096(2) (M=Mn) to 2.104(1)
(M=Fe.)4¢ 89 However, the Mo—Ni distances in all three complexes are remarkably short at
2.458(8)/2.47(1) &, 2.548(1) A and 2.546(1) A, for 1, 2, and 3, respectively. To put these distances in
perspective, we consider the Mo—Mj5 distances in Mo.Mg(dpa),Cl, compounds with Mg = Cr, Mn, Fe, and
Co. These distances range from 2.6170(7) A in Mo.Co(dpa),Cl. to 2.797(5) A in the crystal structure of
Mo,Mn(dpa),Cl,.4-6 8 We may also make a comparison to the Mo—Ni distance in the recently reported 9
Mo.Ni(dpa),Cl. which was found to be 2.525(4) A. Indeed, 1,2,3, and 5 present consistently short Mo—Ni
distances.

Although these Mo—Ni distances are outliers among the Mo.Mg(dpa),X- series, they agree well with
the distance reported for the [Ru.Ni(dpa),Cl.]* ion (2.513(9) A) synthesized by Peng and coworkers, which
is described as having a (Ru,5+)—Ni2* electronic structure.25-26Additionally, 1, 2, 3, and 5 may be compared
to Cr.Ni(dpa),Cl. reported by Nuss et al.27 that reported a Cr—Ni bond distance of 2.585(2) A, which is

slightly shorter than the other Cr—Mp distances reported in the Cr.Mg(dpa),X; series.
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Mo.Mg complexes are advantageous over Cr.Mg complexes in that, while the electronic structure
of the latter complexes are multiconfigurational and mandate a multireference computational approach,28
the Mo.Mg complexes may be treated satisfactorily using density functional theory (DFT) methods.7-8. 1
Crystal structure coordinates were used as starting geometries for DFT geometry optimizations and single
point calculations, which allowed for additional comparison as shown in Table 4.2. The metal-metal bond
as well as metal axial ligand distances computed for 1, 2, and 3 match well with experimental values.
However, DFT does not accurately reflect the metal backbone to axial ligand angle (Ni/Mo—Nxcs—Cncs) in
2. Experimentally, these angles are observed to have a substantial bend, with metal—nitrogen—carbon
angles of 151.6° and 161.1° while computationally, these values were predicted to be 177.3° and 177.4°. We
attribute this discrepancy to crystal packing effects. In 3, the Ni—Nncse—Cncse angle of the axial ligand is
perfectly linear at 180.0° while the Mo—N-C angle takes a substantial bend and adopts an angle of 133.8°.
Computationally, the optimized structure presents angles of 179.9°. The computational and experimental
angles of 1 are in good agreement with each other.

Table 4.1. Crystallographic data for Mo.Ni(dpa),(OTf),, Mo.Ni(dpa),(NCS),-CH,Cl,, and Mo,
Ni(dpa),(NCSe).-CH,CI, at 100K.

1 2 3
Empirical formula Mo0,NiC,2H55N15S,06F6 ggigf“zHSszSQ %%2113421{321\114862
Crystal system monoclinic triclinic monoclinic

Space group P2,/c Pi Cz/c

a/A 15.67(1) 12.000(2) 18.161(4)

b/A 17.16(2) 12.840(3) 17.381(4)

c/A 17.82(2) 16.620(3) 15.556(3)

a/° 90 97.73(3) 90

B/° 107.05(1) 106.17(3) 111.19(3)

v/° 90 112.06(3) 90

Volume/As 4579(7) 2195.7(9) 4578(2)

Z 4 2 4

Pealc g/cm3 1.783 1.713 1.778

Rla, WRQb [I>=20 (I)]
R.2, wR,b [all data]

0.0438, 0.1002
0.0471, 0.1009

0.0343, 0.0805
0.0444, 0.0859

0.0521, 0.1194
0.0705, 0.1301

“R1 = %||F,| — |F||/ZIF,]|

PwR2 = [E[w(F2 — F2)2/5[(w(F2)2]]

1
2

,w = 1/0%(F2) + (aP)? + bP where P = [max(0 or F2) + 2(F%)]/3.
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Solution Properties

The cyclic voltammograms (CVs) for 1 and 2 in dichloromethane are shown in Figure 4.2 (The data
for 3 are shown in Figure S4.2). Despite their similarity to existing HEMACs, all three compounds display
distinct electrochemical behavior. These compounds all present a reversible feature, attributable to the
[Mo.Ni]é+/7+ redox couple, at E;/. = — 0.125 V for 1, E,/» = — 0.290 V for 2, and — 0.167 V for 3. Reversibility
of this couple was determined using 2, the details of which are shown in Figures S4.13 and S4.14. This redox
couple has been assigned to the Mo,4+/5+ redox couple of the quadruple bond. We were recently able to
isolate the one-electron oxidized [Mo,Ni(dpa),Cl.]* cation? as a meta-stable complex. In order to access the
complex, we resorted to extreme reaction conditions and crystallization at -78 °C. We attempted chemical
oxidation of 2 at the same reaction conditions, using FcOTf as an oxidant but allowed for crystallization at
room temperature. In this circumstance, instead of yielding a [Mo.Ni(dpa),(NCS).]+ cation, the resulting
product was [Mo.(dpa);(NCS).]+ having Mo—Mo distance of 2.580(1) A suggestive of loss of the quadruple

bond. However, there was also loss of Ni as well as one dpa ligand.29

Eyj,=-0.125

Ei»=—0.290

— ,
06 04 02 00 02 -04 -06 08 -10
V (Fc/Fc™)

Figure 4.2. Cyclic voltammograms of 1 in 2 in CH.Cl, with 0.1 M NBu,PF; electrolyte and 1 mM substrate,
scan rate 100 mv/S.
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In the binuclear 4, this feature is present at E,/, = — 0.83 V. Thus, addition of the heterometal, Ni,
leads to complexes with redox potentials one half to three quarters of a volt higher than in the Mo,
precursor. In comparison to other Mo.Mg(dpa),Cl. compounds with Mg = Cr, Fe, 1, 2, and 3 present more
positive redox potentials (Table 4.2). In comparison to Mo.Ni(dpa),Cl,, in which E,/. = — 0.418 V, 1,2, and
3 present more positive potentials. We previously reported Cr = Cr—Fe chain compounds supported by the
dpa ligand in which one or both axial chloride ligands were substituted for a triflate ligand. In the
monotriflate species, the triflate binds to the terminal Cr atom. Moving from the chloride to monotriflate
species, the E,/, attributable to the Fe2+/3+ couple was found to shift from — 0.236 V to — 0.050 V consistent
with the fact that triflate is a weaker o donor than chloride.2! This work illustrates a similar trend comparing

the triflate to the thiocyanate and selenocyanate ligand.

Table 4.3 Comparison of electrochemical data.

Compound E,/2 (vs. Fe/Fc*) Ref

1 —0.125 This work
2 — 0.290 This work
3 — 0.167 This work
5 — 0.418 9
Mo,Cr(dpa),Cl, — 0.860 8
Mo,Fe(dpa),Cl, — 0.495 6
MoWCr(dpa),Cl, — 0.910" 29

* [MoW]4+/5+

Electronic Structure

The differing colors of 1 (forest green), 2 (goldenrod), and 3 (dark brown) in CH,Cl, are due to
subtle differences in the three major absorption features in their electronic spectra (Fig. 4.3). We have used

our computational models of 1, 2, and 3 to predict the electronic transitions by TDDFT (See Figure 4.4).
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The remarkably good agreement between experimental and calculated absorption spectra serves as a strong
validation for the utilized computational approach and allows us to make definitive assignments of the
electronic transitions. The lowest energy transitions (band A in Figure 4.3) for all three complexes are
experimentally located at 650 nm, 663 nm, and 665 nm for 1, 2, and 3, respectively and are all attributed
to Mo, & — & transitions with a degree of metal to metal charge transfer character. Compared to their
experimental counterparts for transition A, the TDDFT calculated values of 697 nm for 1, 726 nm for 2, and
726 for g are slight energy underestimates of their true experimental values.

In addition a visible energy transition B experimentally located at 476 nm for 1, 477 nm for 2, and
493 nm for 3 were matched with calculated transitions at 618 nm, 642nm, and 626 nm, respectively that
are energy underestimates of their experimental values, as is common in TDDFT predictions of charge
transfer transitions. Here the assignments are based more on the agreement between experimental and
molar absor6ptivities. This transition is a metal to ligand charge transfer transition from the Mo, &" orbital
to a dpa " acceptor orbital. A complete assignment identifying all of the transitions contributing to the
highest energy band C from the experimental spectra located at 413 nm, 414 nm, and 416 nm for 1, 2, and
3 respectively was not possible but this band is expected, based on intensity (¢ = 17,900 L mol* cm, 21,000
L mol*cm, 15, 000 L molt cm™) to also be of charge transfer transition character as well. Computationally,
a major contributing transition to band C is a charger transfer feature located at 521 nm, 536 nm and 545
nm for 1, 2, and 3, respectively. This transition is also a metal to ligand charge transfer transition from the
Mo, 8" orbital to a dpa 7* acceptor orbital with inversion to the acceptor orbital localized on the Ni-bound

pyridine rings. Representative orbitals associated with these features using 2 as a model are shown in Figure

4.4.
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Figure 4.3 Experimental electronic absorbance spectra of CH,Cl, solutions of 1, 2, and 3.

Acceptor

Figure 4.4 Representative TDDFT transitions of 6 - §*(A) and MLCT (B, C) using 2 as a model.

In addition to TDDFT, single-point DFT calculations allow for comparison between the electronic
structures of 1 — 3 and other HEMAC and EMAC compounds. The bottom four orbitals of Figure 4.5 derive
essentially from the Mo, unit, having 2 x 1, 0, and § symmetry (e, a, and b in the C, point group,
respectively). Being filled, these orbitals contribute to the Mo ==Mo quadruple bond, though the o

symmetry orbital shows significant bonding interaction with the Ni ion as well. The next five orbitals (2e,



139

2b, anp and 3b) may be roughly assigned to the square pyramidal S = 1 Ni2+ center. One major perturbation
to this localization of orbitals is that the aup, of 0 symmetry has significant Mo contributions and can be
described as Mo—Mo bonding but Mo — Ni antibonding, giving overall Mo,Ni o nonbonding character. Its
occupation by one electron, together with the corresponding double occupation of a, constitute a 3c¢/3e-
Mo—Mo-Ni bond akin to those originally proposed by Bénard et al. for the homometallic Cos(dpa),Cl. and
Crs(dpa),Cl. species.303¢ For the EMACs (and also for the symmetric Ma—Mg—Ms HEMACsS), the D,
symmetry gives rise to bonding and nonbonding d,. orbital combinations of differing symmetry: a; and a.,
respectively. The latter has a nodal plane at the position of the central atom, normal to the trimetallic axis,
as seen on the left side of Chart 4.1. In the C, symmetric Ma—Ma—Mg HEMACs, all o-symmetry orbitals,
belong to the a representation and can mix. For the ¢ non-bonding combination, the nodal plane lies
between Ma and Ms. The compositions of these delocalized orbitals then reflect the differences in effective
nuclear charge between My and Mg, here 28.13 % : 6.12 % : 64.75 % (o) and 48.80 %: 12.16 %: 39.09 % (B)
for Mo,—Mo,—Ni for the o bonding orbital and 33.95 % : 27.16 % : 38.90 % (o) and 13.18 %: 21.06 %: 65.76
% (B) for the o nonbonding (Chart 4.2).35 The difference in orbital contributions between the o and f
orbitals in the o bonding contributions can be best attributed to spin polarization. To explain the difference
in orbital contribution for the oy, orbitals, it is important to notice that this orbital is singly occupied and
thus a difference in contribution between the o and f components is not unexpected. Similar patterns of
metal atom character in the o and oy, orbitals is seen for 1 and g as shown in Chart S4.1. To summarize the
electronic structure of the Mo,Ni HEMACs, a qualitative MO diagram is shown in Figure 4.5 in which
compound 2 is used to illustrate the orbitals participating the 3c-3e- 0 bond. This structure is analogous to

that seenin 1, 3, and 5.
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Chart 4.1. A Comparison between the o type orbitals in symmetric EMACs, HEMACs, and asymmetric

HEMAC:s.
219 o o bonding 234 0. o nonbonding 221 B o bonding 234 3 o nonbonding
64.75% 65.76%
s 18 28.9% 12.16% 29.04%
6.12%
48.8%

29.13% 33.95%

Chart 4.2. Orbital contributions to the ¢ and oy orbitals from the Ni and Mo atoms. Mo1 and Mo2

represents the terminal and central Mo atoms respectively.

Energy

Figure 4.5 A Qualitative MO diagram for Mo.Ni(dpa),X. HEMACS based on the results of DFT.



141

Table 4.3. SQUID fitting parameters for 1, 2, 3, compared to existing Mo.Ni complexes 5 and 5°x.

Compound xT at 300 K gi g. ID| (cm*)  zJ (cm?) Ref.

(emu K mol-1)
1A 1.02 1.809(2) 2.297(9) 7.97(3) 0.041(5) This work
2 1.09 1.861(1) 2.157(3) 5.587(5) 0.1834(5)  This work
3 1.14 1.800(4) 2.2651(2) 5.394(6) -0.0691(5) This work
Mo-Ni(dpa); Clo5 1.09 1.817(4) 2.171(1) 9.19(3) 0.27(3) 9
[Mo2Ni(dpa)4Cl=]* 1.75 1.710(2) 2.299(3) 2.86(4) n/a 9
50X

AThese values are derived from fitting of ¥ T and reduced magnetization (variable temperature variable field)
data sets.

Magnetic susceptibility data for 1, 2, and 3 are shown in Figure 4.6. The % T values for 1, 2, and 3
at 300 K, 1.02 emu K mol*, 1.09 emu K mol, and 1.14 emu K mol-, respectively, agree well with the spin-
only value for an S = 1 ground spin state (1.0 emu K mol*).9 These values also agree with the previously
reported yT value for 5 at 300K, 1.09 emu K mol-. The data for compounds 1, 2, and 3 were all modeled as
S = 1 systems including an axial zero-field parameter, D. The data sets for, all three compounds present a
sharp downward turn in the %T plots for temperatures below 50 K, suggestive of zero field splitting.
Additionally, a variable temperature/variable field (VI/VH) measurement was made for 1 in order to
determine the sign of D, which is positive. The VT/VH data for 1 along with the corresponding theoretical
fit are shown in Figure 4.7 while the overall fitting parameters data for all compounds are presented in

Table 4.4.
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Figure 4.7 Variable temperature/variable field magnetization data for 1.

The fitted D values range from 5 — 10 cm, in good agreement with observations for other S = 1 Ni2+
complexes.3¢ For the Mo.Ni(dpa),X. series, larger D values are obtained when X = OTf or Cl as compared
to X = NCS or NCSe. This observation is sensible as OTf and Cl are weaker field ligands as compared to NCS
and NCSe and in mononuclear Ni2+* complexes D is inversely proportional to the energies of Ni(II) ligand-

field transitions.3¢ The g and D values in Table 4.4 deserve additional commentary. In classic perturbation
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theory, g values are given by g, = g, — 2AA,, and g, = g, — 21 A,,, where g is the free electron g-value,
2.0023, and A = - &/2 where is the spin-orbit coupling constant for the complex. Here, A, =

W, which are positive for the case of Ni2+. Since € = - 630 cm for the free Ni2+ ion, values of
g. and gy are all expected to be greater than 2. Clearly, the g, values in Table 4.4 do not follow this

expectation. Further considering the relationship between D and g anisotropy, Ag = g, — g., for
mononuclear Ni 2+ complexes, namely, D = % A(Ag), the D values we observe would predict values of Ag

that are too small by an order of magnitude from what we observe. These observations lead to the conclusion
that electron delocalization along the Ni2* and the heavier Mo2+ ions in these complexes has a major
contribution to the g anisotropy. In particular, g,, mainly affected by |d,z), is less that g. as would be much
more typical of the g values of a Mo2* ion. Thus, the magnetic data for 1 — 3 and 5 strongly support the
result, seen in our DFT calculations, that the Ni2* d,> unpaired electron is highly delocalized covalently with
the Mo2* ions.

4.4 Summary

In previous work, we have made a magnetic comparison between CrCrCo(dpa),Cl, and
MoMoCo(dpa),Cl, and found that the Mo.(dpa), “ligand” provides a weaker ligand field to Co2* than does
the Cr.(dpa), “ligand.”s It is therefore surprising that, synthetically, we find demetallation from the
Cro(dpa), ligand to be more facile than from the Mo.(dpa), “ligand.” We attribute this effect to the stronger
3c¢/3e interaction involving the more diffuse orbitals of Mo than Cr.

The ability to cleanly and easily substitute the axial ligands of Mo.Ni(dpa),(OTf). suggests that
other Mo,M(dpa),(OTf), HEMACs may behave in a similar way. This, in turn, will allow for additional
exploration and tuning of the properties of HEMAC complexes. DFT calculations for all three compounds
reported here suggest that the 3c/3e- 0 bond helps support the Mo.Ni(dpa),X. complexes and greatly
enhances the g anisotropy of the compounds. This motif is present along other Mo.M(dpa),X. complexes
providing further impetus to explore their axial ligand substitution chemistry as well.

4.5 Experimental Section
Materials and Methods All reactions were carried out under a dry N. atmosphere using Schlenk

techniques and glovebox methods. Hexanes, acetonitrile, tetrahydrofuran, and diethyl ether were purified
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using a Vacuum Atmospheres solvent purification system and dichloromethane was freshly distilled under
an N, atmosphere over CaH. prior to use. Naphthalene was purchased from Sigma-Aldrich and sublimed
prior to use. The ligand Hdpa was purchased from TCI and recrystallized from hot hexanes prior to use.
Ni(OTf),, NaNCS, and KNCSe were purchased from Strem Chemicals. Ni(OTf), was used as received while
NaNCS and KNCSe were dried under vacuum at 40°C overnight prior to use. Elemental analysis was carried
out by Midwest Microlabs, LLC inc., Indianapolis, IN. IR spectra were taken on a BRUKER TENSOR 27
FTIR spectrometer using an attenuated total reflectance (ATR) adapter. Cyclic voltammograms (CVs) for 1
and 2 were taken on a BASI Epsilon EC potentiostat while 3 was taken on a BioLogic SP200 EC potentiostat.
All CVs were obtained using CH,Cl, solutions with 0.1 M NBu,PFs and 1 mM substrate. The electrodes were
as follows: glassy carbon (working), Pt wire (auxiliary), and Ag/Ag+ in CH;CN (reference). The potentials
were referenced against the ferrocene/ferrocenium redox couple by external addition of ferrocene. Variable
temperature magnetic susceptibility measurements of crystalline samples of 1, 2, and 3 were recorded at
the University of Wisconsin-Madison on a SQUID Magnetometer (MPMS 3, Quantum Design) in the
temperature range 2 — 300 K with an applied field of 0.1 Tesla. Variable temperature/ variable field
measurements of a crystalline sample of 1 were also collected on the same magnetometer at 2, 4, and 8 K
at a field ranging from 0.1 to 7 Tesla. Experimental susceptibility and magnetization data were corrected
for the underlying diamagnetism using Pascal’s constants3” and for the temperature independent
paramagnetism contributions. The data were modeled using the program PHI.38 *H and 3C NMR spectra
were obtained on a 500 MHz Bruker Avance III.

Crystallography

Crystallographic data were measured at the Molecular Structure Laboratory of the Chemistry Department
of the University of Wisconsin—Madison. Crystals were selected under oil under ambient conditions and
attached to the tip of a MiTeGen MicroMount. Each crystal was mounted under a stream of cold nitrogen
at 100(1) K and centered in the X-ray beam using a video camera. The crystal evaluation and data collection
were performed on a Bruker Quazar SMART APEXII diffractometer with Mo Ka (A = 0.71073 &) radiation
with a detector to crystal distance of 5.0 cm. The data were collected using a routine to survey the entire
sphere of reciprocal space, and were indexed by the SMART program.39 The structures were solved using

direct methods and refined by least-squares refinement on F2 followed by difference Fourier synthesis.4°
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All hydrogen atoms were included in the final structure factor calculation at idealized positions and were
allowed to ride on the neighboring atoms with relative isotropic displacement coefficients.

There was 56% positional metal atom disorder in 1 with the Mo=Mo-Ni unit ordered in two
opposing orientations. The central nitrogen atoms of the dpa ligand were also found to be disordered and
were split with occupancies matching the positional metal atom disorder. This nitrogen atom disorder had
not been necessary in the refinement of previously synthesized HEMACs. We hypothesize that the two sets
of N atom positions reflect the propensity for the Mo = Mo bond to confer low N-Mo—Mo-N torsion angles,
due to the Mo—Mo 6 bond. The metal atoms and nitrogen atoms in 2 and 3 are ordered; for 2, the axial NCS
ligand appended to the terminal Mo was also positionally disordered. Complex 3 crystallized as a two-
component twin and presented positional disorder of one axial NCSe ligand in addition to positional
disorder of the selenium atom of the other ligand.

Computational Methods

The initial coordinates for the calculations were obtained from the crystallographic data for 1, 2,
and 3 with the solvent molecules of crystallization removed and the dominant orientation for any disorder
utilized. All calculations were carried out using the program ORCA version 3.0.3.4t The BP86 exchange-
correlation functional42-43 including the ZORA approximation was used.44 The Stuttgart-Dresden effective
core potential (ECP), def2-SD,45 was used along with the valence basis sets def2-TZVP and density fitting
basis set def2-TZVP/J for Mo atoms.46-47 The def2-TZVP basis set and def2-TZVP/J auxiliary basis set was
used for Ni.48-49 The def2-SVP basis set and def2-SVP/J density fitting basis set were used for all other
atoms. Tight optimization and tight self-consistent field convergence criteria were employed along with
grid4 for all calculations. Frequency calculations were performed following geometry optimizations to
ensure the structures were at local minima. Léwdin population analysis was done to determine orbital
populations.50-51 Visualizations were carried out with the UCSF Chimera package.52 Symmetry labels
presented in the molecular orbital diagram were assigned by inspection to conform with the idealized C,

point group.

Kdpa. The ligand Hdpa (3.30 g, 19.27 mmol) and KN(TMS), (3.86g, 19.38 mmol)) were separately

dissolved in minimal quantities of diethyl ether. Dropwise, the KN(TMS), solution was added to the Hdpa
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solution affording a milky off-white precipitate. The reaction mixture was allowed to stir at room
temperature for 30 minutes before being filtered and the solid was washed with washed with 2 x 30 mL of
additional diethyl ether. The off-white powder was collected and dried under vacuum (3.38 g, 83.8%). *H
NMR (500 MHz, ds THF): 6 (ppm) 6.24 (ddd, J = 6.65, 5.05, 1.07 Hz, 2H), 7.12 (ddd, J = 8.70, 6.82, 2.14
Hz, 2H), 7.31 (ddd, J = 8.76, 1.04 Hz, 2H), 7.94 (ddd, J = 5.01, 2.16, 0.91 Hz, 2H), 3C NMR (500 MHz, dg
THF): 6 (ppm) 109.43, 112.77, 134.73, 147.25, 163.03. Analysis KC,,N;Hg Calc: C 57.38, H 3.85, N 20.07
Found: C 56.62, H 3.82, N 20.07. IR (ATR, cm) 1746 w, 1602 m, 1566 s, 1463 s, 1427 s, 1376 S, 1340 W,

1310 m, 1277 w, 1231 m, 1157 m, 1056 m, 1030 m, 861 w, 768 m, 750 m, 740 m, 692 w, 666 w, 636 s.

Mo.(dpa), (4). Canary yellow Mo,(OAc), (2.10 g, 4.91 mmol) and off-white Kdpa (4.20 g, 20.01 mmol)
were combined in a Schlenk flask. Upon addition of 100 mL of THF, the contents of the flask turned a brick
red color. The reaction was allowed to proceed under refluxing conditions overnight during which time a
dark red precipitate formed. This solid was isolated via filtration and washed with 3 x 30 mL MeOH, and 3
x 30 mL diethyl ether. The red powder was then collected and dried under vacuum (3.63g, 84.9%) The IR

spectrum was identical to that previously reported.4

Mo.Ni(dpa),(OTf). (1). Solid brick-red Mo.(dpa), (0.446 g, 0.511 mmol) and Ni (SO;CF5), (0.282 g,
0.790 mmol) were combined with naphthalene (5 g) in a Schlenk flask. The flask was placed in a sandbath
that had been pre-heated to 200 °C and stirred for 2 hours during which time the reaction mixture became
dark green in color. After cooling to room temperature, the solidified reaction mixture was washed with hot
hexanes (4x40 mL). The residual dark solid was dried under vacuum and subsequently extracted with
dichloromethane (30 mL). The dark green extract was then layered with hexanes (70 mL). Dark colored X-
ray quality blocks of 1 were obtained after 3 days. Yield (212 mg, 33.7%). tH NMR (500 MHz, CD,Cl,): 6
(ppm) 0.51 (s), 6.75 (8), 9.64 (s), 12.49 (), 16.47 (s), 30.15 (s). Analysis Mo,Ni(dpa),(SO;CF,),-CH,Cl, Calc:
C 39.29, H 2.61, N 12.79 Found C 39.55 H 2.71 N 12.72. IR (ATR, cm™): 1600 m, 1578 s, 1478 w, 1453 m,
1429 s, 1370 S, 1302 s, 1284 w, 1250 w, 1174 m, 1056 m, 1015 w, 986 w, 878 w, 852 w, 835 w, 768 s, 754 s,

745w, 728 m, 698 m, 662 m, 642 m, 618 w.
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Mo.Ni(dpa),(NCS). (2). Green 1 (64.8 mg, 0.0600 mmol) was dissolved in 10 mL of CH,Cl, while a 30.3
mM solution of NaNCS in CH;CN was separately prepared. The solution of 1 was cooled to 0 °C in an ice
bath and 3.2 mL of the NaNCS solution was added to it dropwise over the course of several minutes. The
resulting solution turned from forest green to goldenrod and was subsequently warmed to room
temperature. The solvent was then removed under vacuum and the resulting brown powder was dissolved
in 10 mL of CH,Cl, and filtered over a medium porosity filter frit. The brown solution was layered with
diethyl ether (40 mL). Dark block X-ray quality crystals of 2 grew after 1 week. Crystalline yield: 24.8 mg,
45%. Following filtration, the filtrate may be concentrated again to afford 2 as a powder in higher yields. :H
NMR (500 MHz, CD.Cl,): 6 (ppm) 0.35 (s), 6.63 (s), 7.27 (s), 8.63 (s), 12.62 (s), 31.64 (s). Analysis
Mo,Ni(dpa),(NCS),-CH,Cl, Calc: C 45.61, H 3.03, N 17.32 Found C 45.90 H 3.31 N 16.73. IR (ATR, cm™):
2063 m, 1602 m, 1592 m, 1550 W, 1456 s, 1420 S, 1359 S, 1308 s, 1279 w, 1150 m, 1051 m, 1017 W, 964 w, 927

w, 894 m, 816 m, 770 s, 761 s, 740 w, 668 m, 640 m.

Mo-.Ni(dpa),(NCSe). (2). Green 1 (28.6 mg, 0.0233 mmol) was dissolved in 25 mL of CH,Cl, while a
22.6 mM solution of KNCSe in CH;CN was separately prepared. The solution of 1 was cooled to 0 °C in an
ice bath to which 2.06 mL of the KNCSe solution was added dropwise over the course of several minutes.
The solution turned from forest green to brown and was subsequently warmed to room temperature. The
solvent was then removed under vacuum and the resulting brown powder was dissolved in 15 mL of CH,Cl,
and filtered over a medium porosity filter frit. The brown solution was layered with diethyl ether (40 mL).
Dark needle-block X-ray quality crystals of 3 grew after three days. Crystalline yield: 11.66 mg, 44.0%.
Analysis Cald for Mo.Ni(dpa),(NCSe),-CH.Cl, Calc: C 42.12, H 2.79, N 15.99 Found C 41.76 H 2.87 N 16.40.
IR (ATR, cm™): 2075 m, 2009 m, 1602 m, 1593 m, 1562 m, 1474 m, 1458 s, 1420 s, 1349 s, 1307 S, 1280 W,

1155 m, 1059 m, 1015 w, 880 m, 857 m, 810 m, 765 s, 750 w, 738 w, 690 m.
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4.7 Supplementary Information

Figure S4.1. Thermal ellipsoid plot of [Mo.(dpa);(NCS),]OT{. Ellipsoids are shown at 50% probability. All
H atoms, molecules of solvation, and counteranions have been removed for clarity.

Table S4.1. Crystal Table for Mo.(dpa);(NCS).

2
Empirical Mo,C43H,,N;;SO;F;-CH,Cl.
formula -CH.Cl,
Crystal system Triclinic
Space group Pi
a/A 11.474(7)
b/A 13.311(9)
c/A 13.971(8)
a/° 80.95(1)
B/° 88.202(7)
Y/° 74.25(1)
Volume/A3 2028(2)
Z 2
Peale g/CM3 1.724
gl)a]’ WR.? [I>=20 0.0279, 0.0665

R, wRy> [all

data] 0.0312, 0.0681
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Fig S4.2. CV of Mo.Ni(dpa),(NCSe). in CH.Cl. with NBu,PFs electrolyte. Scan rate 100 mv/s.
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Fig S4.3. 'H NMR Spectrum of Kdpa in DsTHF
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Fig S4.4. 'H NMR Spectrum of Kdpa, with assignments for the four main signals
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Fig S4.5. 'H NMR Spectrum of Kdpa for signal A with splitting tree
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Fig S4.6. 'H NMR Spectrum of Kdpa for signal B with splitting tree
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Fig S4.7. 'H NMR Spectrum of Kdpa for signal C with splitting tree
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Fig S4.8. 'H NMR Spectrum of Kdpa for signal D with splitting tree
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Fig S4.9. 13C NMR Spectrum of Kdpa
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Fig S4.10. Computed (TDDFT) electronic spectra for 1, 2, and 3.
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Figure S4.11. 'H NMR for 1 in CD,Cl.
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Figure S4.12. 'H NMR for 2 in CD.Cl,
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Chart S4.1. Orbital contributions to the o and oy, orbitals from the Ni and Mo atoms for 1 and 3. Mo,
represent the terminal Mo while Mo, represents the central Mo.
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Fig S4.13. Variable scan rate CV of 2 in CH,Cl,. Scan rates are in mv/S. The electrolyte is 0.1 M NBu,PFs
and the analyte is at 1 mM.
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Fig S4.14. Plot of the square root of the scan rate against the current for 2.
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Chapter Five

Further Investigation of Phase Transitions Driven by Interactions between Halides and
Dichloromethane in a Series of Cr.Fe HEMACs

Chipman, J. A.; SantaLucia, D.J; Brogden, D.W; Berry, J.F.

DWB performed the initial syntheses and characterization, DJS performed the Méssbauer work, JAC
performed initial Méssbauer work, SQUID magnetometry, and analysis

5.1 Abstract

The heterometallic chain compounds Cr,Fe(dpa),X. (X = Cl; 1, Br; 2, and I; 3; dpa = 2,2-
dipyridylamine) were synthesized by reaction of Cr.(dpa), and the corresponding FeX,. The crystal
structures of 1, 2, and 3 at 100K show disorder in the metal-atom positions such that the MaMaMg backbone
can be orientated in one of two crystallographically identical orientations. At low temperature, 12 K a crystal
structure of 1-CH,Cl, was previously reported [J.Am.Chem.Soc. 2010, 132, 14261-14272.] in which these
two orientations are no longer crystallographically identical as a result of differences in the interactions
between a dichloromethane (DCM) solvent molecule within the unit cell and a terminal Cl bound to the Fe
side of the chain. We report here the characterization of 2:CH.Cl, and 3:CH.Cl, using SCXRD, Mo6ssbauer
spectroscopy, SQUID magnetometry, cyclic voltammetry, and UV-vis spectroscopy. In addition, we report
an extensive investigation of 1-CH,Cl,, 2:CH,Cl,, and 3-:CH.Cl, using variable temperature Md6ssbauer
spectroscopy to better understand this phase transition and the nature of the strength of the interaction
between the terminal halide and the DCM molecule. Compound 3-CH,Cl, either does not undergo a phase
transition or undergoes the transition at a temperature beyond the range of our instrumentation (< 5K).
For 1-CH,Cl, and 2-CH,Cl, a phase transition is observed, for 2-:CH,Cl, this transition occurs ~25 K, below
that of 1-:CH,Cl,. By comparing the AAEq values obtained from these data at low temperatures, we
determined that 1-CH,Cl,, with a larger AAEq possesses a stronger hydrogen-bonding interaction than

2'CH2C12.

5.2 Introduction

Heterometallic extended metal atom chain compounds (HEMACs) supported by the 2,2

dipyridylamine (dpa) ligand have been of interest due to their tunable structural,2 magnetic,5 and
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spectroscopic properties.57 Our group is specifically interested in HEMACs of the form Ms=Ms—Ms in
which M, is a Group VI metal quadruply bonded to another Group VI metal and M3 is a first—row transition
metal or Ru (Scheme 5.1).1-2. 5712 Qur group has recently focused on altering the two terminal axial ligands

of the chain by exploring ligand substitution reactions.!315

Scheme 5.1 The general structure of an asymmetric Ma=Ms—Mpg HEMAC studied in our lab; MaMa core
(orange), Mg heterometal (green), or axial ligand site (purple).

In our initial report of 1-CH.Cl,, two crystallographic data sets of the crystals 1-CH,Cl, were
collected at 100 K and 11 K.2 8 Structurally, the bond metrics for both data sets are similar to one another.
At 100 K, 1-:CH,Cl, is in the orthorhombic space group Pnn2. The backbone of the trimetallic chain resides
on a crystallographic two-fold axis running perpendicular to and bisecting the axis defined by the metal
atom chain. As such, the metal atoms are required by crystallographic symmetric to be disordered, and the
outer metal atoms are modeled as a half-occupied Cr and half-occupied Fe, respectively. The inner Cr atom
displays positional disorder and was modeled as half-occupied; however, this atom dose not reside on the
two-fold axis. At 11 K, 1:CH,Cl, is in the monoclinic space group Pn, which does not contain a
crystallographic two-fold axis. In this structure, the two Fe sites become chemically distinct from one
another as a result of the DCM molecule, which is no longer disordered (Figure 5.1).2 As a result, one of the
crystallographic orientations features an interaction of the C—H bonds in CH,Cl, and one of the terminal CI

ligands axially bound to the Fe forming a weak C—H--Cl interaction at a distance of 4.110 A.
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Figure 5.1 X-ray crystal structure for 1-CH,Cl,, with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms (other than on CH,Cl,) have been omitted for clarity.

This phase transition was explored with Mdssbauer spectra taken at 240 K and 8o K. At 240 K,
where 1-CH,Cl, is in the Pnn2 space group, there is one observed quadrupole doublet, consistent with only
one chemically distinct Fe site within the crystalline lattice, exhibiting an isomer shift and quadrupole
splitting of 6 = 0.92 mm s and AEq = 1.20 mm s, respectively. When the temperature is lowered to 80 K,
two distinct quadrupole doublets are observed, supporting the presence of two Fe centers in distinct
chemical environments, consistent with the crystallographically-independent Fe centers observed from the
diffraction data sets. These two signals were modeled with 42 % and 58 % of the total area; both signals had
identical isomer shifts (§ = 1.01 mm s?) but exhibited different quadrupole splittings (AEq = 2.39 and 1.63
mm s1).2 These Mossbauer populations are in good agreement with the crystallographic occupancies of
both orientations of 1-:CH.Cl, (47%, 53 %) as well. In this work, we sought to better define the phase
transition in 1-CH,Cl,, and to probe for similar features in the new halide analogs Cr.Fe(dpa),Br, (2) and
Cr.Fe(dpa),L. (3). We examine the influence of the identity of the axial halide ligands on the temperature
of the crystallographic phase transition in 1-CH.Cl,, 2:CH.Cl,, and 3-CH.Cl. by variable temperature
Mossbauer measurements. The impact of the axial halide ligands upon the strength of the C-H:X

interactions is discussed as well.
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5.3 Results and Discussion
Synthesis

Direct synthesis of 1 from Cr.(dpa), (4) and FeCl, has been previously reported by our lab.8
Compounds 2 and 3 can be made using a similar procedure with FeBr, and Fel,, respectively. We found
FeF. to be unreactive under these conditions. In these reactions, 4 and 1.5 equivalents of FeBr, or Fel, are
refluxed in tetrahydrofuran (THF) for 12 hours, affording a brown precipitate that is isolated and

recrystallized yielding crystals of 2:CH,Cl, and 3-CH.Cl.in 42% and 57% yield, respectively (Scheme 5.2).

ci=cr” T . X_CrECroFe—X
R THE & LT

X = Cl (1), Br (2), | (3)

Scheme 5.2 Synthesis of 1, 2, and 3 from 4.8

X-ray Crystallography

X-ray quality crystals of 2:CH.Cl, and 3-CH.Cl. were obtained from layering pentane on a solution
of a given compound in DCM (Figure 5.2). Similar to compound 1-CH,Cl,, 2:CH,Cl, and 3-CH,Cl, crystallize
in the orthorhombic space group Pnn2. As with compound 1-CH,Cl,, the two-fold axis again runs
perpendicular to and bisects the axis defined by the metal atom backbone. At 100 K, a disordered CH»Cl
molecule is also present in the crystal structures of 2:CH.Cl, and 3-CH,Cl.. In 2:CH,Cl,, the closest C—H in

CH.Cl, is quite far away, 6.573 A while in 3-CH,Cl, the CH.Cl, is much closer, 3.126 A.
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Figure 5.2. X-ray crystal structures of Cr.Fe(dpa),Br. (2-CH.Cl; left) and Cr,Fe(dpa),I. (3-CH.Cl, right),
with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms and interstitial CH,Cl,
molecules have been omitted for clarity.

The Cr=Cr bond distances in 2 and 3 are 2.011(2) A and 1.990(4) A, respectively, typical of Cr =
Cr quadruple bonds within HEMACs.*7-8 Compound 1 has a Cr=Cr bond distance of 2.025(1) A making
it longer than both 2-CH,Cl, and 3-CH.Cl, while the unappended 4 has a Cr = Cr bond length of 1.943 A.16
This trend of decreasing quadruple bond distance correlates with the weakening of the Cr—X bond from X
= Cl to I since larger halides exhibit less trans influence than smaller halide ligands and are weaker-field
ligands in general. The Cr—Fe bond distances in 2:CH.Cl, and 3-CH.Cl, are the same, within error, of one
another at 2.691(1) A and 2.694(1) A, respectively. These distances are both shorter than the 2.715(2) A Cr—
Fe distance in 1:CH,Cl,.8 Crystallographic data for 2-CH,Cl. and 3-:CH,Cl, are presented Table 5.1 and
pertinent bond metrics presented in Table 5.2. The main differences in the crystal structures of 1-CH.Cl,,
2:CH.Cl,, and 3-CH.Cl, are the Fe—X distances which increase from 2.300(2) in 1-CH.Cl, to 2.489(1) in 2
to 2.725(1) in 3-:CH,Cl,. This trend is expected given the increase in size of the halide ligands from Cl to Br
to I (covalent radii: 1.02 A, 1.20 &, and 1.39 A, respectively)? In all three cases, the Cr-X distances are longer

than the Fe—X distances by roughly 0.4 A, reflecting the strong trans influence of the Cr= Cr bond.



Table 5.1 Crystallographic data for 2 and 3.
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Compound 2 (100 K), Cr-Fe(dpa)4Br- « 3 (100 K), Cr2Fe(dpa)4I2
(CH2Cl2) (CH2Cl2)
formula CraFeBraCyoH32N12 «(CH2Cl2)  CraFeloCyoH3gaNi2  «(CHo-
Cly)
crystal system orthorhombic orthorhombic
space group Pnn2 Pnn2
a (R) 12.9869(8) 13.2049(8)
b(4) 14.1299(9) 14.3004(9)
c(d) 11.3733(7) 11.4931(7)
a (deg) 90 90
p (deg) 90 90
y (deg) 90 90
V (A3) 2087.0(2) 2170.3(2)
Z 2 2
p (Mg m3) 1.727 1.808
Ri:2, wR2P [I > 20(0)] 0.0169, 0.0460 0.0211, 0.0538
R:2, wRob (all data) 0.0176, 0.0462 0.0215, 0.0541
Table 5.2. Bond distances in 1,2, and 3. All distances reported in A.
Compound  Cr—Cr Cr—Fe  Cr-X Fe-X Cr-Npy,  Cr-N,, Fe—N,,,
avg. avg. avg.
18 2.025(1) 2.715(2) 2.673(2) 2.300(2) 2.119[5] 2.028[2] 2.157[4]
2.011(2) 2.691(1) 2.852(1) 2.489(1) 2.124[4] 2.022[4] 2.158[4]
1.990(4)  2.694(1)  3.a15(1)  2.725(1)  2128[4] 2.019[5]  2.165[4]

Electronic Spectroscopy
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It was previously reported that 1 shows a low intensity absorption band (¢ = 1000 M*cm™) at 693
nm attributed to the Cr—Cr §->6* transition with partial Fe—Cr. charge transfer character.2 8 Therefore, it
is expected that the bromide and iodide analogues display similar absorption spectra. As shown in Figure
5.3, the absorption spectra of 2 and 3 are similar to that of 1. Compound 2 features a low energy absorption
at 687 nm (e = 1100 M*cm™) and 3 at 688 nm (e = 870 M- cm), with both compounds displaying more

intense charge transfer bands at higher energy.

10000 — 2
8000
6000
4000

2000 +

molar absorptivity (L mol* cm™)

T T T T T 1
400 600 800 1000
wavelength, nm

Figure 5.3 Electronic absorption spectra of 2 (black) and 3 (red) in CH,Cl, measured at room temperature.

Electrochemistry

The cyclic voltammogram (CV) of 2 is shown in Figure 5.4. Compound 2 displays a reversible feature at E,/»
= —0.190 V and an irreversible oxidation at 0.623 V. These features are similar to those reported for the
chloride analogue 1 (Table 5.2). Compound 1 has a reversible wave at E,/» = —0.236 V and an irreversible
oxidative wave at Eir. = 0.538 V.8 These data suggest that by substituting the chloride ligands for bromide
ligands, the Cr.Fe(dpa), core is slightly easier to oxidize. This observation corresponds with the trend
observed when the chloride axial ligands in the homometallic Crs(dpa),Cl. compound were replaced by

more strongly donating axial ligands it was shown that in going from Cl to CN to CCPh, the first oxidation
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potential decreased by —o0.5 V. This was attributed to the ability of the donating ligand to stabilize the
oxidized distal Cr3+ ion. Interestingly, when the Cl ligands were substituted for Br ligands to form
Crs(dpa),Br., the observed CV was drastically different. Cr;(dpa),Br. displayed two irreversible peaks at 0.3

Vand 0.6 V.88

f T T T T T T T T
1.0 0.5 0.0 -0.5 -1.0

Potential vs. Fc/Fc+

Figure 5.4. Cyclic voltammogram of 2 in CH,Cl, with scan rate = 100 mv/s.

Table 5.3. Electrochemical data for trimetallic compounds. All potentials in V. rev = reversible. irr =
irreversible.

Compound M6+/7+ M7+/8+ Ref.
Cr2Fe(dpa)4Cl- (1) -0.236 (rev) 0.538 (irr) 8
Cr2Fe(dpa)4Br: (2) -0.190 (rev) 0.623 (irr) this work
Cr3(dpa)4Cl2 0.067 (rev) 0.8534 (rev) 19

Crs(dpa)4Br2 0.3 (irr) 0.57 (irr) 19
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SQUID Magnetometry

Magnetic susceptibility data for 2, and 3 are shown in Figure 5.5 with corresponding fitting
parameters in Table 5.4. Susceptibility data previously collected on compound 1 exhibited a ¥T value of 3.9
emu K mol* at 294 K. Compounds 2 and 3 have high temperature ¢ T values of 4.77 emu K mol (232 K)
3.41 emu K mol (294 K), respectively. The expected spin-only value for T for these compounds is 3.00
emu K mol since each is S = 2. Although compound 1 has a large yT value it is still within the range for a
high-spin Fe(II) species, compound 3 is also within this range.2° Compound 2 is unusually high and this
discrepancy has not yet been reconciled, but may be attributed to unusually large spin-orbit coupling
contributing to g. As temperature is lowered, T values for 1-3 decrease monatomically with steeper
curvature below ~50K. The low temperature behavior is well modeled y zero-field splitting, and there are
no discontinuities in the susceptibility data nor are there changes in spin state that might be associated with
a structural phase transition. Comparison of the zero-field splitting (ZFS, denoted by D) values for the 1-3
reveal a trend of increasing |D| from 8.3 cm for 1 to 20.6 cm for 2 to 22.0 cm™ for 3. This trend is
consistent with the increase in axial halide size increasing the spin orbit coupling influence on the system.
Thus, 3, with the largest iodide axial ligand has the largest ZFS parameter and 1, the smallest. We suspect
that D is negative, as attempts to fit the magnetometry data using a positive D parameter led to physically

unreasonable g values.

Table 5.4 SQUID fitting parameters for compounds 1-3. “The g-value for this compound was fit
isotropically instead of axially.

Compound 4T @ 294 K g1 Ji |D| zJ (cm™) Ref
(emu K mol+) (cm-1)
1 3.9 2.28" N/A 8.3 N/A 8
2 4.77 (232 K) 2.425(3) 2.516(2) 20.6(2) -0.0778(8) This
work
3 3.41 1.973(3) 2.229(1) 22.0(3) -0.0296(7) This

work
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Figure 5.5 T plots for 2 (black) and 3 (red). (Note: due to an instrument malfunction, data collection for
2 halted at 232 K).

Mossbauer Spectroscopy

As reported previously in our lab, 1-CH.Cl; a phase transition occurs somewhere between 100 K
and 80 K as evidenced by the Pnn2 space groups observable by SCXRD measurements at 100K and a pair
of Mossbauer doublets observable at 80 K. We probed for similar phase transitions for 2:CH,Cl, and
3-CH.CL, using variable temperature Mdossbauer spectroscopy. Compound 2-CH.Cl, was found to undergo
a phase transition, albeit at a lower temperature than for 1-CH,ClL. If 3-CH,Cl, undergoes a phase transition,

it is at a temperature too low to be observed on our instrumentation (< 5K).

Variable temperature Mossbauer spectroscopy was used as a probe to extract accurate
temperatures that the crystallographic phase transitions occurred for 1-CH.Cl, and 2-CH,Cl,. Spectra for
1-CH,Cl, were obtained in the temperatures range of 77 K to 240 K. Spectra obtained at 77 K and 240 K are
displayed in Figure 5.6 as representative data sets both crystallographically distinct phases. The models
of the data with quadrupole doublets and their fit parameters are also displayed. The spectrum obtained at
77 K clearly displays two quadrupole doublets that have the same isomer shifts and partially overlap one

another.
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Figure 5.6 Left: Mossbauer spectrum of 1-:CH,Cl, at 77 K along with fit parameters. Right: Mdssbauer
spectrum of 1 at 240 K with fit parameters. The 77 K data set was fit with two quadrupole doublets (pink
and blue) each with the same area; the overall fit is displayed in orange. The 240 K data set was fit with one
quadrupole doublet, displayed in orange.

The data were fitted with two quadrupole doublets, one for each Fe center, each having the same
isomer shift but different quadrupole splittings, indicative of their different chemical environments. These
fits are nearly identical to the ones previously reported for this compound.2 8The relative areas of each
quadrupole doublet spectrum were fixed at exactly 0.50, consistent with the crystallographic data, while
the other parameters were allowed to freely refine. The isomer shifts and quadrupole splittings for each
quadrupole doublet are consistent with high-spin Fe(II) centers2! in good agreement with the DC magnetic
susceptibility data. It is estimated that the phase transition temperature occurs at approximately 110 K;
spectra collected below this temperature were best fit with two quadrupole doublets, as visually apparent
by the data. At and above this temperature, the data was fit with one quadrupole doublet since it was not
apparent by looking at the data that they should be fit with two quadrupole doublets. This is consistent with

the previously collected crystallographic data.2 8

Similar variable temperature Mossbauer experiments were conducted on 2:CH.Cl,. The phase
transition temperature for this compound is estimated to occur at approximately 25 K; data at and above

this temperature is best fit with a single quadrupole doublet, while data below this temperature is best fit
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with two, as depicted in Figure 5.7. The lower phase-transition temperature for this compound is

rationalized with the expectation that the weak non-classical hydrogen bonding interaction between

The terminal halide and one of the C—H bonds of the DCM solvent molecule is expected to be weaker for
the bromide than the chloride. Chlorine is smaller and more electronegative than bromine, meaning that
there is a greater charge density on chloride than bromide in 1-CH,Cl, and 2-CH.Cl,, respectively, which

allows for the terminal chloride to be a better hydrogen bond acceptor than the bromide.
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Figure 5.7 Left: Mossbauer spectrum of 2 at 20 K along with fit parameters. Right: Mossbauer spectrum
of 2 at 35 K with fit parameters. The 20 K data set was fit with two quadrupole doublets (pink and blue)
each with the same area; the overall fit is displayed in orange. The 35 K data set was fit with one
quadrupole doublet, displayed in orange.

These Mossbauer experiments allow for qualitative descriptions of the hydrogen bond strengths. It
is expected, however, that AS for both compounds are similar, and therefore that the difference in phase-
transition temperatures is enthalpically-driven, consistent with the expected differences in hydrogen-bond
strengths between both compounds. Variable temperature Mossbauer experiments were also conducted on
3 (Figure 5.8); however, even collecting data as low as 8 K yielded spectra best fit with one quadrupole
doublet, implying that the phase-transition temperature for this complex, if there is one, is too low to be

measured by our instrumentation (< 5K).



100.0 1
995
99.0

X 9851

@ 98.0

=

€975

= 97.0-

)

§=0.990 mm/s
AEQ = 1.135 mm/s
FWHM = 0.300 mm/s

Reduced 12 =0.954

8= 1.004 mm/s
AEQ = 1.050 mm/s
FWHM = 0.291 mm/s

Reduced z2 = 0.675

177

B 96.5
© 96.0
9551
95.0 4
94.5-
94.0 . r : .

Source Velocity (mm/s)

100.0 freg o St A a2
. y P '\\
3

L9905+ \
St 5= 0.863 mm/s
8 AEQ = 0.493 mm/s
c FWHM = 0.263 mm/s
@ 99.0 4
b= Reduced 12 =0.496
€
2
© 98.5 4
’_

98.0

97.5 T T T T T T T

Source Velocity (mm/s)

Figure 5.8. Top left: Mossbauer spectrum of g at 8 K along with fit parameters. Top right: Mdssbauer
spectrum of g at 77 K with fit parameters. Bottom: Mdéssbauer spectrum of 3 at 8 K with fit parameters.
Each data set was fit with one quadrupole doublet; the overall fits for each spectrum are displayed in orange.
No phase transition was observed for this compound, apparent by the single Fe site for each spectrum.

As highlighted in our previous analysis of 1-CH.Cl,,? the value of AAEq (i.e. the difference in
quadrupole splittings for the two unique iron sites) for 1-CH,Cl, is unusually large, 0.71 mm/s at 80 K. We
had suggested that AAEq, was magnified at the Fe center in 1-CH.Cl, by the presence of the highly
anisotropic Cr = Cr quadruple bond. To investigate this proposal further, we were curious to find the AAEq
for 2:CH,Cl, in its low-temperature phase to be 0.472 mm/s at 20 K. The different chemical environments
of both Fe sites are again dictated by the presence of a weak hydrogen-bonding interaction between a

solvent CH.Cl, and a terminal halide for one of the Fe sites in this low-temperature phase. However, the
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smaller AAEq value for 2 in its low-temperature phase further suggests that the hydrogen bonding

interaction in this compound is even weaker than the hydrogen bonding interaction present in 1.

5.4 Conclusions

The variable temperature Mdssbauer data for compounds 1-CH,Cl, and 2-CH,Cl, provide evidence
for the previously observed crystallographic phase transitions for each compound. Based on the whether
the data was best fit with one or two quadrupole doublets, the phase transition temperatures are estimated
at 110 K and 25 K for 1-CH.Cl, and 2:CH.Cl,, respectively. Compound 3-CH.Cl, either has no phase
transition, or a phase transition temperature that is too low to be observable by our instrumentation. The
difference in phase transition temperatures between compounds 1-CH,Cl, and 2-CH,Cl, is explained by the
expected difference in hydrogen bond interactions between the terminal halides and the solvent CH.Cl,
molecules in the crystalline lattice for these two complexes. This is confirmed by comparing the AAEq values
for both Fe centers in the low-temperature phase for each complex, whereby the larger AAE( value for

1-CH,Cl, indicates a stronger hydrogen-bonding interaction than 2-CH.Cl,

5.5 Experimental Information

All reactions were carried out under a dry N, atmosphere using Schlenk techniques and glovebox
methods. Pentane, hexanes, and acetonitrile were purified using a Vacuum Atmospheres solvent
purification system. Dichloromethane was freshly distilled under N, over CaH. prior to use. Cr.(dpa),¢ and
Cr,Fe(dpa),Cl.® were prepared according to literature procedures. FeBr, and FeCl, were purchased from
Alfa Aesar and used as received. Fel, was purchased from Strem Chemicals and used as received. The ligand
Hdpa was purchased from TCI and recrystallized from hot hexanes prior to use. Elemental analyses were
carried out by Midwest Microlab, LLC Indianapolis, IN. IR spectra were taken on a BRUKER TENSOR 27
FTIR spectrometer using an attenuated total reflectance (ATR) adapter. Cyclic voltammograms (CVs) were
taken on a BASI Epsilon EC instrument using CH.Cl. solutions with 0.1 M NBu,PFs electrolyte and 1 mM
substrate. The electrodes were as follows: glassy carbon (working), Pt wire (auxiliary), and Ag/Ag* in
CH,CN (reference). The potentials were referenced against the ferrocene/ferrocenium redox couple by
external addition of ferrocene. Variable temperature magnetic susceptibility measurements of crystalline

samples of 2, and 3 were recorded at the University of Wisconsin-Madison on a MPMS 3 Quantum Design
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SQUID Magnetometer in the temperature range 2—300 K with an applied field of 0.1 Tesla. Experimental
susceptibility and magnetization data were corrected for the underlying diamagnetism using Pascal’s
constants22and for the temperature independent paramagnetism contributions. The data were fit using the
program PHI.23 All Mdssbauer data were collected at the University of Wisconsin-Madison with a 1024
channel See Co model W304 resonant gamma-ray spectrometer. The source in the Mdssbauer drive was
57Co on Rh foil obtained from Ritverc Isotope Products. The velocity range used was +4 mm/s for each
sample. Each spectrum was collected with the sample under vacuum. Sample temperatures were set with a
Lakeshore model 336 temperature controller in conjunction with a Janis model SHI-850 cryostat.
Mossbauer data were fit using the WMOSS4F software package. The fitting method used for each fit was an
adaptive nonlinear least-squares algorithm developed by Dennis et al. in 1981 available within the
WMOSS4F software.24 Each distinct Fe signal was fit with a quadrupole doublet. The parameters fit for each
quadrupole doublet were their isomer shifts (8), quadrupole splittings (AEq), linewidths (FWHM), while
their relative areas were fixed when appropriate. The reduced x2 values for each fit were also obtained to

assess the quality of the fits.

Crystallography

Crystallographic data were measured at the Molecular Structure Laboratory of the Chemistry
Department of the University of Wisconsin-Madison. Crystals were selected under oil under ambient
conditions and attached to the tip of a MiTeGen MicroMount©. Each crystal was mounted under a stream
of cold nitrogen at 100(1) K and centered in the X-ray beam using a video camera. The crystal evaluation
and data collection were performed on a Bruker Quazar SMART APEXIII diffractometer with Mo K-a (A =
0.71073 A) radiation with a detector to crystal distance of 5.0 cm. The data were collected using a routine
to survey the entire sphere of reciprocal space and were indexed by the SMART program.25 The structures
were solved using direct methods and refined by least-squares refinement on F2 followed by difference
Fourier synthesis.2¢ All hydrogen atoms were included in the final structure factor calculation at idealized
positions and were allowed to ride on the neighboring atoms with relative isotropic displacement

coefficients.
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Cr.Fe(dpa),Br. (2). THF (25 mL) was added to a mixture of solid orange Cr.(dpa), (165 mg, 0.210 mmol)
and anhydrous FeBr. (53 mg, 0.25 mmol). The mixture was stirred for 30 min at room temperature, during
which time the reaction mixture color turned from orange to brown. The mixture was heated to reflux for
12 h. After cooling the mixture to room temperature, the volume was reduced to half under reduced
pressure. The solid was then separated by filtration, extracted with CH.Cl. (20 mL), and the resulting brown
solution was layered with hexanes (30 mL). Black block crystals of 2 grew overnight. Yield: 88 mg, 42 %.
Anal. Calcd. for Cr,FeC,>H3,N:Br,Cls (2 « CH.CL,): C, 45.37 %; H, 3.16 %; N, 15.49 %. Found: C, 45.51 %;
H, 3.07 %; N, 15.40 %. IR (ATR, cm™): 1606 m, 1594 m, 1548 w, 1467 s, 1424 s, 1360 m, 1318 m, 1284 w,

1166 m, 1151 m, 1110 w, 1016 m, 918 m, 877 m, 860 m, 764 s, 748 m, 733 s, 643 W.

Cr.Fe(dpa),l. (3). THF (25 mL) was added to a mixture of solid orange Cr.(dpa), (200. mg, 0.255 mmol)
and anhydrous Fel. (95 mg, 0.31 mmol). The mixture was stirred for 30 min at room temperature, during
which time the reaction mixture color turned from orange to brown. The mixture was heated to reflux for
12 h. After cooling the mixture to room temperature, the volume was reduced to half under reduced
pressure. The solid was then separated by filtration, extracted with CH.Cl. (20 mL), and the resulting brown
solution was layered with hexanes (30 mL). Black block crystals of 3 grew overnight. Yield: 159 mg, 57 %.
Anal. Calcd. for Cro.FeC,:H3,Ni.I.Cls (3 « CH.CL): C, 41.76 %; H, 2.91 %; N, 14.25 %. Found: C, 41.94 %; H,
2.76 %; N, 13.99 %. IR (ATR, cm): 1605 m, 1594 m, 1548 w, 1466 s, 1459 S, 1424 s, 1360 m, 1316 m, 1283

w, 1164 m, 1151 m, 1110 w, 1015 m, 878 m, 763 m, 748 w, 733 m, 661 w, 628 w.
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Chapter Six

Guilt by Dissociation: Unusual Spin States of Mo.Co Heterometallic Chain Compounds

Chipman, J.A; Greenhalgh, E; Brunold, T.C.; Berry, J.F.

EG collected the magnetic circular dichroism (MCD) spectra for both compounds. All other work was
performed by JAC.

6.1 Abstract

The heterometallic chains Mo.Co(dpa),Cl. (1) and Mo.Co(dpa),Br. (2) were synthesized via
reaction of Mo,(dpa), (3) with either CoCl, or CoBr,. Compound 1 was communicated previously and
contains a high spin Co2+ center bound to a diamagnetic Mo.4+ group. Structurally, compound 2 presents
Co—N distances that are ~ 0.121 A shorter than in 1 and with an extremely long Co—Br distance, at 100 K
suggests a low-spin Co2* center, the first example of a low-spin Mo,M complex with a first-row transition
metal. This anomaly in compound 2 was investigated using SQUID magnetometry, which suggested that 2
displays incomplete spin-crossover behavior with ~40% permanent high-spin. This spin crossover behavior
is a first for Mo, supported HEMACs while the corresponding Cr.Co(dpa),Cl, complex also presents spin
crossover behavior. Both 1 and 2 were further characterized via EPR spectroscopy. Surprisingly,
compounds 1 and 2 present rhombic signals in addition and contain high and low spin components,
respectively. Magnetic circular dichroism (MCD) spectra for 1 and 2 are dominated by S = 3/2 signals for

both species, the latter likely stemming from the permanent high-spin component.

6.2 Introduction

Linear trimetallic chain compounds supported by the dpa (2,2’ dipyridylamine) ligand possess
unique structural,¢ magnetic,7-12 spectroscopic, 9 1315 and electron transporti6-8 properties that have
drawn considerable interest over the past decades. Notably, Cos(dpa),X.compounds present many different
structural polymorphs with widely varying Co—Co distances leading to the consideration of Cos based
extended metal atom (EMAC) chains as “bond-stretch isomers”.4 19-29 This unusual structural behavior is
intimately linked to spin equilibria within the compounds between geometrically distinct S =1/2 and S =

3/2 states.
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Until 2007, EMACs were limited to homometallic species until our lab3° and the lab of Peng
independently reported heterometallic extended metal atom chain (HEMAC) compounds supported by the
dpaligand. Our group has focused on HEMACs of the form Ma = Ms—Mj3 in which Mx represents a Group
VI metal quadruply bonded to another Group VI metal and M3 is either a first-row transition metal or Ru.

(Scheme 6.1).

z
oz
Z

Scheme 6.1 The general structure of an asymmetric Ma = Ma—Mp HEMAC studied in our lab; MaMj core
(orange), Mg heterometal (green), or axial ligand site (purple).

In 2008, our group communicated our first investigation of Co-containing HEMACs:,
Cr,Co(dpa),Cl, and Mo,Co(dpa),Cl, (1).8 We found that the Cr.Co(dpa),Cl. compound behaved as a spin
crossover compound moving from low to high temperatures. Between 4 and 50 K, Cr.Co(dpa),Cl, displays
a plateau in 4T at 0.5 emu K mol*, indicative of an S = 1/2 center. Moving to room temperature, the T
value rises to 2.5 emu K mol-, indicative of an S = 3/2 center. Crystal structures were obtained at 100 K and
room temperature detailing the structural features of the S = 1/2 and S = 3/2 forms of the compound. At
100 K the Co—N distance of 2.054[2] is ~0.74 A shorter than in the room temperature structure (2.128[9]
A). Similarly, the Mo—Co distance shortens by 0.132 A from 2.618(7) A at room temperature to 2.491(1) A
at 100 K while the Co—Cl elongates by 0.197 A from 2.370(1) A at room temperature to 2.567(5) Aat100K.
These data further suggest a spin equilibrium. At 100 K, Cr,Co(dpa),Cl, exists in a low-spin form while at
room temperature, the complex exists in a high-spin state. In contrast to the Cr, supported compound, the

Mo, supported compound (1) presented no such behavior. The room temperature value of 4T at 3.00 emu
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K mol remained constant with only a slight downturn at low temperatures, attributable to zero field
splitting. These data suggested that 1 contained an S = 3/2 Co2* center. In our further investigation of 1, we
sought to model the magnetic data to determine the nature of the zero-field splitting (ZFS) tensor. We also
sought to tune the ZFS by examining the analogous bromide compound Mo,Co(dpa),Br. (2), and we were
quite surprised to find that 2 displays completely different magnetic behavior to 1 and undergoes

temperature-driven spin crossover with a permanent high-spin component.

6.3 Results and Discussion

Synthesis

The preparation of 1 was previously reported and a similar method was used to synthesize 2. The brick-red
quadruply bonded Mo.(dpa), (3) and the corresponding CoX. dihalide are refluxed together in molten
naphthalene to afford the desired HEMAC (Scheme 6.2). Successful synthesis of 2 requires careful attention
to detail. An initial color change from red to green black occurs after 20 — 40 minutes at 180 °C, signaling
reaction completion. Continued heating (or heating above ~205 °C) yields another color change to brown.
Attempts to workup the overheated brown reaction mixtures have not yielded crystalline material. It is
interesting to note that this overcooking does not occur with the CoCl, complex suggesting that even in

molten naphthalene at high temperatures, these reactions must be monitored carefully

'/Y\f 15 C0X2 (Y\T
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0
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Scheme 6.2 Synthesis of compounds 1 and 2 from 3.8

X — Ray Crystallography

X-ray quality crystals of 2 were obtained from dichloromethane solutions layered with pentane.
The structures of 1 and 2 are compared in Figure 6.1. Compound 2 crystallizes in the monoclinic space
group C2/c, identical to 1. The asymmetric unit in both 1 and 2 contain a disordered DCM solvent molecule.
There are two primary distances that best illustrate the difference in Co spin state between these two

structures; the Mo—Co distance and Co—Nj,, distance (crystallographic data for 2 are presented in Table
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6.1; notable bond distances for 1 and 2 are compared in Table 6.2) Bond distance differences in 1 and 2 are
reminiscent of differences between high and low spin Cr.Co(dpa),Cl,. Comparing the Mo—Co distances
between 1 and 2 we see a 0.136 A decrease. We also notice that the Co—Ny,, distance in 2 is remarkably
short in comparison to the other M—Ny,, distances in the other Mo.M(dpa),Cl. species which range from
2.127[2] (M=Cr)3 to 2.249[5] (M=Mn)s. The Co—Nyy: distance in 2 is more similar to the Co—Nj,: distance
in the homometallic Cos(dpa),Cl. crystal structure (1.984[1] and 1.978[1]).4 2° It is also important to note
that the Co—Br distance of 3.034 A in 2 is extraordinarily long, outside the bonding range. Thus, 2 is better
represented with an ionic formula [Mo.Co(dpa),Br]Br. If Br were a ligand to Co in this complex, we would
anticipate from the spectrochemical series that it would be a weaker-field ligand than Cl- and support a

high-spin state. Instead, dissociation of the Br- appears to induce a low spin state for Coz2+.

Table 6.1 Crystallographic data for compound 2

2

Formula Mo.(dpa),Br.

Crystal System Monoclinic

Space Group Cz/c

a/A 18.6230(4)

b/A 16.3131(3)

c/A 15.7276(3)

a/° 90

B/° 111.950(1)

v/° 90

Volume/As 4431.6(7)

Z 4

Pcalcg/CM3 1.889

R [I>=20 (D] R, = 0.0400
wR, = 0.1093

R,P [all data] 1 = 0.0405

wR, = 0.1098

aRl = Z“Fol - |Fc||/E|F0|

PWR2 = [E[w(F2 — F2)? /z[(w(Fg)Z]ﬁ ,w = 1/06%(F2) + (aP)? + bP where P = [max (0 or F2) + 2(F?)]/3.
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Table 6.2 Selected bond distances for 1 and 2

Mo Mo - Co Mo - N, Mo — N; Co - N, Mo - X Co-X
(avg) (avg) (avg)
18 2.1027(5) 2.6170(7) 2.216(2) 2.121(2) 2.103 2.720(1) 2.430(1)

2 2.1002(5) 2.4812(8) 2.229(3) 2.111(3) 1.982[2] 2.8517(6) 3.034"

Figure 6.1. X - ray crystal structures of 1(A) and 2(B). Ellipsoids are shown at 50 %. H atoms and molecules
of solvation have been omitted for clarity.

Electronic Structure

The primary structural differences between 1 and 2 led us to further investigate the electronic
structures of these two compounds. We employed magnetic circular dichroism (MCD), UV-vis
spectroscopy, magnetic susceptibility measurements, EPR spectroscopy and density functional theory
(DFT) computations to understand these differences.

Magnetic susceptibility measurements were collected on microcrystalline samples of 1 and 2
(Figure 6.2). Magnetic susceptibility data for 1 are in good agreement with those reported previously with
a room temperature 4T value of 3.00 emu K mol-, consistent with an isolated S = 3/2 species.8 The data
were fitted to determine the spin Hamiltonian parameters with the results given in Table 6.3. The magnetic

susceptibility data for 2 are strikingly different, and indicative of a spin equilibrium. For Co2* a crossover
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from S = 1/2 at low temperatures to S = 3/2 is possible. However, at low temperatures, the ¥ T value of ~1.5
emu K mol- is substantially larger than the spin-only value expected for an isolated S = Y2 species (0.3875
emu K mol?). These data are consisted with an incomplete spin crossover in which a certain amount of the
sample, Pys remains high spin at all temperatures. The % T plot for 2 was thus fitted using Equation 6.1,
which accounts for both a low and high spin component. In equation 6.1, Fys is a function that simulates
the high—spin component of the species while Fis is a function that simulates the low—spin, AH is the
enthalpy difference between the two spin states, R is the gas constant and T¢ is the critical temperature. The
functions Fus and Fis contain the spin Hamiltonian parameters. The data for 1 and 2 are summarized in
Table 6.3. We also compare aspects of 2 to the known spin crossover compound Cr.Co(dpa),Cl. and note
that the parameters for Cr,Co(dpa),Cl, are nearly identical to those for 2 except that Cr.Co(dpa),Cl, does

not have a permanent high-spin component.

Table 6.3. SQUID fitting parameters for compounds 1, 2, and Cr,Co(dpa),Cl.

Compound g, g D] (cm-1) TC (K) AH % HS
(kJ/mol)

1 2.751(8) 2.615(2) 81.27 N/A N/A N/A
gis = 2.30 gus) = 2.22 27.0 208 13.95 40%
gusL = 2.55

Cr,Co(dpa),Cl, gis = 2.31 N/A N/A 210 5.7 0%
gys = 2.575

XT = (1 — Pys) FHASH FLls 7~ T Fis + PusFus
L+expg~ (T_T_C)

Equation 6.1 Incomplete spin crossover equation used to fit the magnetic susceptibility data for 2.
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Figure 6.2. yT vs. T plots for 1 (red) and 2 (blue).

In addition to these magnetic susceptibility measurements, frozen solution X—band EPR spectra
were collected for both 1 and 2 (Figure 6.3). The major features in each spectra are in agreement with an S
=1/2 species for 2 and an S = 3/2 species for 1. Each spectrum also contains additional features that appears
to be a radical and a minor component corresponding to the other spin state. These data are summarized
in Table 6.4. These data suggest that 1 and 2 contain low and high spin polymorphs to different intensities.
To date, we have only been able to structurally characterize the high-spin form of 1 and the low-spin form

of 2. To fully understand these structural polymorphs, we need to crystallize the low-spin form of 1 and the

high-spin form of 2.
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Figure 6.3 X-band EPR spectra for 1 (red) and 2 (blue).

Table 6.4 g values obtained by inspection from X—band EPR for compounds 1 and 2.

Compound Ji gs Js
1 6.36 4.39 2.19
5.49 2.26 2.07

The electronic absorption spectra and magnetic circular dichroism spectra were recorded for 1 and
2 (Figure 6.4). The spectra for 1 and 2 are incredibly similar suggesting a similar electronic structure and
the presence of a permanent high-spin component in 2, which dwarfs any low-spin signal in the MCD

spectra.
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Figure 6.4 MCD spectra of 1 (A) and 2 (B), electronic absorption spectra are below the MCD data.

These experimental findings were further supported via single-point DFT calculations. The
electronic structure of both 1 and 2 is based on one of idealized C, symmetry and qualitative MO diagrams
for both are presented in Figure 6.5 with the singly occupied molecular orbitals (SOMOs) for 1 and 2 shown
in Figure 6.6. The primary difference in structure between 1 and 2 is that the ground state of 1is S = 3/2
while for 2 the ground state is S = 1/2. The S = 1/2 state is favored by 48.83 kJ/mol over the S = 3/2. For 1,
two unpaired electrons lie in Co centered d orbitals with the third residing in a onp, orbital delocalized over
the Co and Mo atoms. For 2, there is only one unpaired electron and it resides in the oy, orbital as well. As
seen in previously reported HEMACs and EMACs, the onp, orbital (anp) is significantly delocalized across the
entire chain. In both 1 and 2, this orbital is singly occupied and in conjunction with the doubly occupied o
orbital constitutes a 3c¢/3e- bond along the Mo—Mo—Co chains as originally reported in the Cos(dpa),Cl.

and Cry(dpa),Cl. EMACs by Bénard et al.32-33
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Figure 6.5 Qualitative MO diagrams for 1(A) and 2(B).
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Figure 6.6 SOMOs for 1(A) and 2(B). Both 1 and 2 contain an unpaired electron in the onp, orbital.

6.4 Conclusions

In contrast to Mo,Co(dpa),Cl. (1), which contains an isolated S = 3/2 spin center, we have now
observed the presence of incomplete spin crossover in 2 through SQUID magnetometry, EPR, and MCD
spectroscopy. Structurally, we believe that 2 must exist as a set of polymorphs although we have only been
able to characterize one of them, which contains the low-spin Co2* ion. The currently unknown polymorph
must have a spin ground state of S = 3/2 analogous to 1. Despite the fact that Br- is a weaker field ligand
than CI, 2 can achieve a low-spin state where 1 does not. The low-spin state in 2 is attributed to dissociation
of the Br- ligand to a non-bonded distance in the structure, leaving the Co2* ion in a pseudo square planar

ligand field with a ou! electron configuration.
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6.5 Experimental Information

All reactions were carried out under a dry N, atmosphere using Schlenk techniques and glovebox
methods. Pentane, hexanes, and acetonitrile was purified using a Vacuum Atmospheres solvent purification
system. Dichloromethane was freshly distilled under N, over CaH. prior to use. Mo.(dpa), and
Mo,Co(dpa),Cl.8 were prepared according to literature procedures. CoCl, and CoBr, were purchased from
Strem Chemicals and used as received. The ligand Hdpa was purchased from TCI and recrystallized from
hot hexanes prior to use. IR spectra were taken on a BRUKER TENSOR 27 FTIR spectrometer using an
attenuated total reflectance (ATR) adapter. SQUID. Variable temperature magnetic susceptibility
measurements of crystalline samples of 1 and 2 were recorded at the University of Wisconsin-Madison on
a SQUID Magnetometer (MPMS 3, Quantum Design) in the temperature range 2—300 K with an applied
field of 0.1 Tesla. Experimental susceptibility and magnetization data were corrected for the underlying
diamagnetism using Pascal’s constants and for the temperature independent paramagnetism contributions.
The data were modeled using the program PHI. The EPR measurements was carried out at 10K using a
Bruker EleXeys EPR Spectrometer (E-500A console with ER 0495X SuperX bridge and SuperX cavity). The
parameters were as follows: for 1 frequency = 9.3820 GHz, microwave power = 0.5024 mW, field center
2500 G; time constant 10.24; for 2 frequency = 9.3828 GHz, microwave power = 1.002 mW, field center
2500 G; time constant 10.24. Magnetic Circular Dichroism measurements and electronic absorption
spectra were performed on mulls of compounds 1 and 2. They were prepared by grinding crystalline
samples with poly(dimethylsiloxane). Mulls were sandwiched between quartz windows and mounted in
MCD cells. MCD data were collected at 4.5 K, 8 K, and 15 K with +7 T with a Jasco J-715 spectropolarimeter
in conjunction with an Oxford Instruments SM4000-8T superconducting magnetocryostat. Al MCD spectra

reported in this paper were obtained by subtracting the — 7 T spectrum from the + 7 spectrum.

Mo.Co(dpa),Br. (2) Solid red Mo.(dpa), (225 mg, 0.258 mmol) and solid green CoBr, (96 mg, 0.44
mmol) were loaded into a 50 mL Schlenk Flask containing 5 g of naphthalene. The flask was then placed in
a preheated sand bath at 195 C for 40 mins. After 40 minutes the reaction mixture changed in color from
red to green black. The reaction mixture was cooled to room temperature and washed with 5 x 30 mL hot

hexanes to remove the naphthalene. The resultant black solid was extracted using 15 mL DCM and layered
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with pentane. Black block X-ray quality crystals were obtained after 3 days. (121 mg, yield; 43.2%) Calc: C
41.86%, H 2.91%, N 14.29 % Found C 14.77%, H 2.93 %, N 14.43 %. IR (ATR, cm™) 1638 w, 1602 m, 1593
m, 1561 m, 1527 W, 1462 s, 1419 s, 1352 S, 1312 s, 1283 w, 1262 w, 1237 W, 1154 m, 1057 m, 1014 W, 909 m,
858 m, 763 m, 655 m, 636 m, 623 m.
Crystallography

Crystallographic data were measured at the Molecular Structure Laboratory of the Chemistry
Department of the University of Wisconsin—Madison. Crystals were selected under oil under ambient
conditions and attached to the tip of a MiTeGen MicroMount@©. Each crystal was mounted under a stream
of cold nitrogen at 100(1) K and centered in the X-ray beam using a video camera. The crystal evaluation
and data collection were performed on a Bruker Quazar SMART APEXIII diffractometer with Mo K-a (A =
0.71073 A) radiation with a detector to crystal distance of 5.0 cm. The data were collected using a routine
to survey the entire sphere of reciprocal space, and were indexed by the SMART program.34 The structures
were solved using direct methods and refined by least-squares refinement on F2 followed by difference
Fourier synthesis.35 All hydrogen atoms were included in the final structure factor calculation at idealized
positions and were allowed to ride on the neighboring atoms with relative isotropic displacement
coefficients.
Computational Methods

The initial coordinates for 1 and 2 were obtained from the crystallographic data for the compounds
with the solvent molecules of crystallization removed and the dominant orientation for any disorder
utilized. All calculations were carried out using the program package ORCA version 4.1.1.3¢ The BP86
exchange-correlation functional37-38 was used. The Stuttgart-Dresden effective core potential (ECP), def2-
SD,39 was used along with valence basis sets def2-TZVP and density fitting basis set def2-TZVP/J for Mo
atoms.4° The def2-TZVP basis set and def2-TZVP/J auxiliary basis set was used for Co.41-42 The def2-SVP
basis set and def2-SVP/J density fitting basis set were used for all other atoms.43-44 Tight optimization and
tight self-consistent field convergence criteria were employed along with grid4 for all calculations.
Frequency calculations were formed following geometry optimizations to ensure the structures were at local

minimum. Lowdin population analysis was done to determine orbital populations.45-46 Visualizations were
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performed with the UCSF Chimera package.4” Symmetry labels presented in the molecular orbital diagrams

were assigned by inspection to conform to the idealized C, point group.
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Chapter Seven

Synthesis and Characterization of Metal Atom Chain Compounds as Molecular Wires

Chipman, J.A; Fu, T*; Venkataraman, L*; Berry, J.F

TF conducted the STM—bj measurements. All other work was performed by JAC.

~.1 Abstract

The ability to tune electron transport properties in molecular electronics is a desirable feature.
Furthermore, the configuration of the linking group that binds a molecule to an electrode have been shown
to have a significant impact on electron transport in organic compounds. The homometallic Niz(dpa),I. (1),
Niy(dpa)4s(NCS). (2), Nig(dpa),(NCSe). (3) and the heterometallic Mo.Ni(dpa),(CN). (4),
Mo,Ni(dpa),(NCS). (5), and Mo,Ni(dpa),(NCSe). (6) have been prepared in order to understand their
electron transport properties in the context of molecular conductivity. Initial conductivity measurements
suggest that compounds 2 and 5 are capable of electron transport, in agreement with prior reports.
However, in contrast to earlier conductivity measurements in which 2 and 5 present distinct conductivity
behavior, with our measurements both 2 and 5 illustrate nearly identical conductivity profiles. Compound
1 presents no conductivity behavior. Further work is needed to understand the electron transport

capabilities of 3, 4, 5, and 6.

7.2 Introduction

Metal-atom chain compounds have recently attracted interest due to their potential to act as
components in molecular electronics.'7 Of particular interest to our group are extended metal atom chains
(EMACs) and heterometallic extended metal atom chains (HEMACs) supported by the dpa (2,2’
dipyridylamine) ligand (Figure 7.1). On a superficial level, these chains bear a striking resemblance to
macroscopic wires. Each chain is composed of a metal-atom core, analogous to the metal core of a
macroscopic wire. The metal-atom chain is then encapsulated by a sheath of organic ligand, which is

analogous to the insulation on a macroscopic wire (Figure 7.2).
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Figure 7.1 Homometallic Nis(dpa),Cl. EMAC (left) and heterometallic Mo.Ni(dpa),Cl. HEMAC (right).

EMACs that range from three to eleven metal atoms long with axial thiocyanate (NCS) have been
synthesized and evaluated with respect to electron transport.s 7. 11-20 These investigations rely on a modified
scanning tunneling microscopy break junction (STM-bj) technique, which will be described later. It was
determined that compounds with higher bond orders and greater electron delocalization had higher
conductance values. For example, in comparing the trio of Ms(dpa),(NCS). (M = Cr, Co, and Ni), Cr;
demonstrated the highest conductance followed by Co; then Ni; compounds.* This trend is in accordance
with the decreasing metal-metal bond order moving from Cr; > Cos > Ni;. The pentametallic analogues of
these compounds were also explored and presented the same trend in conductance values. These
experimental conductance trends were also critically examined computationally using a non-equilibrium
Green'’s function to calculate transmission spectra for each chain. These transmission spectra allow for the
determination of the dominant electron transport channel and its symmetry.2:-22 The supporting dpa ligand
was predicted to not contribute significantly to conductance. However, for Cr; and Co; chains, the
conductance was found to depend on how close the singly occupied oy, orbital is to the Fermi level of the
Au contacts. Moreover, the delocalization of the o, orbitals onto the two terminal ligands suggests that the
identity of these ligands can play an important role in modulating the conductance.

Experimental single — molecule conductance work has not yet been completed for HEMACs,
however asymmetric HEMACs of the form Ma—Ma—Mjz have been explored computationally. Given their
asymmetry it is not unreasonable to hypothesize that current will flow asymmetrically in these chains and

that asymmetric HEMACs will behave as molecular diodes (rectifiers). Using a non-equilibrium Green’s
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function, the McGrady group examined Mo.M(dpa),(NCS), (M = Cr, Mn, Co) as well as Ru.M(dpa),(NCS).
(M = Ni, Cu) HEMACs in the context of current rectification by calculating transmission plots of each
compound.23-24 From these plots they predicted that the Mo.Co compound followed by Mo.Cr provided the
greatest potential as rectifiers. In contrast, they also calculated that the Mo.Mn core would show only
negligible current rectification. Given these computational data, there is a strong impetus to validate these
results experimentally.

Conductive core

1imm

Macroscopic Wire

l Insulating sheath

x 107

X_M___Ml--_M X 0.2-0.3nm
L & L 4 _

) \
\ Organic ligand insulation |

Extended Metal Atom Chain

Metal atom core

Figure 77.2. Macroscopic wires and the analogous molecular wires made with extended metal chains.

Recently, the lab of Peng and coworkers reported a trio of HEMACs supported by the npo (1,8—
napthyridin—2(1H)-one ligand; Mo.M(npo),(NCS). (M = Fe, Co, and Ni).25 The conductance values for
these compounds are similar to one another, which suggests that the HEMACS’ electron transport
capabilities do not strongly depend on the metal atom identity. The Mo,Ni(dpa),(NCS). compound was also
synthesized and examined with respect to electron transport. While it was found to support electron
transport, the measured conductance values were lower than that of the npo supported compounds.25 It is
worth noting however, that the two Mo.Ni conductance values are within the same as one another when

the measurement errors are included in the comparison.

While the length of the metal—atom core,> 1% 20 the identity of the metals,' and the organic sheath
ligand=5 have all been varied, the axial ligand identities have remained constant in all measurements. This
is perhaps surprising given that in the realm of organic molecular electronics the identity of the linking
moiety is found to be a critical component in determining the molecule’s electron transport capabilities.26-

29 Through choice of linking group, the binding geometry of the molecule to the electrode is altered, which
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further influences the orbital pathway available for electron transport. With a means of facile axial ligand
substitution for both Ni; EMACs4 and Mo.Ni HEMACs,3° we sought to provide a better understanding of
the relationship between axial ligand identity and electron transport capabilities in the context of EMACs
and HEMACs. Furthermore, we are interested in understanding the differences in the electron transport

properties of EMACs and HEMACs.

=.3 Results and Discussion

Previously, our lab has reported a series of differently ligated Mo.Ni compounds;
Mo,Ni(dpa),(OTf),, 5, and 6. Mo,Ni(dpa),(OTf), can be made directly via reaction of Mo.(dpa), and 1.5
equivalents of Mo(OTf),. Alternatively, it can be made through addition of 2 equivalents of TIOTf to
Mo,Ni(dpa),Cl,. Compounds 5 and 6 can be subsequently made via addition of 2 equivalents of either
NaNCS (5) or KNCSe (6) to a solution of Mo,Ni(dpa),(OTf). (Scheme 7.1).3°

/Y} 1.5 NiCl, (Y\T
W > A Ny 4hrs we e

Ma=Mo » Cl—Mo=Mo---;Ni=Cl

S g O

1.5 Ni(OTf), e N —
A Ny, 4 hrs s

1 [

0 Re
2 NaNCS (5) dpar

o e
2 KNSe (6) O Te T e

- X—MOEM\O"“Ni'—X
w i e\ v

o e >
TfO-Mo=Mo---:NiZOTf
. e, ¥ CH,Cl,, 0°

X = NCS (5), NCSe (6)

Scheme 7.1 Axial ligand substitution method to form 5 and 6.3°

Attempts to synthesize 4 directly via reaction of Mo,Ni(dpa),(OTf), with two equivalents of NaCN
in the same method used to form 5 and 6 were unsuccessful. We attribute this to demetallation of Ni2+ from
the chain, since NaCN is utilized as a reagent to extract a Cr atom from Cr;(dpa),Cl, to form Cr.(dpa),
presumably yielding the [Cr(CN)e]4 ion as a byproduct. This hypothesis was further supported by the
observation of a MALDI-TOF signal at 872 m/z, a mass consistent with the Mo.(dpa), moiety. Given the

need for an alternative synthetic pathway, we took advantage of an existing synthetic protocol used to form
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SePPh; via reaction of KSeCN with PPh;.3t Compound 6 was treated with 2.2 equivalents of PPh; in order
to extract the terminal Se on either end of the Mo.Ni chain (Scheme 7.2). After several hours of stirring at
room temperature, the DCM is removed under vacuum and the product is washed with Et.O. Both SePPh,
and PPh; are soluble in Et.O, while 6 is not. 3:P NMR spectra were taken of the Et.O wash in order to
confirm Se atom transfer from 6 to PPh;. Two features are present in the spectrum at -34.19 ppm and -6.86
ppm attributable to SePPh; and PPh;, respectively. Furthermore, the 3'P peak at -34.09 displays 77Se
satellites at -36.37 ppm and 31.82 ppm (Figure 7.3). The desired 6 is soluble in toluene while SePPh; and
PPh; are not. Compound 6 can be extracted with toluene however, X—ray quality crystals of 6 were obtained
using DCM. SePPh; is soluble in DCM hence the initial extraction was done in toluene. X-ray quality
crystals could not be achieved using toluene and thus moving forward, we utilized DCM. 3:P NMR spectra
of the DCM extract were blank and confirmed that no phosphine compounds were present. An IR spectrum

of 4 presents a strong stretch at 2018 cm, indicating C—bound cyano ligands.

- wa%Tf » NC-Mo= Mc-=-Ni*CN
2%
PN

(\Tfr\h LRe

SeCN-Mo= Mo ---Ni*NCSe

R

‘.-"
="

Scheme 7.2. Synthesis of 4 from 6.
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Figure 7.3 3'P NMR of the reaction mixture of compound 6 with 2.2 equivalents of PPh,.

Compound 4 contains similar core metrics to the other Mo,Ni HEMACs that have been reported.
The Mo = Mo bond distance of 2.1249 A (Table 7.2) slightly longer than previously reported which range
from 2.0966(8) A (6) to 2.110(8) A (Mo.Ni(dpa),(OTf).). As with the other reported Mo.Ni(dpa),X. species,
4 contains a notably short Mo—Ni distance of 2.5481(8) A. In comparison, the Mo—Ni distances reported
thus far range from 2.458(8) (Mo.Ni(dpa),(OTf).) to 2.5461(1) A for 6. To further put these distances in
context, we may consider the Mo—M3 distances in Mo.Mg(dpa),Cl. compounds with Mg = Cr, Mn, Fe, and
Co. These distances range from 2.6170(7) A in Mo.Co(dpa),Cl. to 2.797(5) A in Mo.Mn(dpa),Cl..32-35 We
also considered the fact that the orientation of the cyanide ligand could be either C bound or N bound to
the metal centers. We explored possibility of both arrangements in the crystal structure of ghowever, only
the C—bound orientation yields a satisfactory model that is computationally sound and chemically
reasonable. It is also important to note the incomplete occupancy of the cyanide moiety to our chain on the

Mo side. An 11% occupancy of axial Cl was found in the crystal structure. The source of this chlorine is
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currently unknown although we believe it may come from the DCM used in the synthesis of 4. Given that
the N—-bound —NCSe must detach from the metal-atom chain and rearrange before reattaching, it is not
unreasonable to hypothesize that DCM becomes activated during this process. Subsequent syntheses will
be focused on using non—halogenated solvents. The other possible source for this Cl atom is in the initial
starting material Mo,Ni(dpa),Cl., which is subsequently transformed into the Mo.Ni(dpa),(OTf). followed
by 6 before it is reacted with PPh; to form 4. We have seen no evidence for Cl ligation in any other precursor
however and thus we believe the first option for Cl integration into the crystal structure of 4 to be more

likely.

The trimetallic Nis(dpa),X. (X = I, NCS, and NCSe) species were all synthesized using a method
similar to that used previously to form Ni; chains ligated by CN, NCNCN, and C=CPh.2 The synthesis of
Niz(dpa),(NCS), has been previously reported via a self-assembly method by Peng and coworkers. We
utilized an axial ligand substitution method for its gentler reaction conditions (Scheme 7.3). This method
proceeds readily at room temperature in good yield. Crystal structures of the new compounds 1, 3, and 4
are shown in Figure 7.4 and crystallographic data are shown in Table 7.1 with selected bond distances in
Table 7.3 (Compound 1 and 3). Structurally, compounds 1 and 3 present similar bond metrics to those
synthesized previously which range from 2.398 A to 2.481 A. The Ni—Nouer distances are elongated relative
to the Ni—Niuneras well by 0.234 A and 0.210 A for 1 and 3, respectively.

+ 2 Nal (1) or 2 NaNCS (2)

LR UN or 2 KNCSe (3 I [T
MeCN g Niogg N LA | [PFg] T XN
) w . &

MeOH, RT

X =1 (1), NCS (2), NCSe (3)

Scheme 7.3 Axial ligand substitution on a trinickel chain.
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Figure 7.4 Crystal structures of the new compounds (from top to bottom) 1, 3, and 4.

Table 7.1 Crystallographic data for compounds 1, 3, and 4

Compound 1 3 4

Formula Nig(dpa),l. Niz(dpa)4(NCSe),-CH,Cl. Mo.Ni(dpa),4(CN),-CH.Cl.

Crystal System Tetragonal Orthorhombic Monoclinic

Space Group P4/n Fddd C2/c

a/A 11.6967(4) 21.1873(6) 18.913(4)

b/A 11.6967(4) 22.9750(6) 16.182(3)

c/A 15.8650(6) 35.9716(9) 15.864(3)

a/° 90 90 90

B/° 90 90 112.45(3)

v/° 90 90 90

Volume/A3 2170.5(2) 17510.2(8) 4487.4(2)

Z 2 16 4

Pcaleg/CM3 1.699 1.7474 1.706

R [I>=20(I)] R,=0.0201 R1=0.0280 R; = 0.0276
wR, = 0.0542 wR2 = 0.0622 wR, = 0.0700

R.P [all data] 1 = 0.0201 R1=0.0364 1= 0.0367
wR: = 0.0542 wR2 = 0.0654 wR, = 0.0746

“R1 = X||F,| — |F||/2IF,|

PWR2 = [E[w(F2 — F2)? /z[(w(Fg)Z]ﬁ ,w = 1/06%(F2) + (aP)? + bP where P = [max(0 or F2) + 2(F?)]/3.
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Table 7.2 Selected bond distances for heterometallic 4

4
Mo 2.1249(6
Mo-Ni 2.5481(8)
Mo—Nouter (avg.) 2.204[2]
Mo—Nimner (avg.) 2.119[2]
Ni—Nouter (avg.) 2.113[2]
Mo—Xaxial C: 2.373(9)
Cl: 2.69(2)
Ni—Xaxial C: 2.054(4)

Table 7.3 Selected bond distances for homometallic 1 and 3

1 3'CH2C12
Ni--Ni 2.4239(5) 2.4231(2)
2.4090(5)
Ni — Nouter 2.111[1] 2.084[2]
(avg.)
Ni — Ninner 1.877(1) 1.884[2] (avg.)
Ni — Xaxial 2.6960(4) 2.004(2)
2.7236(4)

Conductivity measurements were obtained using a modified scanning tunneling microscopy break
junction (STM-bj) methodology.2936-39 In this methodology, a gold electrode is first bathed in a solution
of the analyte. A gold STM tip is smashed into a gold substrate until a conductance value greater than 10 G,
(where Gy is the single quantum of conductance) is obtained. The tip is then removed slowly until the
physical contact between the gold electrode and gold tip is broken, which allows for a single molecule of
analyte to enter the gap. Eventually, the contact between the molecule and electrode is elongated and
ruptured. This measurement is then repeated at a different location on the electrode. The overall process is
repeated thousands of times in order to form a histogram of conductance values. In addition to a standard
histogram of counts vs. conductance values, we also have obtained 2D histograms incorporating
displacement distance and conductance in a “heat map” type plot. The area of interest in each histogram
heat map is the oval in the center of each plot. The large block of yellow/red at the bottom of each plot

results from background behavior in which no molecule is present between the tip and electrode.
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The homometallic 1 presented no conductivity, suggesting that an iodine bridge is incapable at
forming a contact with the gold electrode. Compounds 3 also failed to illustrate conductivity. However,
given the past precedent for gold—selenium contacts in organic molecular electronics,4°-41 we are interested
in repeating these measurements for 3 as well as taking initial measurements for 6. Compound 4 has not
yet been tested.

Compound 2 has been previously explored in terms of electron transport and was found to have a
conductance of 3.8 (+ 0.6) x 103 G, with a resistance of 3.4(+ 0.5) MQ. 25 In our measurements, we
obtained a value of 10.0 x 103 G this translates to a resistance of 14.2 MQ. This discrepancy may be the
result of a difference in the number of measurements taken or a difference in testing methodology. Previous
work in this area relied on manual measurements. A similar case is seen in compound 5, which was recently
reported. A conductance of 6.2 (+ 5.4) x 103 G, corresponding to a resistance of 2.1 (+ 1.9) MQ. For our
sample, we obtained values of 7.75 x 103 G, and 15.2 MQ for conductance and resistance, respectively. In
contrast to the previous report of 2 and 5, we observe that these two species behave effectively the same in
terms of electron transport. We are currently exploring the potential of 5 in the context of preferential

current flow. The histograms for 2 and 5 are shown in Figure 7.5.
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Figure 7.5 Histograms of conductance (left) and distance conductance (right) for 2 (A) and 5 (B) All
measurements were collected at 0.1 mM concentration in 1,3,5 trichlorobenzene.
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=7.4 Conclusions

Preliminary work toward the testing the single molecule conductivity in heterometallic chain
compounds has been presented. In comparison to the homometallic 2, the heterometallic 5 illustrates
similar conductivity values. Future work in this area will continue to explore the ability of asymmetric
HEMACs to preferentially allow current flow. We also are planning future work toward better
understanding axial ligation effects on electron transport. We have determined that the iodine axial ligands
are not conducive to electron transport. However, we remain optimistic that the selenocyanate and cyano

compounds will allow electron transport.

7.5 Experimental Section

Materials and Methods

All reactions were carried out under a dry N, atmosphere using Schlenk techniques and glovebox
methods. Pentane was purified using a Vacuum Atmospheres solvent purification system. Dichloromethane
was freshly distilled under N, over CaH., prior to use. Methanol was freshly distilled under N, over Mg prior
to use. Nis(dpa),Cl,, [Nis(dpa),(MeCN).][PF¢]., Mo.Ni(dpa),, Mo.Ni(dpa),(NCS)., Mo.Ni(dpa),(NCSe).
were prepared according to previous literature procedures. Naphthalene was purchased from Sigma-
Aldrich and sublimed prior to use. Anhydrous hexanes, ether, acetonitrile, and toluene were purchased
from Sigma—Aldrich and degassed prior to use. KNCSe, and NaNCS were purchased from Sigma—Aldrich
and dried under vacuum at 40 C for 8 hours prior to use. The ligand Hdpa was purchased from TCI and
recrystallized from hot hexanes prior to use. Elemental analysis was carried out by Midwest Microlabs, LLC,
Indianapolis, IN. IR spectra were taken on a BRUKER TENSOR 27 FTIR spectrometer using an attenuated
total reflectance (ATR) adapter. MALDI mass spectra were obtained on Bruker Impact™ IT MALDI mass
spectrometer. 1H and 3P NMR spectra were obtained on a 500 MHz Bruker Avance III. 3P NMR was
absolute referenced to a 'H NMR spectrum. STM-bj measurements were performed at Columbia University

by TF.

Crystallography
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Crystallographic data were measured at the Molecular Structure Laboratory of the Chemistry
Department of the University of Wisconsin—Madison. Crystals were selected under oil under ambient
conditions and attached to the tip of a MiTeGen MicroMount®©. Each crystal was mounted under a stream
of cold nitrogen at 100(1) K and centered in the X-ray beam using a video camera. The crystal evaluation
and data collection were performed on a Bruker Quazar SMART APEXIII diffractometer with Mo K-a (A =
0.71073 A) radiation with a detector to crystal distance of 5.0 cm. The data were collected using a routine
to survey the entire sphere of reciprocal space, and were indexed by the SMART program.! The structures
were solved using direct methods and refined by least-squares refinement on F2 followed by difference
Fourier synthesis.2 All hydrogen atoms were included in the final structure factor calculation at idealized
positions and were allowed to ride on the neighboring atoms with relative isotropic displacement
coefficients. Due to crystallographic disorder, C22 and Cl3 were unable to be refined anistoropically and

were thus left refined isotropically.

Mo-.Ni(dpa),(CN). Solid brown microcrystalline Mo,Ni(dpa),(NCSe), (71.2 mg, 0.0623 mmol) and PPh,
(54.1 mg, 0.138 mmol) were dissolved in 20 mL DCM. The reaction mixture was allowed to stir at room
temperature for 3 hours with no apparent color change. The solvent was removed under reduced pressure.
The residual brown solid was washed with 3 x 30 mL Et,O to remove and SePPh;. The brown solid was
extracted in 10 mL toluene, which was subsequently removed under reduced pressure. The brown solid was
redissolved in 10 mL DCM and layered with pentane. X—ray quality crystals were obtained after 3 days.
Yield: IR (ATR, cm): 2018 s, 1603 m, 1594 m, 1561, 1543 W,1474 W, 1459 S, 1422 s, 1353 S, 1309 S, 1282 w,

1261 w, 1158 m, 1097 m, 1017 w, 878 m, 856 m, 802 m, 763 s, 739 w, 692 m, 639 m.

Ni;(dpa),I. Solid purple [Nis(dpa),(MeCN).][PFs]. (224 mg, 0.180 mmol) and solid Nal (55 mg, 0.31
mmol) were loaded into a 100 mL Schlenk Flask with 40 mL dry MeOH. The reaction mixture was allowed
to stir for 3 hours after which time a brown-purple microcrystalline precipitate had formed. The precipitate
was collected on a frit and washed with 2 x 40 mL Et,O. The brown solid was dried overnight under vacuum.
Yield (144 mg, 67 %) Alternatively, the solid may be extracted with DCM and layered with hexanes to afford

X — ray quality crystals after several days at a lower yield. Anal. Calcd. for NizCyoH32N121500.33 CH,Cl,: C,
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42.53%; H, 2.87 %; N, 14.76 %. Found: C, 42.35 %, H, 2.83 %; N, 14.72 %. IR (ATR, cm™): 1603 m, 1592 m,

1550, 1460 s, 1424 S, 1361 S, 1314 S, 1197 m, 1152 m, 1012 w, 895 m, 759 s, 737 W, 659 m.

Ni;(dpa),(NCS). Solid purple [Nis(dpa),(MeCN).][PFs]. (137 mg, 0.111 mmol) and white solid NaNCS
(39 mg, 0.48 mmol) were loaded into a 100 mL Schlenk flask with 25 mL dry MeOH. The reaction mixture
was allowed to stir for 3 hours after which time a purple precipitate had formed. The precipitate was
collected on a frit and washed with 2 x 40 mL Et,O and extracted with 20 mL DCM. The purple solution
was layered with hexanes. After several days, dark purple needles suitable for diffraction were collected

Yield: 77.8 mg, 72%. Product identity confirmed via unit cell.

Ni;(dpa),(NCSe). Solid purple [Niz(dpa),(MeCN),][PF¢]. (152 mg, 0.124 mmol) and white solid KSeCN
(47 mg, 0.33 mmol) were loaded into a 100 mL Schlenk flask with 25 mL dry MeOH. The reaction mixture
was allowed to stir for 3 hours after which time a purple precipitate had formed. The precipitate was
collected on a frit and washed with 2 x 40 mL Et,O and extracted with 20 mL DCM. The purple solution
was layered with hexanes. After several days, dark purple needles suitable for diffraction were collected
Yield: 96.4 mg 73.1 %. Anal. Calcd. for Ni;C,.H3,Ny,Se.CH.Cl,: C, 44.84 %; H, 2.98 %; N, 17.03 %. Found:
C, 44.92 %, H, 2.95 %; N, 16.90 %. IR (ATR, cm): 2067 m, 1603 m, 2594 m, 1550 m, 1466 s, 1458 m, 1420

S, 1394 m, 1357 S, 1311 8, 1242 S, 1154 m, 1066 m, 1018 m, 897 m, 879 m, 761 s, 737 w, 675 m, 665 m, 646 w.
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