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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF STERICALLY AND ELECTRONICALLY
TUNED LIGANDS TOWARD MAGNETIC CONTROL OF IRON AND COBALT

COMPLEXES

Presented within this dissertation are the synthasd characterizatis of iron and cobalt
complexedeaturing ligands designed to tune the magnetic properties. Two key magnetic plfeenomen
are of interest: spin crossover and singldecule magnetism. Both of these topics are known to be
significantly irfluenced by sulte changes in coordination aimderi and intramolecular interactions.

The overarching goal is to understand how the magnetic properties of the metal center can be controlled
via electronic and steric modifications.

In Chapter 11 offer a brief introduction into the background and motivation of the works
presented in this dissertation in the realm of spin crossover andrsiolgleule magnetism. The first
section of this chapter is focused on spin crossover and how host:guest intetaatiomgxploited to
alter the magnetic behavior of figiw transition metals. Examples of Fe(ll) complexes that display
aniondependent spin state behaviors in both the stdigt and in solutiorare discussed.
Functionalized tripodal Schiffase ligads are placed into context as an extension of previous research
into tripodal ligands for use as mekalsed aniomeceptors and tripodal spin crossover complexes. The
second section of ChaptegiVesa brief introduction into singleolecule magnetism.mexamination
of mononuclear Co(ll) complexes displaying slow magnetic relaxation and application of acetylide

bridged metal centers to enhameagnetic communication are algwen.



In Chapter 2| discusgthe preparation and characterizations of a Je@nplex coordinated
by the alcohol functionalized hexadentate tripodal iminopyridi@ lwith varying anions Solid-
state magnetic susceptibility measurements of {PE]X, (X = OTf, Br, I', or BPh') reveal an
aniondependence on the magnetic betsavMagnetostructural correlations indicate that stronger
hydrogerbonding interactions are achieved with larger anions, which are better able to undergo
bifurcated interactions with the hydroxyl groups from two of the arms. Removal of the tether between
the ligand arms leads to the formation of [F&{(OTT),, a bis(tridentate) complex that remains high
spin at all temperatures. Variable temperature magnetic measurentmtseitnanol reveal that the
high spin state of [FEL°]?* persists regardless thfe anion down to 183 K.

In Chapter 3,attempts towards syntBizing the heteroarmed tris(imin¢ffel>°9%* and
analogousbis(imineymono(amine) [FeL>*9N"2* complexes arediscussed. Several routese
attempted to synthesize the 4nsinopyridine spe@s including selective deprotonation of tris(2
aminoethyl)amine-3 HCin situ complex formatiornvia metattemplated selassembly, andse of
presynthesized ligands. Analyses of the reaction mixtures by mass spectrometry suggest that mixtures
of productsare formed regardless of the method. An anion and solvent dependence leads to preferential
formation of the lowspin species [FELONTBY2* while using solvents such as acetonitrile and ethanol
lead to increased production of the desired [E#". To test if aniordependent magnetic behavior
can be observed with this ligand type, the comparable complex>ff¥]2* was synthesized and
characterized. Variable temperature solution measuremnesigscetonitirilesuggest that host:guest
interactions in slution induce a stabilization of thew-spin statdor [FeL>*9N"?* as indicated by a
decrease in susceptibility at lower temperatures for thea(tl

In Chapter 4the preparation, structural, and magnetic characterizations for a family of Fe(ll)

complexes of tripodal ligands based o™ arepresented. The series of ligands aim to tune the



ligand field by selectively reducing imines to amines, producing the lig&Htfdi(x = 11 3, number

of amines). In the solid state, the three Fe(llinplexes formed are high spibut significant
differences in the structural distortion of both the coordination environment of the Fe(ll) center as well

as the aniotbinding pocket of the amides are noted. In solution, the complexe$‘fHe)?* and
[FeL>N"2* are high spin between 183 and 308 Kdigacetone but interestingly, [Fef¥z]2*

undergoes a spistate change with decreasing temperalilagable temperature studiesdsiacetone
and anion titrations ink-acetonitrile at room temperaturemo t or ed by d&EWFaEnhs 6 me't

(NH)2]2* show host:guest interactions stabilize the high spin state. These studies suggest a viable method

of ligand tuning for spistate control by host:guest interactions.

In Chapter 5| discusghe structural and magtic properties of [CO°NHBUX, (X = CI', B,
I", and CIQ'). These hexadentate Co(ll) complexes vary only in the ciiaigacing anion, but
marked differences in their magnetic properties are observed. Investigation of the magnetic anisotropy
of thevarious saltsevealthat the chloride salt posses#igs most axial anisotropy, which manifests
as an exhibition of slow magnetic relaxation under application of an external betay knowledge
this is the first example of anidnnding influencingthenagnet i ¢ ani sotropy and
molecule magndtke behavior.

Lastly, Chapter 6 describes the syntheses and magnetic properties ef afseronvand
dinuclear Ie(Ill) complexes bridged by ethynylmesitylene ligands. Inclusion of stedicdmib the
bridgingaryl ligand is predicted tocreaseorbital overlap between the singbgcupied molecular
orbital of t he-sysientoéthe argl knket. Ehe additiondof ntethyegroups to the aryl
ring cements the desired equatoriglind or i ent at i o4system. This leadetsgnect t

increase in ferromagnetic coupling between the metal centers.
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CHAPTER 1. CONTROLUNG MAGNETIC PROPERTES VIA EXPLOITATION OF

ANION BINDING AND STERIC HINDRANCE

1.1Introduction

The intent of this chapter is to offer a brief introduction into the background and motivation
of the works presented in this dissertation in the realm of spin crossover andnsihgtelle
magnetism. The first section of this chapter will be focused on spin crossover and how hydrogen
bonding and anidrcation interactions can be exploited to alter ttagnetic behavior of firatow
transition metals. The second section will give a brief introduction into singlecule
magnetism. An examination of Co(ll) complexes displaying slow magnetic relaxation and
application of acetylidédridged metal centers Bmhance magnetic communication will be given.
Lastly, an outline of the work presented in this dissertation.
1.2 Spin-state contrd via anion-cation interactions

1.2.1 Spin crossoverSpin crossover (SCO) or spin state switching is a phenomenon that
is posible for firstrow transition metals withd* i d’ electrons in response to an external
perturbation of the system. Initially, this was first observed in an Fe(lll) complex of
dithiocarbamate in 19341but is mostly commonly studied in complexes of Fe(ll). During the spin
crossover event, there is a change in the spin multiplicity of the metal center, going from a state
that maximizes the spin multiplicity, which is the high spin (HS) stata state that minimizes
the spin multiplicity, or the low spin (LS) state. This is usually observed with changing
temperature, but examples implementing fgtand pressufé are also common. While this is
mostly frequently studied and detected in octahedrall)Fe@mplexes, there are abundant
examples of Cr(lly, Mn(lll), &1° Fe(lll),** Co(Il),*22 Co(lll),***> and Ni(l1)*1” complexes that

undergo spin state changes in response to ekmmauli.



Specifically, for octahedral complexes of Fe(ll)j%on, the spipstate change involves a
transformation from a paramagne8e 2 species in the HS state to a diamagr&ti® species in
the LS state. In such cases, a delicate balance®etiwet he spin pairing ener
fi el d sop(fFigure1.1)is rgquifedoIf the spin pairing energy is greater than the ligand field
splitting, the species wildl obey Hunddés rul e
greater than the spin pairing energy, the electrons will pair up to fitb§leebitals and the species
will be LS. In order for spin crossover to occur, the difference in energy between the two spin
states must be t hleT).HEolobsgrveSCTirFe@®)icdmplexes( tipHigarsd
field splitting should range from 11,2002,400 cmt for the corresponding Ni(ll) complexes,
which act as model dhe HS staté?
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Figure 1.1. Spinstate dependent electronic configurations for a high spin (left) and low spin
(right) F€I11) center in an octahedraghnd field.

Manifestations of a spin state change include: (a) change in magnetic suscepibility (
(b) color change, (c) changes in IR and/or Raman spectra, and (d) changes-to-hgztatl bond
lengths. Changes in magnetic susceptibility can be measured in solution or in the solid state. Most

commonly, solution measurements are performed udthg a n s 6 meHhNMR Vvi a



spectroscopy®?2 This allows for binary monitoring of the spatate change by narrowing of the

H NMR spectral window as the LS stdiecomes populated and peak differences between a
reference solvent in the sample and an internal standard. This peak separation between the standard
and the solution containing the paramagnetic species is proportional to the magnetic susceptibility
of the solution. In the solid state, the change in the magnetic susceptibility is most commonly
monitored by SQUID magnetometry, but Méssbauer spectroscopy and calorimetry are at8o used.
By altering the temperature of the sample and meastin@gnagnetic moment at the given
temperature, the transition type (complete, incomplete, gradual, abrupt, bistable) and the spin
crossover temperaturé&i( = temperature at which 50:50 mixture of HS:LS components) can be
determined. The colorimetric chga that occurs due to changes in the electronic transitions
undertaken by the complex after the spiate change is the most visually obvious. This behavior
makes the complexes potentially useful for sensing temperature, pressure, onaagimgre).

With the spinstate change, additional changes in the ntethgjand bond lengths and vibrational
spectra are observed. As electrons move from the antiboaglnmiitals to the nonbondingg

subset, shortening of the meligiand bond lengths occur, wii also manifests in the vibrational
transitions of the ligand. These changes are monitoredtay Xechniques such as singlestal

or powder diffraction and by vibrational spectroscopies such as IR or Raman.

1.2.2 Anion-dependent spinstate switching.One method to modulate the spin crossover
temperature and behavior is by varying the egf#rere chargbalancing anions or cocrystallizing
solvent. The energy of hydrogen bonding I8 kcal/mol) as well as other naovalent
interactions are sufficienbtperturb if not completely alter the spin state as the energy required for

the HS LS transition (6.88.3 kcal/mol) is within the regime of the energies of these interacttons.



Recent examples have actively sought to exploit the influencemalent interactions
have on the spistate properties of firgbw transition metal$>?® These complexes incorporate
functional groups that are able to undergo hydrdgmmding interactions with anions or solvent
to manipulate the spin crossover temperature or even expose or quench the behavior. One such
example from Tuchagues is [E&h)]X2-Y MeOH (trim = 4(4-imidazolylmethyl}2-(2-
imidazolylmethyl)imidazole; X = CI', Br', I'; Y = 0 or 1)?° Secondary amines in the ligand
allow for norrcovalent, hydrogetonding interactions to occur with the hope of modulating the
SCO temperature of the @ center. Thesu T versusT plot for the four salts shows the magnetic
behavior of the cation is dependent on the chhajancing anion and the solvation; theshlt
remains HS at all temperatures and SCO is observed forthBrCland | salts withincreasing
spin crossover temperaturegyf) as the anion size increases. Nitschke and coworkers have
synthesized a tetranuclear(Fg capsule through subcomponent sedgembly® This cagelike
structure possess a cavity able to accommodate guest molecules. Mangideature magnetic
susceptibility measurements in solution and the solid state indicate the paresal®dfidergoes
spin crossover. Additionally, they studigte influence of encapsulating guests into the cage in
CD3NO2, which depending on the size of the guest, the spin crossover temperature in solution was
affected.

Previous work in our group has attempted to couplesaite switching and anion sensing.
Much of this work has focused on using the ditopic bidentate ligalbig KHzbip = 2,2°bi-1,4,5,6
tetrahydropyrimidine). The formation of a homoleptic complex with Fe(ll) forms [foihi]X -

(X = Br' or BPh').3! Solid-state magnetic susceptibility measurements of either salt display
marked differences in the spatate behavior depending on the counter anion used: thé &fth

remains HS at all temperatures, while thé ®it is low spin at all temperatures. In solution, as



monitored by E do-dichloromethnaaet hothdspecies undergo a temperature
dependent spin transition. Like the solid state data, the HS state of the Fe(ll) center is stabilized
when BPR' is theanion and undergoes a spin transition at lower temperature compared to the Br
salt. The difference in these behaviors is attributed to the interaction that occurs between the
amines of the ligand and the bromide in solution which is not possible wheedkéy interacting

BPh' anion is used as the counter ion.

= O0o0g
i HJUE_D_i pgoooooo [
poooett
A3-— rFJ—jj o1 __poool
% = '__' E o 4= o (@] \
E ol O aar B &= o\’{\ ,
! | E O =
s | S} /{’
£ 0 ~_ 00000~ \
3 1 — \"’0 1 1 1 1 1 | \ >\ /
~_ 175 200 225 250 275 300 4
N B T (K)
0 _I‘KKFMFWOO.OO?OO.OO?OO.OO?O / \
0 50 100 150 200 250 300 \\{ }\ /
T (K)

Figure 1.2.Left: Solid-state variable temperature magnetic susceptibility for [Fepht](BPhs)2
(red squares) and [Fefbip)s]Br2 (blue circles). Left inset: Variable temperature soluti@gnetic
susceptibility in CRCl2. Right: Crystal structure of the cation of [Felib)s]?* Reproduced from
ref. 31.

Attempts to tune the spin state properties by using ligands with stronger and weaker ligand
fields than Hbip have also been undertakdi? These species utilize twozblp ligands
to maintain hydrogetonding capabilities with the two charalancing anions and the third
bidentate ligand tunes the ligé field. Unfortunately, these heteroleptic complexes tend to be

|l abile in polar solvent s, |l eading to 61ligand

dichloromethane are used.
An additional example of aniedependent behavior in solution exaed the spirstate
BF, OTf,

properties of [Fe(@ppk]X2 (3-bpp = 2,6di(pyrazot3-yl)pyridine; X = BPh/,



NCS, NO5', Br').®® Variabletemperature magnetic suscepitgimeasurements in solution (9:1
ds-acetone:O or puredss-a c et one) were monitored by Evans®é
Depending on the counter anion used,Tthedecreased with weaker interacting anions. While the
differences in magnetic behavidretween the various salts was not as drastic as with
[Fe(Hzbip)s]?*, the incorporation of BD into the solvent promotes competition between the anions
and solvent for hydrogebonding interactions. This finding is promising for altering the-spate
by host:guest interactions in the presence of polar/protic solvents. Additionally, this complex also
displays solvent dependent behavior on the vartdstgerature solution state properties; more
polar solvents stabilize the LS state in much the same faahistrongly interacting anions thus
increasingry..3¢

1.2.3 Tripodal Schiff base ligands and spin crossoveddue tothe similar nature of Schiff
bases to bipyridines and other diimines, ligands of this type can be easily adapted to display spin
crossover in Fe(ll) species. An advantage of using hexadentate tripodal ligands over bidentate
heteroleptic complexes is thehierent stability imparted by the chelate effect. In most cases, these
tripodal ligands are hexadentate in nature, thus saturating the coordination environment of the
metal center. The first example of applying tripodal Schiff base ligands to spin crosssw@one
in the 1970s’ This seminal study showed that various amounts of steric bulk added adjacent to
the coordinating nitrogen ofgyridine can change the fully lespin complex [Fe(pyrenf* (LY,
Figure 1.3) into a species that undergoes spin crossover. The SCO temperature changes depending
on the number of arms containing the methyl group adjacent to the nitrogen; the Fe(Igxcompl
with three methyl groups, [Fe@@epy)trenf* (L*, Figure 1.3), undergoes SCO in the solid state
centered at 200 K, two methyl groups in [Fé&{8py)(py)trenf* (L3, Figure 1.3) around 250 K,

and one methygroup in [Fe(éMepy)(pyktrenf (L2, Figure 13) at approximately 375 K. Studies



of the Ni(Il) complexes showed that the ligand field strength is decreased with increasing steric
bulk imparted on the coordination environment, thus leading to destabilization of the LS state and
lower spin crossover teperatures®

Since this initial example, countless examples of spin crossover using tripodalfacieiff
derived ligands using Fe(ll) and Fe(lll) are known. These efforts tune the ligand field by altering
heterocycle siz&4 protorationof the ligand’?“® or imine reductiort® One example of aifrodal
Schiff-base complex displayingniondependent spistate properties is [FEIX2 (L7 = tris(4
(pyrazol-3-yl)-3-aza3-butenyl)amine; X = N@, OTf, ClO4', or BR') (L7, Figure 1.3f° At room
temperature in the soligtate, all four salts are HS.ifV cooling, theBF4' and CIQ' salts remain
high spin to 5 K. An incomplete gradual spin transition is observed for thesOafi T{0 (A 139
K) and a gradual complete transition is displayed by the! N&it (T2 = 144 K). In solution, the
OTf displays spincrossove (Ti2 = 200 K), but the other salts were not tested, so the anion
dependence in solution is not known.

1.2.4 Podands for Anion Rcognition.Many architectures of tripodal organic molecules
have been devised for anion sensing and binding and have beewed\extensivel§’*°
Including a metal center into the complex architecture has added benefiteatawrigidity and
charge to promote electrostatic interactiefts. Additionally, the metal center can act as a
multifaceted reporter, displaying changes luminescent, potentiometric, or colorimetric
properties:*>°

One example of utilizing a Fe(ll) metal center to maintain the desired scaffold is from
Fabbrizzi andcoworkers>’ A tris(imidazolium) cage synthesized was capped with an aromatic

ring and appended bipyridines to the ligand allowing for coordination to Fe(ll). While the species
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Figure 1.3.Assorted tripodal Schiff base ligands. Adapted from3@f
is low spin, the additioof Br' to the complex in a 4:1 GIZN:D-O solution, significant shifts of

the protons adjacent to the binding imidazolium were observed.

Bridging the idea of using tripodal Schifase ligands to chelate Fe(ll) and promote anion
binding, the novel tripodaiminopyridine ligand B'°NHBY has been devised and synthesized. This
ligand is functionalized withert-butylamidesmetato the pyridyl nitrogen atorf Interestingly,
while the Fe(ll) complex remains low spin at all tengperes, in the presence of chloride,
significant downfield shifts for the NH proton of the amide are obsesiagt NMR spectroscopy
consistent with anion binding (Figure 1.4).

With these ideas in mind, we intend devise a set of ligands that eithealiteoic
electronically tune the ligand field strength to entice awmiependent spistate switching. As

shown in Scheme 1.1, the iminopyridine is involved in coordination while incorporation of
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hydrogeab o n di ng f un c t i aomdapo6ittbns ef the Eyridinet allow folShast:guest
interactions. Guest binding into the trigonal pocket formed by the hydciogating groups is
hypothesized to either (a) cause a low spin species to becgmegphin, or (b) induce a high spin
species to become low spin, as exemplified by FFE{HBY]2,
1.3 Single molecule magnetism

1.3.1 Slow magnetic relaxationThe hallmark of singlenolecule magnetism is the ability
for the species to retain its magnatinn once the polarizing field is removed. This occurs due to
the existence of a potential energy barrier between two states possessing MsitivS) and
negative Ms = 1S magnetic moments. The height of the barrier to spin reorientdtlprs(
proportional to the magnetic anisotropy or zédd splitting parameter) and the sping). The
sign of D is pivotal: a positive sign implies thits = O for integer spin systems bts = + % for
half-integer systems is the lowest energy, and slow magrettication should not be observed,
while a negativéd® value puts thdls = + Sstates at the lowest energy, thus maximizing the
magnetizatiof® Under zero applied field, theMs states are at equilibrium. With the application
of an external magnetic field, thi&ls state becomes stabilized and thesdimes lower in energy
than the Ms state. In response, this state becomes preferentially occupied and upon saturation of
the magnetization, only thds =1 Swill be populated. Removal of the field will cause the system
to return to equilibrium. There armsvo mechanisms through which this can occur: thermal
relaxation or quantum tunneling (Figure 1.5). For thermal relaxation, the barrier needs to be large
to maximize the relaxation time and thus maintenance of the magnetfZation.

One of the first examples of a single molecule displaying slow relaxation of magnetization

was [Mni2012(CHsCOO)e(H20)4] 0 riza 65%bince then, an explosion in the field has occurred
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Figure 1.5 Schematic representing the magnetization and relaxation processesnglea si
molecule magnet. Reproduced from &f.

leading to the synthesis of a variety of species ranging from large clusters to mononuclear
complexesTo date, the highest working temperature for any single molecule magnet is 13.9 K for
([((MesSi)2N]2(THF) Th)(e-d?: d?-N2)" .52 This dinuclear Tb(lll) N* radicatbridged complex
displays slow magnetic relaxation up to 34 K under zero applied field as measured by ac
susceptibility (Left, Figure 1.6) and opening of the magnetic hysteresis fpaptih 14 K (Top
right, Figure 1.6).

Two techniques are generally used for measuring SMM properties, which are exemplified
by ([((MesSiXN]2(THF)Th)(s-d?: d?-N2)': ac susceptibility and magnetic hysteresis. During the
dynamic ac susceptibility experimeatsmall oscillating ac magnetic field is applied to the sample.

The magnetic moment oscillates in response to the ac field. Appearance efeamontof-phase

(c)a susceptibility value i mplies thatdasthee s amp

internal magnetization of the complex is relaxing slower than the oscillation of the magnetic field.
This concomitantly | e aphasedusceptbilityfeas thecoats-haseé o t
component increas&$Another method commonly implemented is measuring magnetic hsistere
under variable dc fields. Magnetization of the sample and sweeping of the field at variable rates

and/or temperatures will result in opening of the hysteresis loop when magnetization is maintained

11



due to the sufficiently slow magnetic relaxation ofsaenple. Additionally, the behavior is highly
dependent on the sweep rate, similar to the frequency dependence in the ac susceptibility
measur ements. Faster sweep rates decrease equ
sweeping field, which codlproduce a falsely widened hysteresis I18bp.

1.3.2 Mononuclear Co(ll) speciesWith the discovery of mononuclear lanthanide and
actinide species able to display slow relaxation of the magnetization, focus has been also placed
on mononuclear firstow transition metals. Recently, several novel orarclear higkspin Co(ll)

complexes have been synthesized and characterized. These complexes display slow relaxation of
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Figure 1.6.Left: In-phase € top) and oubf-phase ¢, bottom) of the ac magnetic susceptibility
for ([((MesSi)2N]2(THF) Tb)(e-d% d?-N2)" under zero applied dc field. Top, right: Magnetization
(M) versus dc magnetic fielddj from 11 to 15 K at a sweep rate of 0.9 mT/s. Bottaght:
Crystal structure of ([(MsSi)2N]2(THF)Th)(e-d?: d>-N2)'. Reproduced from re63.
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the magnetization as an artifact of the intrinsic magnetic anisotropy of theametaf. In most
cases, the ligands employed in these complexes further inctemseaagnetic anisotropy by
lowering the symmetry of the Co(ll) coordination. This has been achieved by %hfeer-,5>"
five-,”>"" six-,’#8 seven,®! and eightcoordinaté complexes. Additionallysince these firstow
transition metal ions are more susceptible to ligand field effects, the proper ligand field must be
employed so the orbitals ar@sk in energ§?

Manipulation of the coordination environment of the metal center has been known to
drastically affect the magnetic properties. One such example of this is observed in the
bis(imino)pyridine pincer ligand mated with methyls or phenyls on the imine carbon from
Murugesu and  coworkers. The resulting pentacoordinate  Co(ll) centers
[{(ArN=CR} 2(NPh)Co(NCS)] (R = Me or Ph), after coordination of two isothiocyanate ligands,
have similar coordination environmentside from a 0.13 A difference in the distortion of the
metal center from the plane of the pincer ligand. This differences manifests as a difference in the
spini orbit coupling of the metal center and the more distorted complex displays a larger
anisotropicbarrier”® Similarly, when terpyridine (terpy) is used as the ligand, the complexes
[Co(terpy)Ch] and [Co(terpy)(NCS] display similar structural distortions. When chloride ions
are coordinated to the cobalt center, the metaaised above the plane of the terpy ligand. In
comparison, if NCSanions are coordinated, the metal center resides within the plane of the terpy.
Again, these minor differences in coordination environment lead to differences in the anisotropy
barrier more structural distortion leads to a larger barrier to spin reorientation hights.

There are several examples of mononud&asymmteric Co(ll) complexes that display
slow relaxation of the magnetization. One of these examples is [(3G)CoCl](OTf) (3G #ris1,1

[2N-(1,13,3tetramethylguanidino)methyl]ethane) from the Long gruphis complex has a

13



positive D value of 12.7 crit, confirmed by high field EPR experiments. Undero applied dc
field, no outof-phase ac response was observed, but when an external ds &eldied, slow
magnetic relaxation is observed. These results were unexpecteatjitisnally, complexes with
positiveD values are not expected to undergo slow magnetic relaxation even under the application
of an external field. It is postulated that the direct realarabetween théls = £ 1/2 is slow and
allows for an equilibrium to be established between the higher eMeygy+ 3/2 levels, leading

to the appearance of slow magnetic relaxation.

|
\\ NCS /
R N/ - —N-
< N P Cl |
N——-Co N——Co—— ~N 'Clo N—

[{(ArN=CR},(NPh)Co(NCS),] [Co(terpy)Xs]
R = Me, Ph X = CI or NCS" [(3G)CoCII*
X 2

N|/C0\N >L N, J< NN \
\\/N\) NO/ClO‘N SN
)\/N\/& /CO\\
o o ZNT NV RN
_ N\\ .
\

[Co(Megtren)X]* HN

X =Cl or Br [Co(BU'NC(O)CH,)sNI [Co{(S)PIN(Me)N=CHIm]}j2*

Figure 1.7. Cobalt(ll) complexes thatisplay slow magnetic relaxation.
A Co(ll) trigonal pyrimidal complex with Mgren was synthesized by Guih@tal., based
on the Ni(ll) complex, [Ni(Metren)CI](CIQs), which had been shown to exhibit substantial axial
anisotropy?® Two Co(Il) complexes with varied axial ligands were synthesized using either Cl
Br', which was shown to have an effect on the magnitfidleeomagnetic anisotropy.For both
anions, the value @ is negative. The differences in the mdgde are attributed to the differences
i n tdhoenating ability of the a>xdonatihg chloridemionr di na't

induces more axial anisotrop® & i 8 cm ) thanthe bromideanion(D =1 2.4 cm?Y).

14



An example from Ruizand coworkersused DFT calculations to determine the best
coordination environments to use for firsiv transition metals in various oxidation state to tune
magnetic anisotrop$f. In this work, the validity of the calculation were tested by measuring the
magnetic properties of two trigonal Co(ll) complexethe fourcoordinate complex
[Co(BUNC(O)CH)sN]' originally synthesized by Borovik and cowork&fsand the six
coordinate complex [Co{(S)P[N(Me)N=CHInm}](NO 3)> originally synthesized by Steiner and
coworkes8 Based on the calculations, the fawordinate complex should disgl a large
positive D value while the sicoordinate complex should show a large negdbwealue. Both
species ultimately displayed SMhNke properties and the magnitude of the extra@edalues
were in good agreement with the predictién.

1.3.3 Coupling metal centers through acetyliderkages.In tune with trying to control
magnetic properties via steric interactions, connecting diamagnetic metal centers through acetylide
linkages is welestablished in the context of applications to nonlinear optics and molecular
wires89 Recently, these linkages have been used to connect paramagnetic metal centers to
promote exchange esystem. [Thesegnultinbcltear coghplexes heed t6 have
substantial magnetic coupling)(to isolate any lowying excited states from the@und state.
Theoretical considerations have indicated that significant magnetic coupling can be achieved
t hr ough t h ensteorke?’®?tOahogbreatiarrangements of paramagnetic centers with
hard axes of magnetic anisotrofs > 0) are predicted to produce polynuclear complexes with
large, negativ® values overall.

Work with these systems has been ent@ken using triethynylbenzene ;{HEB) and
diethylbenzenes (botnetaandparasubstituted) as bridging ligands between paramagnetic metal

centers. Various equatorial ligands have been coupled to form complexes of [(dppe)leedp*]
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groups (dppe = 1;Ris(diphenylphosphino)ethane and Cp* = pentamethylcyclopentadiéhe)

and [(dmpeyFeClIJ' (dmpe = 1,2bis(dimethylphosphino)ethan®)?® In these examples, when the
alkynyl linkages are placemhetato one another on an aratic ring, ferromagnetic coupling
between the metal centers is expected, whale substitution drives antiferromagnetic coupling
between the metal centéPsAs expected, bridging multiple [(dmpEeCI]" certers through TEB
produced a complex that displays ferromagnetic cougligince the dmpe moieties are free to
rotate around each Fe(lll) center, intermolecular interactions between triflate anionseand th
ethylene bridge of dmpe appears to influence the orientation of the dmpe ligands. The subtle
differences in the torsion angles of the dmpe ligands prevents the optimum orbital overlap to occur
between the singtpccupied molecular orbital (SOMO) of theetal in the solid state. This leads

to a decrease in the intramolecular ferromagnetic coupling the complex demon3tre@és §, 5

cm' ! for a twoJ fit) in comparison to what is expected from -OFT calculations with the proper

orbital overlap betweemte S OMO ayst@m §=R% 47, 47 cii for a twolJ fit).

4 22+
2.0 4 oo0©° o]
e | 0000©°
PT AN 1.8 4 c00000°°
Fel | < 164
. ©
\ » C .E 1.4 -‘ 5
e X 1.2- 9 @
Fe2a | E B ]
o 0-
JIQ 3 0.8 ) O 4 raw data
g — ~ ] 0 4 adjusted data
N 0.6 1 — single J fit
\ 0.4 4 — two J fit
- i i 0.2 1
) >
7 / 0.0 — i s
N & { Fe2 0 50 100 150 200 250 300
' - T(K)

Figure 1.7. Left: Crystal structure of the complex cation [(dmpe)Cls(es-TEM)]3*. Right:
Variable temperature magnetic susceptibility of [(drepe)Cls(es-TEM)]3* with (blue squares)
andwithout subtraction (black circlesBolid lines are lines of best fit for a singl@alue (blue)
and twoJ values (red) for the subtracted data. Reproduced frar@#ef
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1.4 Outline of Dissertation Chapters.

In our attempts to expand and diversify eqgplication of tripodal iminopyridindased
ligands on spin crossover research, a series of functionalized ligands and their corresponding Fe(ll)
complexes have been synthesized. Through anion bindingstspeswitching can be achieved
using thetripodal ligand architecturelhe work presented in Chapter 2 is a continuation of work
initially began by DrAshley McDaniel of synthesizing and characterizing a series of Fe(ll) salts
using a tripodal iminopyridin®ased ligandunctionalized with a hydroxyntieyl group adjacent
to the pyridine nitrogen. This work has been publisheBaton Transactions? Chapter 3 will
detail the attempt s tdapbdalsminogyridiaesligandsiasglfagséneblty e r o ar
and presynthesized ligands. In order to tune the ligand field by incorporating steric bulk adjacent
to the F¢ll) coordination site while adding in functionalization able to undergo hydrbgeding
interacionsmetato the coordinating nitrogen. The works detailed in Chapter 4 focus on alternative
methods of tuning the ligand field by varying the number of imines and replacing with secondary
amines.

In chapter 5, the efforts to merge the ideas of manipglahagnetic properties by hest
guest interactions and singleolecule magnetism will be discussed. Coordination of various
Co(Il) salts with 2'ONHBUY forms aCs-symmetric complex. Depending on the anion, the magnetic
anisotropy exhibited by the metal ¢enis maximized with chloride. This manifests as slow
magnetic relaxation under an applied dc field for the chloride salt, while little to no relaxation is
observed for the bromide, iodide, or perchlorate salts. This appears to be the first examples of no
covalentoutes phere hydrogen bondi ng -noledule magoeike ons 0Ot
properties for a Co(ll) salt. Chapter 6 will detail the work attempting to impart steric hindrance to

lock in the ligand conformation of a novel Fe(lll) arylatyy system. These results suggest that
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installing steric bulk on the aryl ring increases the ferromagnetic coupling between the two Fe(lll)
centers as a consequence of improved orbital overlap between the SOMO of the metal center and

t h esystem of the gt-bridge.
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CHAPTER 2. ANION DEENDENCE IN THE SPINCROSSOVER PROPERTIESF A
FE(Il) PODAND COMPLEX"

2.1 Introduction.

Octahedral coordination of i d’ transition metal centres coimnled with a properly tuned
ligand field can facilitate switching between higimd lowspin states (HS and LS, respectivély).
® This spincrossover (SCO) phenomam can be triggered by small environmental forcing
(E~ksT), and exploitation of this molecular effect in materials is a major synthetic goal. SCO
materials have been widely investigated for use in data storage and display devices due to the
dramatic magnét and color changes that can accompany-sgite switching:>®

Recent inquiries have focused on combining {gosst interactions with the SCO
phenomenon, both to probe nRoovalent interactions as well as to develop new signalling
pathways for chemosensifig? In the solid state, inclusion of guest molecutgs metai organic
frameworks such as [Fe(bpbCS)] and [Fe(azpyy(NCS)] have been shown to induce
SCO!’® The presence and identity of counter anions have also been shown to have an impact on
the spin transition temperature in both the solid state and in sotdtiowestigation of a series of
Fe(ll) triimidazolé halide complexes have shown SCO in the solid state: large anions with low
charge density induce SCO at higher temperatures than their smaller, more charge dense
counterparts® Our previ ous  shi-i,456&esahydrapwimiding (LRip) 2nNj
homo112 and heteroleptié?® complexes with Fe(ll), have also shown aiiid&pendent spin

state switching both inoution and in the solid state.

: Klug, C. M.; McDaniel, A. M.; Fiedler, S. R.; Schulte, K. A.; Newell, B. S.; Shores, \aRon Trans2012 41,
12577. Reproduced with permission of The Royal Society of Chemistry.
http://pubs.rsc.org/en/content/articlelanding/2012/dt/c2dt31213a
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In order to exploit the color change induced by SCO for use in anion sensors, more robust
ligand sets must be procured to overcome the lability associated with HS Fe(ll) complexes
featuring bidentate ligand$.Thus, we have become interested in tripodal Schiff base ligands
based on tris{4(6-R)-2-pyridyl]-3-aza3-butenyl}amine (Hix(6-R-py)xtren (R =H, Me, X = T
3)).1%18 The parent Fe(ll) complexes have been shown to undergo SCO in solutitheasudid
state, with the SCO temperature dependent on the R substituent gidbiédh of the pyridine:
steric hindrance associated with substitution
stabilizes the HS state, lowering the SCO tempegatuthe solid state and in solution with each
additional substitutiot’

More recent work on Fe(ll) complexes with pyrazotatainingtripodal ligands has
shown anion dependence in the solid state SCO temperatures and completeness; SCO in solution
has also been observERelated, hydrogebondirg interactions in mixed aniecation salts of
Fe(ll) complexes with analogous imidaza@entaining ligands have been shown to affect the
percentage of HS moieties at room temperature.

As part of our efforts to combine spitate changes with anion binding in environmentally
relevant media, we have investigated the preparations and magnetitipsapfesalts of the Fe(ll)
complex with tris{4[(6-methanol)2-pyridyl]-3-aza3-butenyl}amine [ 6 °", Figure 2.1) and the
nontethered derivative -f{6-methanol2-pyridyl]-3-aza3-butenyl (2, Scheme 2.1). The
tripodal complex was chosen for severakmes. First, hexadentate coordination should increase
complex solution stabilitygspecially in protic solvent§. Second, electrostatic attractions of
anions to the cationic complex trigonal pocket would be enhanced by incorporation of hydrogen
bonding met hanol groups at the 6(U) position.

may allow for stronger bindingnd better selectivity fo€z symmetric and/or larger spherical
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anions compared to bidentate chelation. Combining these factors, tridentate anion interactions
could force the Fe(ll) ion to adopt a LS state due to the adimmaof the trigonal pocket.
Meanwhile, structural and physical influences of the bridgehead nitrogen could be investigated by

removal of the tether, via study of Fe(Il) complexes with L
SR

N N
ZZN ,"{/ N
2 Fe.
4| P ] . l
5 OHOH OH

[FeL6-OH]2+

Figure 2.1. Depiction of the complex cation: hexadentate chelation aims to increase stability,
while positioning of hydroxyl groups tunes S€froperties and entices anioation hydrogen
bonding interactions.

2.2 Division of Labor

Synthesis of 8°H, X-ray crystals structure @&.3, ard preliminary magnetic results were
obtained by Dr. Ashley McDaniel.-Kay crystal structure &.2was collected and solved by Dr.
Stephanie FieldeGleich. Synthesis and characterization.dnd2.6 were performed by Kelsey
Schulte. All other synthesesd characterizations were performed by Christina Klug
2.3 Experimental Details

2.3.1 General ConsiderationsThe ligand.%°H was prepared under anaerobic conditions
and L? was prepared under aerobic conditions; compound manipulations involving iBeéll)
were performed inside a dinitrogéiled glovebox (MBRAUN Labmaster 130). Pentane was
distilled over sodium metal and subjected to three figmrmag thaw cycles. Acetonitrile (MeCN)
and diethyl ether (D) were sparged with dinitrogen, passed ovelecular sieves, and subjected

to three freeZzgoump thaw cycles. All other reagents were obtained from commercial sources and
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were used without further purification; -@ridinecarboxaldehydé-methanot! and
[Fe(MeCNX(CFSOs)2]%*were synthesized using previously described procedures.
Tris{4-[(6-methanol)-2-pyridyl] -3-aza-3-butenyl}amine (L% °"). A 25 mL flask was
charged with one equivalent of trisé2ninoethyl)amine (tren, 0.248 g, 1.70 mmol), 3.1 equivalents
of 2-pyridinecarboxaldehydé-methanol (0.785 g, 5.25 mmol), 8 ndf methanol and 1 g of
molecular sieves (3A). Thaixture was stirred until the alcohol precursor dissolved. The resulting
browni yellow oil was triturated with 10 mL of ED. The oil was mixed with NaS@n methanol
to remove residual water. The solution was filtered, the solvent was removed fronrate ditid
the product was dried under vacuum for 8 hours to afford 0.629 g of yellow oil (80%). The product
was used as isolated wit houtou3a78gm!acd@B45tcitonal p
3c=n1647 cni. 'H NMR (400 MHz; CROD; MesSi): 8.3(3H, s), 7.8 (3H, t, J = 7.715, 7.696 Hz),
7.72 (3 H,d,J =7.628 Hz), 7.53 (3 H, d, J = 7.567 Hz), 4.68 (6 H, s), 3.77 (6H, t, J = 6.157, 6.003
Hz), 2.98 (6H, t, J = 6.207, 6.291 Hz) ppfC NMR (CD:OD) & 161.4 (s), 159.
135.9 (s), 12@ (s), 118.2 (s), 62.5 (S), 57.6 (S), 53.2 (S) ppm. Anal. MSQEH: m/z526.253
[L&CH+ NaJ', 504.271 [ECH + HJ*
[FeL® OH](CF3S03)2M.25 EtOH (2.1).A solution ofL 8 ©H (0.250 g, 0.49 mmol) in 6 mL
of methanol was added to a colourless solutiorFe{fleCN}(CRSQ0s)2] (0.255 g, 0.49 mmol)
in 4 mL of methanol. The instanilformed red solution was stirred for 30 minutes. The solvent
was removed in vacuo and the crude product was triturated with 20 miOotioFiroduce a brick
red free flowing powderThe solid was isolated by filtration and pay quality crystals were
obtained by EDO diffusion into an ethanolic solution of the compound (0.38 g, 91% yield). IR
( AT Ry 3434, 3238 ciit. amax(CH3OH)/nm 500 (1160 MA c'in (MeCN)/nm 490 (1300 M

1A ¢ *H NMR (300 MHz; CROD; MesSi): 66.1, 59.6, 48.6, 33.9, 26.4, 18i8,4 ppm.auT
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(SQUID, 295 K) = 3.63 criK-mol'! (uer = 5.39s). Anal. Calcd for Go sHza sN7Og 257€SFs: C,
40.8; H, 4.0; N, 11.3. Found: C, 40.7; H, 3.8; N, 11.3.

[FeL®OH]Br2 (2.2). A solution ofL%°H (0.189 g, 0.88 mmol) in 6 mL of methanol was
added to a stirringlight brown-coloured solution of FeBr(0.447 g, 0.88 mmol) in 8 mL of
methanol. The instantly formed dark redloured solution was stirred for 30 minutes. A dark red
powder was isolated by removing the solvent under vacuum; the product was tritutat&anii
of ErO. Xiray quality crystals of 2 were obtained by slow diffusion gfCEinto a methanolic
solution of the compound ( Oon 33567, 3282, cit.98ka 2 %
(CHsOH)/nm 502 (1140 MA ¢ H NMR (300 MHz; CROD; MesSi ): 64.8 57.3, 48.3, 33.9,
28.2,18.0, 10.41,7.5 ppmaeuT (SQUID, 295 K) = 3.45 cimK-mol'! (e = 5.258). Anal. Calcd
for Co7H33N7OsFeBe: C, 45.1; H, 4.6; N, 13.6. Found: C, 45.0; H, 4.4; N, 13.5.

[FeL®OH]Br.A.5 MeOH (2.3).Xiray quality crystals of theolvated compound were
obtained by slow diffusion of ED into a 50:50 methanol:ethanol solution®. euT (SQUID,

295 K) = 3.50 critK-mol' (et = 5.32g). Anal. Calcd for GrsdHssN7OssdeBr: C, 44.9; H,
4.8; N, 13.3. Found: C, 44.6; H, 4.6; N,.33

[FeL&OH]I2 (2.4). A solution of2.1(0.033 g, 0.38 mmol) was added to a solutiomiof

BuwNI (0.057 g, 0.15 mmol) in 2 mL of acetonitrile to form immediately a red precipitate; the

mixture was stirred for one additional hour. The light red solid wakated by filtration and

washed with 10 mL of acetone and 5 mL of pentane. The product was purified by recrystallization

via diffusion of EO into a methanolic solution of the compound (0.024 g, 77 % yieliday
quality crystals were selected fromihe o d u ¢ t . onBIR9, §2B2R:M.)amaxCH3OH)/nm

502 (1180 M'A ¢'nH NMR (300 MHz; CROD; MesSi): 65.6, 58.5, 48.8, 34.0, 28.4, 17.7,
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i8.9 ppm.euT (SQUID, 296 K) = 3.52 cfK-mol'! (uer = 5.31 pg). Anal. Calcd for
Co7H33N7OszFeb: C, 39.9; H, 41; N, 12.1. Found: C, 39.7; H, 3.9; N, 11.9.

[FeL® ©H](BPh4)2& MeCN (2.5).Carried out in a manner similar to the preparatio?. 4f
anion exchange &.2(0.103 g, 0.144 mmol) into 6 mL of methamath NaBPh (0.205 g, 0.599
mmol) produced a light pk precipitate. The mixture was stirred for 30 minutes, and then the solid
was isolated by filtration. The resulting solid was triturated with methanol (6 mL) and stirred for
16 hours. The solid was isolated by filtration and washed with 6 mL>Gf tGtproduce a brick
red, free flowing powder. Xay quality crystals were obtained by.@t diffusion into a
concentrated acetonitrile sol ubd3609 cnftOamadl 20 g
(MeCN)/nm 489 (1340 [4A c'n 'H NMR (300 MHz; CRCN; MesSi): 75.3, 56.9, 47.9, 40.7
32.3, 10.4, 8.9 ppmemT (SQUID, 296 K) = 3.62 cMK-mol'? (uer = 5.38ug). Anal. Calcd for
C/H/NOsFeB: C, 74.1; H, 6.2, N, 9.9. Found: C, 74.1; H, 5.9; N, 9.5.

4-[(6-methanol)-2-pyridyl] -3-aza-3-butenyl (L?). In a similar synthetic procedure as
used forL®©H  2-pyridinecarboxaldehydé-methanol (0.208 g, 1.518 nut) and ethyl amine
(0.103 g, 2.277 mmol) were combined, resulting in a pale yellow oil (0.170 gy&#@p. The
product was wused as isolated wi buB28R¢mM, acasy addi
2972, 29522869 cm?, c-31650 cml. 'H NMR (400 MHz; CDCY): 8.39 (1H, s), 7.87 (1H, d, J
=7.79 Hz), 7.73 (L H, t, J = 7.71, 7.72 Hz), 7.28 (HH] = 7.68 Hz), 4.80 (2H, s), 3.92 (1H, s),
3.70 (2H, q, J = 14.57, 7.28, 7.30 Hz), 1.32 (3H, t, J = 7.28, 7.28 Hz) BPriNMR (CDCE):
16.4 (s), 56.0 (s), 64.4(s), 120.1 (s), 121.8 (s), 137.6 (s), 153.8 (), 159.4 (s), 1pprd @)al
Calcd for Go73H12.19N20Clo.1s (L2-0.075 CHCLL): C, 63.9; H, 7.2; N, 16.4. Found: C, 63.8; H,
7.2; N, 16.5; the compound was dissolved in.Cll for preparation of the elemental analysis

sample.
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[Fe(L?)2)(OTf) 2 (2.6).Similarly to2.1, L2 (0.100 g, 0.609 mmol) in#L of methanol was
added to a stirring solution of [Fe(@EN)(OTf)2] (0.132 g, 0.305 mmol) in 4 mL of methanol.
The immediately dark red coloured solution was stirred for an additional 30 min. The solvent was
removed in vacuo and the resulting red oiswréurated in ether (15 mL) for 2 hours. The resulting
red freeflowing powder was isolated by vacuum filtration-ry quality crystals were obtained
by slow diffusion of ether into an ethanolic solution of the compound (@186% yield). IR
( K B ro) 3133 cml. amax (MeOH)/nm 496 (1570 MA ¢’ 'H NMR (400 MHz; CROD;
MesSi): 188.6, 162.7, 31.4, 128.9, 73.4, 53.4, 8.33,2.48 ppm. Anal Calcd for
CooH24FsFeNiOsS,: C, 35.2; H, 3.5; N, 8.2. Found: C, 35.2; H, 3.4; N, 8.2.

2.3.2. Crystallographic data collection and refinementAll single crystals were coated
in ParatonéN oil prior to removal from the glovebox. For structures obtained atlP00K, the
crystals were supported on Cryoloops and mounted under a stream dirctehen. For data
collection at higher temperatures, the crystal was encased in epoxy resin and mounted to a glass
fibre. Data were collected using a Bruker Kappa Apex Il CCD diffractometer withdviadiation
and a graphite monochromator. Data were integrated and corrected for absorption effects with the
Apex |l software packag€.The SHELXTL software package was used for solving the structures
by direct methods and for subsequent refineméntisless otherwise noted, thermal parameters
for all nonthydrogen atoms were refined anisotropically. Hydrogen atoms were added at the ideal
positions and refined using a riding model where the thermal parameters were set at 1.2 times those
of the attached carbon atom. Crystallographic information is collected e Zdb

In the structure of . 1 AdneTtriflate anion was disordered over 2 positions. These
components were modelled with partial occupancies and refined anisotrofiballstructure for

2 . 1 & Tound to contain several disordered components. Disorder of the triflate an@h and
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were modelled with partial occupancies and refined anisotropically. The position of O3 was
disordered over three sites; the thermal parameters of each part were refined isotropically. One
bromide in the structure @f2was disordered over two positgrthe disordered components were
restrained to maintain spherical atoms. Free refinement of disordered solv2i&riesulted in

52% methanol, 45% ethanol, and 3% void; for simplicity, the occupation was constrained to 50%
and atoms were refined isotioglly due to the large amount of disorder. One hydroxyl group in

the structure oR.5 was disordered over two positions; thermal parameters for each part were
refined anisotropically.

2.3.3 Magnetic susceptibility measurementsAll samples were preparednder a
dinitrogen atmosphere. Crystals of compoufds2.3 and 2.6 were ground into fine powders,
loaded into gelatin capsules, encased in six drops of Eicosane, and inserted into straws for analysis;
crystals were not ground f@5. Measurements weperformed using a Quantum Design model
MPMSI XL superconducting quantum interference device (SQUID) magnetometer in the
temperature range of 5 to 300 K under a measuring field of 1000 Oe. The data were corrected by
subtracting the measured susceptibilityanf empty sample holder and six drops of Eicosane.

Di amagnetic corrections were®calculated by us

2.3.4. Other physical measurementdnfrared spectra were measured with a Nicolet 380
FTi IR under a dinitrogen flow using an ATR attachm#&fisible absorption spectra were obtained
using an Agilent 8453 UWisible spectometer under aifree conditions using a glass cuvette.

NMR spectra were recorded using Varian INOVA instruments operating at 300 or 400 MHz.
Solution magnetic susceptibility measurements

the reference at 300MHz.?*?® Elemental analysis was performed by Robertson Microlit

31



Laboratories in Ledgewood, NJ. Higbsolution mass spectra were obtained on an Agilent

Technologis 6220 Timeof-flight LC/MS.
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Table 21. Crystallographic datfor 2.1i 2.6.

21 ALT 21 ART 2.2 2.3
Formula CogHzsFeN7OeSFs  CogHasFeN7OgSFs Co7HzsFe N7OsBr: CossH3zsFe N70O4Br2
Form wt/ g moft 857.59 857.59 719.27 757.32
Color Red Red Red Red
Habit Block Block Plate Plate
T/IK 120 296 120 120
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space grup P2i/c P2i/c P2i/c P2i/c
Z 4 4 4 4
alA 10.2032(2) 10.3855(4) 10.2839(5) 10.0980(2)
b/A 19.557(3) 20.1767(8) 14.5320(7) 14.0077(3)
c/A 17.283(2) 17.4647(8) 19.9842(9) 22.0804(5)
U/ A 90 90 90 90
b/ A 96.879(8) 93.046(1) 96.513(2) 94.7740(10)
2/ A 90 90 90 90
VIA3 3423.8(9) 3654.5(3) 2967.3(2) 3112.8(12)
deardg cmi’® 1.664 1.559 1.610 1.616
Meas. ref 39875 42446 45940 40279
Ind. ref 6490 6008 6790 9462
Rint 0.0373 0.0333 0.0793 0.0270
GOF 1.026 1.046 1.010 1.044
Ri/ %? 4.26 4.70 4.20 3.38
WR> / %P 10.79 12.51 9.93 8.33
Ri= Rol- Fol | Fol;MR = {WEE - FH?] 1 w(Ho?)} 2
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Table 21 coninued. Crystallographic data

24AL T 24ART 2.5 2.6
Formula Co7H3z3Fe N7Oal2 Co7H3z3Fe N7Oal; CroH79Fe NoO3B: CooH24Fe N4OsSFe
Form wt/g-mof!  813.25 813.25 1197.88 682.40
Color Red Red Red Red
Habit Block Block Block Plate
T/IK 120 296 120 100
Crystal sytem Ortho Ortho Triclinic Monaoclinic
Space goup Pbca Pbca Pp P2i/c
Z 8 8 2 4
alA 11.0878(4) 11.3371(4) 13.850(3) 13.3173(8)
b/A 18.8979(6) 19.1168(6) 13.890(3) 15.4235(10)
c/A 28.230(9) 28.6754(9) 17.930(4) 14.8826(8)
U/ A 90 90 94.41(3) 90
b/ A 90 90 103.10(3) 112.692(3)
2/ A 90 90 100.01(3) 90
VIA3 5915.4(3) 6214.8(4) 3283.9(11) 2820.2(3)
deaid g cmi® 1.826 1.738 1.211 1.607
Meas. ref 116396 104197 65015 38061
Ind. ref 6271 7402 16647 10522
Rint 0.0525 0.0445 0.0570 0.0387
GOF 1.032 1.034 1.019 1.042
Ri/ %* 2.34 3.18 4.72 3.59
WR: / %P 4.99 6.45 11.24 7.96
*Ri= Ko|-IFd | FolPWR= {WEFE-FAH?T 1w’}
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2.4 Results ad discussion.

2.4.1 SynthesesThe ligand L®©H is obtained by a condensation reaction of 2
pyridinecarboxaldehyd6é-methanoi! with tris(2-aminoethyl)amine (tren) in methanol at room
tempeature. The oily ligand is used with minimal purification, and pure reatataining products
are obtained via crystallization. As shown in Scheme 2.1, the ligand is combined with
[Fe(MeCNX(OTf);]?2 or FeBe in methanol to produce the triflate2(1) or bromide 2.2 and2.3)
salts, respectively; subsequent anion exchanges and crystallizations produce analytically pure
samples of the iodid® (4) and tetraphenylborat@.f) salts. The triflate anion was chosen because
of its Cz symmetry, potentially enabling greater interaction with the trigpaeket formed by the
ligand. Meanwhile, the halides bromiaied iodide allow us to explore the effect of anion size and
packing interactions on SCO temperature. The use of ketngfborate aims to demonstrate the
compl ex C a-$tateo prapesties siro kthe dibsence of significant hydrdgperding
interactions.

Xiray quality crystals oR.1, 2.2, and2.4 are obtained by diethyl ether diffusion into
saturated alcohol solution§the compounds; crystals Bf3are formed by diethyl ether diffusion
into a 50:50 ethanol:methanol solution ®2. Based on elemental analysis alid NMR
spectroscopy, a small amount of ethanetogstallises with the triflate salt to produce 2.1, ibut
is not evident in the crystal structure (vide infrajray quality crystals oR.5 are produced by
ether diffusion into acetonitrile. Elemental analyses and crystallography data for conZbund
indicate that approximately two acetonitrile moleculegigstallise with the salt.

The nontethered derivative of th&%°H ligand is synthesised by condensation of
ethylamine and -pyridinecarboxaldehydé-methanol to produce 2. This combines with

[Fe(MeCN)(OTf)2] to produce the bis(tridentate) complex 2X-ray quality crystals are
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obtained by diethyl ether diffusion into an ethanolic solution of the complex. Regardless of reactant

stoichiometry (2:1 or 3:1 ligand:metal), crystals of [F¥)(OTf). are isolated.

Scheme2.1. Readion sequence for preparing [F&27])2* and [Fe(1?)2]?* complex salts.

o] OH \
LN NN 1
N%VNH% +3.1 X —> N
3 | MeOH,
¥ HO/,

3 A sieves
L6-0H
o] OH 7\
LN N WA
/\NHZ + N _— /_
| MeOH, H
= 3 A sieves
L2
L8-OH xs n-Buyl
[Fe(MeCN),(OTf), ] W [FeLG_OH](OTf)Z MeCN4 [FeLG—OH]l2
21 2.4
L6-OH xs NaBPh
FeBr, MeOR [FeL®°M1Br, MeOH [FeL®O™(BPh,),
2.2 2.5

2

L
Fe(MeCN),(OTf —— 2
[Fe(MeCN),(OTf), ] veon  [Fe()a(0Th),

2.6
2.4.2 Anion dependence in solid state magnetic propertiehe variable temperature

solid-state magnetic susceptibilities for ground crystal2.df2.5 are shown in Figure 2.2. At

room temperature, all salts are HS, wdhT values typical for higkspin octahedral Fe(ll)

complexes $ = 2). For the triflate salt 2.5y T is 3.63cm®-K-mol'tat 295 K. Upon cooling, a

sharp decrease @y T begins at 178 kand is virtually complete by 150 (@1,2= 173 K), ultimately

giving a fully LS sample witreuT equal to 0.06&m®-K-mol'! at 4 K. This salt undergoes the

highest and sharpest spin transition observed for all the salts studied in this work. Note that this

occurs at 40 Kessthan the parent [Fe{Ble-py)stren](PF). complex reprted by Drago and

coworkers!’
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Figure 2.2. Temperature dependenceaiT for 2.1i 2.5. Lines connecting data points are guides

to the eyeHqc = 1000 Oe.

Similar to2.1, the bromide salt®.2and2.3show SCO, albeit at a lower temperature. The

anion appears to be the major contributor to-spate properties since bt and2.3show SCO

at approxi mately

TikOe =s alnie3

taenndp el thiHanever, tifedis p e c t

presence of solvate molecules influences the completeness of SCO behavior. In the absence of

solvate moleculeshe SCO is more complete far2 aseuT decreases to 0.65°-K-mol ! at 85

K and 0.26 criK-mol'*at 5 K. In contrast, the partially solvated compogr&shows incomplete

SCO:euT is 1.20cnm®-K-moltat 85 K, and drops to 0.66 éi{-mol'lat 5 K. The interplay is

complex, since we also finfor 2.2 that varying sample grinding conditions changes SCO

completeness (Figure 2.3). Such impacts on Fe(ll) SCO properties have been observed

elsewheré®3 Regardless of the origins, a comparison of the data for both compounds indicates

significant intermolecular effects are operative.
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Figure 2.3. Temperature dependenceawT for 2.2and2.3. Sample<2.2 and2.24ground differ
only in the amount of grinding applied to the crystas (2 A g was graudd more vigorously
than2.2). Hgc = 1000 Oe.

Meanwhile, the iodide sal.4 undergoes complete SCQO1 = 145 K), albeit mae
gradually than2.1 TheeuT value at 295 K of 3.52 chiK-mol'! gradually decreases to 3.20
cm®-K-mol'! at 198 K, then decreases more sharply to 0.44kcmmol t at 100 K, and levels out
to 0.08 cmd-K-mol't at 5 K.

The tetraphenylborate s@liremaindHS throughout the temperature range probea A
value of 3.81cm®-K-mol'! at 295 K decreases slightly to 3.@7-K-mol' 1 by 29 K; a downturn
inevTto 2.07cm®-K-mol'! at 5 K is ascribed to zeffield splitting of the HS complex.

Similarly, magneticsusceptibility data acquired at 120 K and 5 K (3.38 and 2.50
cm-K-mol'?, respectively) indicate that the comp% remains HS. The slight decreasesiim
is attributed to zerdield splitting of the HS compound.

Irrespective of structural consideratgmra few trends can be gleaned from the magnetic

susceptibility data. The largest counteranions capable of hydrogen bonding (QTavour

higher SCO temperatures as well as more complete transitions. Decreasing the size of the anion
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appears to stabiksthe high spin state, as indicated by loWwervalues and incomplete conversion

in the case 02.2 For the same anion, solvate molecules appear to affect the degree of completion
of SCO. Disruption of hydrogebonding interactions also appears to diabiHS states as seen

with 2.5 Whereas the magnetic behavior of the iodidezdltan be considered spin equilibrium,
those of2.1 and 2.2 show stronger cooperativities. Finally, iminopyridine groups do not offer
sufficient ligand field strength to oxeme the weak field generated by direct coordination of
hydroxyl groups, as exemplified in the magnéighaviorof 2.6.

2.4.3 Structural studies To better understand the subtle differences in magnetic
properties, singlerystal Xray diffraction analyss were performed on compoungsdli 2.6.
Relevant bond lengths, angles, and distortion parameters are provided in Table 2.1. All cationic
complexes (exce.6) show the same basic features. The first coordination sphere of-the Fe
podand complexes comprissix nitrogen atoms, from three bridgehead nitrogen (N7) does not
coordinate to the iron centre; the closest contact observed in all of the structures presented here is
3.167(1) A for2 . 4 ATReTstructural distortion paramet@33 andU***for2 . 1 2R P.3
2 . 4 RRAnd2.6are indicative of large distortion away from perfect octahedral coordination,
similar to HS Fe(ll) complexes containing bidentate ligands. Strucured ArdX . 4 Ahow
smaller octahedral and trigonal distortion values, consistent witecsion to LS configurations.

Comparing high and lowtemperature structures f@rl and2.4, no crystallographic
phase transitions are observed upon cooling, as indicated Inyioetef the same space group
at 296 K and 120 K; unit cell volumes contract by approximately 6% and 52Xand?2.4,
respectively, as expected. Characteristic of this ligand B> the FeN7 distance shows
strong dependence on the spin state (Figure 2.10): in the LS state, the bridgehead nitrogen

adoptsa quasiplanarconformation, pointing slightlgwayfrom the Fe(ll) centre; upon warming
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it assumes a more pyramidal geometry, pointovgardsthe metal. The conformation change is a
consequence of the ™ bonds expanding upon the LSYHS cc¢
pronounced for the iodide s&@lt4, as conversion to the fully LS state is not complete at 120 K.

Variations on the anion chelah are seen betweed . 1 AaRdT2 . 1 :Adt Toom
temperature, the two chelating arms bind with two oxygen atoms of the triflate; while at 120 K,
the two arms interact with only one oxygen atom. In the structurgsioive note that the two

arms of the iodle-containing structures do not interact with the anion equally, as denoted by

significantly different O | distances.

Figure 2.4 Crystal structure & . 1 AeR)Tat 296 Kan@ . 1 Aighf) at 120 K. Atoms rendered
with 40% thermal ellipsoids. Hydreg atoms except those of the hydroxyls have been omitted for
clarity.
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Figure 2.5 Crystal structure oR.2 at 120 K. Atoms rendered with 40% thermal ellipsoids.
Hydrogen atoms have been omitted for clarity.

0TA C@@%%A
04A
BrARD @04

Figure 2.6. Crystal structure o2.3 at 120 K. Hydrogen atoms have been removed for clarity.
Atoms rendered with 40% thermal ellipsoids. Solvent molecules (C28a, C28b, C28c, O4a and
O4b) were refined isotropically due to high level of disorder.
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Figure 2.7. Crystal structure & . 4 AtRIB K (left) an@ . 4 Aighi) at 120 K. Atoms rendered
with 40% thermal ellipsoids. Hydrogen atoms have been omitted for clarity

Figure 2.8 Crystal structure oR.5 at 120 K. Atoms rendered with 40% thermal ellipsoids.
Hydrogen atoms havgeen omitted for clarity.
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Figure 2.9, Crystal structure d.6at 120 K. Atoms rendered with 40% thermal ellipsoids.

Table 2.2 Selected bond distances (A) and distortion parameters (°)

Fe Nim Fe pr Fe Nbridge Fé Fea E .
21 ALT 1.948(2)  2.098Q) 3.723(2)  10.937(1) 80.5(3) 119.5
21 ART 2.147(4)  2.331(4)  3.187(3)  11.323(4) 1155(3)  196.6
2.2 2.128(3)  2.319(7)  3.192(4)  9.0074(3) 107.8(2)  195.3
2.3 2.151(3)  2.322(3)  3.241(1)  8.8440(1) 114.7(2)  196.6
24AL T  1.967(4)  2.112(4)  3.537(1)  8.8845(5) 85.0(3) 129.5
24ART  2134(4)  2.325(4)  3.167(1)  9.1254(5) 112.9(3)  195.4
2.5 2.159(3)  2.277(3)  3.244(2)  9.327(4)  125.4(2)  196.6
2.6 2.184(2)  2.093(2) ° 8.0556(5) 140.1(1)  441.7

2shortest contact in structufegrs on = 2.174(1) A
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Table 2.3.Shorest intermolecular hydrogdsond interactions.

2. 1ART1AL2R 2.3 2. 4ART 4A12% 2.6

O1 A A AR%a(1y 2.813(3Y 3.354(8) 3.22(4) 3.410(2) 3.360(2) i 2.636(1)
02 A A ARX%A(1y 2.964(3Y 3.203(7) 3.277(6) 4.037(2) 3.888(2) 3.154(7F 2.610(1)
O3 AARBR2) i 3.224(3) 3.213(2) 3.599(2) 3.596(2) 3.326(13§ i

O3 A A MMO(9) 2.827(3) T i i i i i
O1AAAO2a i T T 2.743(3) 2.705(3) 2.742(2) i

l nteraction defined as distance | ess t
OAAABr GARAIB7=i3.50 j, OAAAN = 3.02 j;

CRC Handbook of Chemistry and Physics, 92nd Edition (Internet Version 2012), W. M. H
ed., CRC Press/Taylor and Francis, Boca Raton, FL.)

X1 is defi nedclacss esatnitom tlhbe (tlriiegon al p (
renderings/packing plots).

¢ Interact with two different oxygen atoms of triflate
d Interact with same oxygen atom of triflate

¢ Defined as the distance between the centroid of the phedyha oxygen

Figure 2.1Q Overlay of room temperature (red) and low temperature (blue) structures for the
cations in2.1 (a) and2.4 (b). All hydrogen atoms and the disordered componer2sloA Rhave

been omitted for clarity. The circle emphasizes the orientation of O3 in the HS and LS states for
2.1
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For the structures &.1i 2.4, the immediate anienation interactions of each salt are not
identical, but comparable: two hydroxyl groups the same complex (containing O1 and O2)
chelate one of the anions, while the third hydroxyl (O3) contorts out of the plane of the pyridine.
This facilitates better interaction either with the second an®h-RT, 2.2 and 2.4) or the
bridgehead nitrogemf an adjacent cation2(. 1 )A Defails of aniorcation interactions are
provided in Table 2.3.

Since the local interactions are comparabl@fii2.4, yet the magnetic properties are quite
distinct, more detailed investigations of packing and other subtle intermoleculaciites are
warranted. We note a trend between increasing (shortésbefdistances2(34 2.2< 2.4-RT <
2.1-RT, Table 2.2) and increasing SA@2 and cooperativity. This is consistent with the general
notion that aniorcation interactions are criticand suggests that larger anions may provide more
lattice flexibility for Feligand bond contraction upon SCO.

Comparing the structures of the bromide salts, small differences in interactions may give
some insight into differences in the completenesS©0O, with the caveat that the magnetic
properties have already been shown to be affected by grinding (i.e. bulk interactions may be more
important than local interactions). Although the averageBdistances are shorterdrBthan2.2
(3.22 versus 3.27 Aespectivel§), additional hydrogetonding interactions occur between the
anions and the solvent i8.3 Also, complex packing ir2.3 prevents hydrogebonding
interactions between cations, with a column of solvent molecules parallel toattie in 2.3
(Figure 2.13). Similar to what was observed with the -spate properties of partially solvated
[(Hz2bip)2Fe(pic)]Br salts’® we propose that additional solveartion interactions reduce the
strength of anioftation interactions, effectively separating metal centres from each other and

resulting in incomplete SCO. The effect would be similar to that of exhaustive grinding: smaller
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particles with more surfaegte Fe(ll) ions are less connected to neighbouririlj)kens and have
higher barriers to SCO, stabilizing the HS stdte.

Comparing the two salts that unambiguoustyglergo complete SCQ (1 and 2.4), the
packing of cations ir2.4 (Figure 2.14) generates unique intermolecular interactions: adjacent
cations show hydrogen bonding through the hydroxyl groups containing O1 and O2. This
interaction lengthens the ©F contact (Table 2.3), making the distance between those atoms
greater than the sum of their van der Waals radii. Through this contact, it is plausible that if one
Fe(ll) centre switches from HS to LS, an adjacent cation may be compelled to remain HS to
maintain the hydrogen bond. The combination of weaker anion chelation and -cation
hydrogenbonding may inhibit productive cooperativity between metal centres, resulting in a more
gradual SCO process.

Meanwhile, catiorcation interactions are also observedtle structures oR.1, as
mentioned earlier, but in this case they appeanioanceSCO cooperativity. The cations of
2 . 1 AERKIIn a heado-toe fashion, with the hydroxyl groups all interacting with triflate anions.
Upon cooling, the hydroxyl group (O3) does not interact with a triflate, but shifts so that it has a
significant interaction with the bridgehead nitrogéa aeighbouring complex (Figure 2.18, right;
also Figure 2.16). Combined with sgstate induced FBl distance changes in the podand ligand,
the temperaturd e pendent changes i-pulplac ki nge emo&lea mi s
experienced by the Fe(lgentre pushes the bridgehead amine out while the hydroxyl orientation
change and subsequent abmke interaction pulls on the amine. Although the observed
interactions may be an artefact of the molecular packing arrangement, they highlight a potentially
critical spinstate directing role for the unbound (to Fe) bridgehead amine group, one that should

be considered when seeking to control sgiate changes in solution with this family of complexes.
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Note that a previous study has demonstrated that pyrbraiian of the tren backbone via
alkylation converts a Fe(ll) SCO complex to a LS speties.

In comparison, strong aniezation interactions are not observed in the structurof
The large size of tetraphenylborate prevents the anion from packing within the trigonal pocket,
allowing cationcation hydrogen bonding between O1 and O2 of adjacent complexes, and the
cations pack in atet oe fashion (Figure 2--17nteBaméei sm
apparent (Figure 2.17, Table 2.3); however, unlike the other podand structures with pocket
packing anions, the anion does not pull ligand hydroxyl groups and their associated arms towards
one another. The lack of significant arnioaion interactions and the presence of catation
interactions similar to those seen fod apparently contribute to the lack of SCO observed in this

salt.

i [+
Figure 2.11 Packing plot oR.2down thea axis. Fe, C, N, O, H and Br atoms are colored green,
dark gray, blue, red, light gray and orange respectively. Dashed bonds are to emphasize hydrogen
bonding interactions.
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Figure 2.12 Packing plot oR.2down theb axis. Fe, C, N, O, H and Br atoms are colored green,
dark gray, blue, red, light gray andange respectively. Dashed bonds are to emphasize hydrogen
bonding interactions.

Figure 2.13 Packing plot o2.3down theb axis. Fe, C, N, O, H and Br atoms are colored green,
dark gray, blue, red, light gray and orange respectively. Dashed anttsemphasize hydrogen
bonding interactions.
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Figure 2.14 Intermolecular interactions for the structures of compoRnd 4 AAndlogous
interactions are seen at 296 and 120 K. Atoms rendered with 40% thermal ellipsoids. Fe, C, N, O
and | atoms are colored green, dark gray, blue, red and purple respectively. Hydrogen atoms have
been omitted for clarity.

Figure 2.15 Anion-cation interactions o2 . 1 AARMS rendered with 40% thermal ellipsoids.
Fe, C, N, O, S and F atoms are colored dark green, dark gray, blue, red, yellow and light green
respectively. Hydrogen atoms except those of the hydroxyls have been danittkdity.
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Figure 2.16 Anion-cation and catiomation interactions o2 . 1 Ak, T, N, O, S and F atoms
are colored dark green, dark gray, blue, red, yellow and light green respectively. Hydrogen atoms
except those of the hydroxyls have been omitedlarity.

Figure 2.17 Intermolecular interactions @f5. Fe, C, N, O, and B atoms are colored dark green,
dark gray, blue, red, and yellow respectively. Hydrogen atoms except those of the hydroxyls and
disorder of O3 have been omitted for clarity.
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Figure 2.18 Comparison of key intermolecular interactionih A Rd) and2.1 A L(1). Dark

green, blue, red, grey, yellow, and light green spheres represent Fe, N, O, C, S and F respectively.
Disordered components, nonessential C atomshydroxyl H atoms, and the second triflate in

(b) has been removed for clarit

In the absence of a tether between the ligand arms, two iminopyhwirexyl ligand
arms coordinate in a meridonal tridentate fashion to produicd he coordination environment
of the iron(ll) centre is different from the tethered ligand set, 3g@x and nitrogen atoms
combine to give a hD: first coordination sphere. The #&, and FeO bond lengths (Table 2.2)
are consistent with a HS species, in accordance with the magnetic susceptibility data. Interestingly,
the FeNpy distances are actuallyare comparable to the LS podand structures; however, these
shorter contacts are likely due to steric constraints imposed by the meridonal coordination mode,
and is common for planderpyridine type ligand¥’The foct ahedral 06 coordin
is highly strained as indicated by the large calcul@&atdd values which are similar to values
calculated for similar ligand environmerigsA strong hydroxyl stretch at 3137 ¢nis observed
in the IR, signifying that the hydroxyl group is protonated. The presence of two triflate
counteranions andi@ bond lengths typical for asp® hybridized carbori® indicate that the
oxygens are not oxidized/deprotonatadd metal is iron(ll). There are hydrogen bonding
interactions between the coordinated hydroxyl groapd the triflate counteranions, but no

intermolecular interactions between cations are observed (Figure 2.19).
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Figure 2.19 Cationrranion interactionsar 2.6. Fe, C, N, O, S and F atoms are colored dark green,
dark gray, blue, red, yellow and light green respectively. Hydrogen atoms except those of the
hydroxyls have been omitted for clarity.

2.4.4 Solution (magnetic) propertiesBased on relatively lowolid-stateTy> values, it is
unlikely that SCO would be observed for the [F&]2* complex in solution within the limited
temperature range available for most solvents; nevertheless solvent environments are sufficiently
distinct from the crystal latte that there are several examples of sstidde HS compounds which
undergo spin equilibrium in solutidd® Even if [FeL®°H]?* were HS at all temperatures,
establishing stability in polar solvents informs our efforts to corral labile ions in solution.

Crystals of2.1, 2.2 or 2.4 dissolved in CROD solution all show identical spectra,
indicating that the anion hdgtle effect on the solution characteristics of the cation at room
temperature. The [FECH]?* complex is HS, with paramagnetic shifting and broadenimgaion
resonances (Figure 2.2dottom). There are four strong but broad resonances and sevdtat sma
peaks {5 to 80 ppm) due to a combination of rapid ligand twisting and lability. Resonances
assigned to a small amount of ligand dissociation and/or hydrolysis are observed, but these do not
increase over time. In comparison to the tripodal compledH NMR spectrum for [Fe®)2]%*

contains 8 strong paramagnetically broadened and shifted peaks {90 ppmFigure A.1.8
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bottom). There is no indication of ligand hydrolysis upon dissolution isGID Based on the
solid state coordination environntsrior2.1-2.5and2.6, several coordination modes are possible
for the tripodal complexes, including Feahd FeNO.. Switching between these two modes could
account for the muddledi NMR spectrum for [Fet°H]2*, and dissociation of the third arm could
make it susceptible to hydrolysis.
To test for SCO and possible anion dependence in solution, the magnetic susceptibilities
of 2.1, 2.2, 2.4, and2.6 were studied in CBDD from 1932 96 K u s imetgod iguaen s 6
2.22. All three [Fel®°?* salts and.6 remain HS down to 183 K. With cooling, the resonances
for [FeL®CH)2* sharpen and become more prolific (24 total), indicative of asymvmety species
in solution (Figure 2.2). For comparison, the (nemydroxylated) compound [Fe(de-
py)stren](PFs)2 is HS from room temperature to 185 K in acetone, due to the steric hindrance of
the 6position modificationt” Complex2.6 demonstrates Cigr behaviorupon cooling down to
193 K in solution. The number of peaks observed remains comstigzdting that the complex is
symmetricat room temperature (Figufel.12).
The solution stabilities a2.2 and2.6in CDsOD were monitored byH NMR overthree
days (Figures 2.20 and A.}.8n both cases, small changes occur in the NMR spectra over time,
indicative of a small amount of complex degradation/lability. No significant change$ wralues
(3.5 and 3.2 ciK mol'! for 2.2and2.6, respectivelyare seen, indicating that any lability imparts
minimal effects on the solution magnetic properties. Through these stability studies, we can
attribute any changes seerifil at variable temperaturés changes in the spin state and not due
to complex degadation over the several hours required for the variable temperature experiment.
As a measure of each complexds stability

equivalents of 2,2bipyridine (bpy) were added to solutions2o? and?2.6, respetively. Within 5
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minutes, a decrease @& T to 0.5cm®-K-mol'!for 2.2and 0.3cm®-K-mol'! for 2.6 occurs, and
signals corresponding to free ligands inseea intensity (Figures A.1i9.1.11), indicating the
formation of LS [Fe(bpyX2 (X = Br' or OTf).The lability of the HS species allowpyto easily

substitute for théigands and form LS complexes.
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Figure 2.20 'H NMR spectra obtained at 295 K at 300 MHz with TMS as the referer:@ af
t=10 min. (bottom), t=24 hr (middle) and t=3 days (top). After 24 hours, additional peaksdegin t
appear at 54.7, 68.9, 86.2 and 93.9 ppm indicative of complex degradation.
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Figure 2.21 H NMR spectra oR.1 at 295 K (top) and 213 K (middle and bottom) obtained at
300 MHz with TMS as the reference. At room temperature, no peaks are observed?bgipm.
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Figures 2.22 Variable temperature solution magnetic susceptibilit@.df 2.2, 2.4, and2.6 in
CD30D using Evans method.

55



2.5 Conclusions.

We have prepared several salts of a new tripodal hexadenta®9félLcomplex and
studied theitemperaturaependent structural and magnguoperties. We observe that covalent
linkage of iminopyridinehydroxyl ligand arms is required to poise functional groups for anion
binding: without it, the hydroxyl groups bind to the Fe(ll) centre. Solict $&O temperatures,
completeness and cooperativity depend on several complex and interrelated factors, some of which
are extracted from structural comparisons. We observe that larger anions capable of strong
hydrogen bonding interactions appear to fit é&rewith the hydroxylcontaining arms, and may
al so provide more flexibility for the compl ex
weakly interacting anions stabilize the HS state. Cataiion and catioisolvent interactions
impart somewhat caprigus effects on SCO, but with the exceptior2dfthey appear to work
against sharp transitions at higher temperatures. Subtle interactions are not easily controlled in the
solid state; nevertheless the observation of anion dependence in SCO properéassthizak
complex promising for continued efforts in aniiggered spirstate switching schemes.

In methanol solution, salts of [F&PH]2* remain HS down to 183 K, but show higher levels
of stability are achieved than tris(bidentate) Fe(ll) complex#ssimilar ligand fields. If the SCO
temperature can be increased, then anion dependence in solutistagpiswitching may be
observed for tripodal Fe(ll) complexes. In that vein, the structural analyses presented here suggest
that only two arms are néed for anion chelation. Previous work by Steed and/adkers has
shown that only two arms are necessary for strong anion binding in Ru(ll) organometallic
complexe€®4! Using the third arm for electronic/steric tuning of the ligand field could drive SCO
to higher temperatures in the seithte and in solution. Efforts to incorporate such temperature

tunability in heteroarm versions of [F&PH]?* are underway. This will allow us to address the
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significance of anipan |l ohelndteirarctamaim/soronipgihseh |
state switching in solution.
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CHAPTER 3. EFFORTS OWARD SYNTHESIZING THEASYMMETRIC TRIPODAL

COMPLEX [FEL5592*

3.1 Introduction.

Tripodal iminopyidine-based ligands based on trigginoethyl)amine (tren) are of
interest owing to their electronic and steric tunability and increased stability over heteroleptic
bidentate ligands due to the chelate effect. Initial reports employing this ligandotyppiri
crossover purposes were first published in the 1938, numerous studies have been published
since?® Usually, complexes using tren as a capping substituent to the ligand are devised as
Ohomoarmeddé | igands (i . e. al |l t he ar msi have
forward synheses. Many heterocycles have been employed to tune the ligafid digldell as
imparting steric bulk adjacetd the coordinating heteroatoh®yridinebased ligands without any
steric bulk, when coordinated to any Fe(ll) salt, producedpin, dianagnetic complexes, but by
varying the amount of steric bulk imparted by the aromatic group, ligand field strength can be
tuned, inducing spin crossover with varying temperatuRreviously described routes to
synthesi ze Oheteroar med?®o | i g a n-gositioni reliedb onpor at i
stoichiometric control to favor the synthesis of the desired product. One method employed
selectvely deprotonates tren{3Cl using sodium methoxide (NaOMe) in methanol. Sequential
Schiff base condensation reactions are then performed to introduce the pyridines to tren in the
presence of the Fe(ll) salt. Finally, an anion exchange from chloride'tpieEipitates a reddish
purple solidt Unfortunately, replication of this synthetic routes leads to mixtures of procas (
infra), which are difficult to separatfe.

As seen in Chapter 2, steric hindrancgaeent to the coordination sphere of the metal

center allows for aniedependent spin crossover to occur, but at lower temperatures than desired.
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It is seen through structural analysis of the various Fe(ll) salts that one anion undergoes bifurcated
hydrogen bonding interactions with two of the ligand arms. In our quest to tune the ligand field of
these tripodal iminopyridinbased ligands, we attempted to synthefffat 562* (Figure 3.1).

Using two ligand arms functionalized with strong hydrogend donting tert-butylamides

should facilitate similar bifurcated guest binding observed for §E&1%* (highlighted in blue).

This architecture has been used in Ru(ll) complexes by incorporating bulky amide receptors onto
the ligand, allowing for strong host:gst interactions in solutioh® The addition of steric bulk to

only onearm should destabilize the lespin sate observed in the homoarmed derivative fFelL
ONHBUI2* (Figure 3.1, highlighted in red). This complex is known to show strong anion binding in

polar solvents! to induce aniordependent spin state switching near room teatpee.

{[FeL556]X}+

Figure 3.1.Depiction of the complex catidireL 5°92* highlighting the desired hydrogen bonding
interactions (blue) and steric tuning (red).

3.2 Division of Labor.
Undergraduate student David R. Daley investidateaction conditions to optimize the
formation of the sethssembled specidg&el %°92*, All other syntheses and characterizations

presented herein were performed by Christina M. Klug.
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3.3 Experimental Section.

3.3.1 General ConsiderationsManipulatians of iron complexes were performed inside a
dinitrogenfilled glovebox (MBRAUN Labmaster 130) or under air. Acetonitrile (MeCN),
dichloromethane (DCM), and diethyl ether AB} used in the glovebox were sparged with
dinitrogen, passed over molecular sevand subjected to three freguanpthaw cycles prior to
use. Tren-3 HCI, 5-tert-butylamide2-pyridinecarboxaldehydg [Fe(MeCN}(OTf)2]*? were
synthesized according to the literaturanéthyl2-pyridinecarboxaldehyde was sublimed prior to
use.All other compounds and reagents were obtained commercially and usediesdec

Synthesis of [Fel® via Selective Deprotonation.A solution of sodium methoxide
(NaOMe) (7.6 mg, 0.14 mmol) dissolved in 3 mL of methanol (MeOH) was added to tren-3 HCI
(34.7 mg, 0.14 mmol). The solution was stirred for 20 minutes, thenetByt2-
pyridinecarboxaldehyde (16.6 mg, 0.14 mmol) was added. The solution was allowed to stir for
another 20 minutes and then another of portion of NaOMe (15.6 mg, 0.29 mmol) was added. After
20 minutes, Sert-butylamide2-pyridinecarboxaldehyde (56.4 mg, ©.thmol) and 1.36 mL of
water were added and the reaction was allowed to stir for an additional 20 minutes. Addition of
FeCb-4 HO (27.8 mg, 0.14 mmol) immediately gave a blyshiple solution. To this solution,
an aqueous solution of KRE6.3 mg, 0.39nmol, 3 mL) was added dropwise. After cooling to
0 °C overnight, the solution was filtered, and a small aliquot from the filtrate was removed for
mass spectrometry in MeOH and analyzed immediately.

Nominal synthesis oN,N-Bis[2-(5-tert-butylamide-2-pyridyl) -3-azabutenyl]-N-[2-(6-
methyl-2-pyridyl) -3-aza-3-butenyl]amine (L5%). To a solution of tren (86 mg, 0.77 mmol) in 5
mL of DCM, a solution of Sert-butylamide2-pyridinecarboxaldhyde (345 mg, 1.7 mmol) in 5

mL of DCM was added and the resulting mibe was allowed to stir for 20 minutes. A solution of
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6-methyl2-pyridinecarboxaldehyde (92 mg, 0.76 mmol) in 4 mL of DCM and 3 A molecular
sieves (50 mg) were added to the reaction and the solution was allowed to stir for 2 hours. The
light yellow solution was filtered and the solvent was removedaouq resulting in a yellow oily

solid (460 mg). The product was used without further purification-NESH) (MeOH):m/z733.3
[L>>*+Na]", 648.3 [I>>*+Na]', 563.3 [I°°®+Na]", 478.2 [1°®%+Na]". 'H NMR in CD;OD shows
multiple products present. The spectrum was not interpreted for product distribution or coupling
constants (Figure A.2.1).

General Reaction Procedure of [FeB%)?* Using Presynthesized Ligand.
Presynthesized 5% (50i 100 mg) was dissolved in 3 mL édH, resulting in a light yellow
solution. A solution of FeX(10i 60 mg) dissolved in 3 mL of MeOH was added to the ligand
solution. The reaction mixture was allowed to stir until no visible discernable color changes
occurred, usually 2 hours. A small almf was removed for mass spectrometry in MeOH and
analyzed immediately.

General Reaction Procedure forin Situ Sel-Assembly. The reaction starting materials
FeXz (5120 mg, X = Cl, Br, OTf, BF'), tren (5 10 mg), 6methy}t2-pyridinecarboxaldehyde
(8112 mg), and Stert-butylamide2-pyridinecarboxaldehyde (260 mg) were massed and
dissolved individually for a total combined volume ofL® mL of (MeOH) upon combination of
reactants. The ligand starting materials were combined, resulting in a light gellotion, and
allowed to stir for 10 minutes. The solution of Re¥as added to the reaction and the solution was
allowed to stir until no visible discernable color changes occurred. A small aliquot was removed

for mass spectrometry in MeOH and analyzethediately.
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N,N-bis[(2-aminoethyl)]-N-(6-methylpyridyl)methylamino)ethylJamine (tren(6-
Me)(NH2)2). A solution of methyl2-pyridinecarboxaldehyde (1.059 g, 8.74 mmol) dissolved in
40 mL of MeOH was added to a solution of tren (1.280 g, 8.75 mmol) inL1&f ileOH. The
solution was allowed to stir for 1 hour at room temperature. NgB358 g, 67.6 mmol) was
slowly added to the stirring reaction, which was allowed to stir for 2 hours until effervescence had
stopped. The reaction was quenched by additi@goeous 1 M HCI solution to pH of 1 and 2 M
NaOH was added until a pH of 12 was achieved. The product was extracted into(& {25
mL) and the solvent removed under reduced pressure. The clear yellow oil was purified by column
chromatography (Si§) 10:4:1 CHCE:MeOH:NHsOH) resulting in a colorless oil (1.05 g, 48%).
IH NMR (400 MHz, CROD): 7.67 (1 H,t, J = 7.7 Hz), 7.21 (1 H,d, J = 7.7 Hz), 7.16 (1 H, d, J
=7.73 Hz), 3.83 (2 H, s), 2.68 (6 H, d, J = 6.14 Hz) 2.61 (2 H, d, J = 5.34 Hz), 2.58)(250
(4 H,t, J=5.89, 6.1 HPpm 3C NMR (CD:OD): 159.5 (s), 159.4 (s), 139.0 (s), 123.5 (s), 121.3
(s), 58.2 (s), 55.2 (s), 55.1 (s), 47.7 (s), 40.3 (s), 242(w)

[Fe(tren(6-Me)(NH2)2)CI]|CI (3.1). To a solution of tren(®1e)(NH2)2 (75 mg, 03 mmol)
in 6 mL of MeCN, a suspension of Fe(35 mg, 0.28 mmol) in 6 mL of MeCN was added. The
solution immediately turned bright yellow, and over two hours, a bright yellow precipitate formed.
The reaction was allowed to stir for an additional 8 hoths. precipitate was isolated via vacuum
filtration and washed with 5 mL of MeCN.-¥y quality crystals were obtained by slows@t
di ffusion into a methanolic solut iwn@M3ant, t he
3c=Npyridine 1602 cml. ESFMS(+) (MeOH): m/z 342.2 [Fe(tren(éMe)(NH)2)+Cl]*, 306.2
[Fe(tren(6Me)(NHy)2)i H]*. *H NMR (400 MHz, CROD): Ui 92.2, 65.3, 62.3, 56.28.2, 43.9,

13.2,113.7,116.8ppm
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N,N-bis[(5-tert-butylamide-pyridyl) -3-aza-3-butenyl]-N-(6-methyl-2-
pyridyl)methylamino)ethyllamine (L 5°¢NH). To a solution ofren(6-Me)(NH2)2 (138.6 mg, 0.55
mmol) in 10 mL of MeCN, a solution of&rt-butylamide2-pyridinecarboxaldehyde (263.7 mg,

1.3 mmol) in 10 mL of MeCN was added. The mixture was allowed to stir in the presence of 3 A
molecular sieves (50 mg) for 2 hours. The reaction was filtered to remove the sieves and the solvent
was removed under reduceesgsure. The resulting yellow solid (304 mg, 88 %) was used without
further puri ficeadss onh .c-silF4, (525TcRt) 'H BIMR (400 MHz,
CDsCN): 8.75 (2 H, s), 8.26 (2 H, s), 7.92 (2 HJ&s 8.2 Hz), 7.82 (2 H, d] = 8.2 Hz), 7.43 (1
H,t,J=7.6 Hz), 7.0 (L H, dJ = 7.7 Hz), 6.96 (1 H, d] = 7.6 Hz), 6.82 (2 H, s), 3.67 (2 H, s),

2.85 (4 H,tJ=5.84 Hz), 2.69 (2 H, d = 5.2 Hz), 2.64 (2 H, d] = 5.2 Hz), 2.40 (4 H, s), 2.32
(4H,bs), 1.45 (18 H, Ppm

[FeL558NH]ICI2 (Route 1) (3.2).The reactantd, >56NH (74 mg, 0.12 mmol) dissolved in 1
mL of MeOH and FeGl(16 mg, 0.13 mmol) dissolved in 3 mL of MeOH, were combined. The
reaction instantly turned bluigburple and was allowed to stir for an additional hour at room
tempeature. The solvent was concentrated to ¥ of the original volume under reduced pressure.
The solution was slowly added to 20 mL of@&tand the precipitate was stirred until a dark purple
free flowing solid was obtained. The solid was isolated by vacutnatibn and washed with 10
mL of ELO and used without further purification (80 mg, 99 % | R c{oA6BR 16493ci
1 ¢c=81597, 1529 cit. *H NMR (300 MHz, CRCN): 112.6, 86.5, 81.9, 76.7, 52.4, 40.2, 37.4,
31.9, 16.2, 8.3, 5.6, 2.9, 2i74.7,1 35.7ppm Absorption spectrum (MeCN): 376, 426 (sh), 544
(sh), 595 nm. ESMS(+) (MeOH):mV/z 718.3 ([Fel® NH+Cl)*, 341.7 [Fep>8 NH]2,

[FeL558NHICI, (Route 2).A solution of 5tert-butylamide2-pyridinecarboxaldehyde (25

mg, 0.12 mmol) in 4 mL of MeCN was aglifito a suspension 8f1(19 mg, 0.05 mmol) in 6 mL
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of MeCN. The reaction mixtureas stirred for one hour during which the initially green solution
became blue in color. The solution was concentrated under reduced pressure to 1/10 of the original
volume and 15 mL of O was added to precipitate a purple solid. The mixture was stored f
one hour to produce a fré®wing solid which was isolated by vacuum filtration, washed with
EtO (2 x 5 mL), and dried imacuoto produce a dark purple solid (36 mg, 95%). The resulting
solid was used without c=51662¢mh'exsl50b, L58F citcESK i on .
MS(+) (MeOH):mv/z 718.3 ([Fel>NH1+Cl)*, 682.3 ([FeB>9 NH]i H)*, 341.7 [Feb>d NH]2,

[FeL558NH](BFa4)2 (3.3). To a solution ot 56NH (56 mg, 0.089 mmol) dissolved in 1 mL
of MeCN, Fe(Bhk)2:6 HO (29 mg, 0.086 mmol) in &L of MeCN was added. The reaction
instantly turned purple and was allowed to stir for one hour. The solution was concentrated to %
of the original volume under reduced pressure and slowly added to 20 npOdbEbrm a purple
precipitate. The suspensiavas stirred until a dark purple free flowing solid was obtained. The
purple solid was isolated by vacuum filtration and washed with 10 mLGf 6 mg, 88%). The
resulting solid was used wg=¢1659,u649 dhy c-B16@2r pur i
1535 cm®. *H NMR (500 MHz, CIxCN): 133.4, 128.8, 118.4, 65.0, 48.6, 41.9, 36.2, 31.8, 26.4,
18.4, 16.7,12.7, 9.8, 8.9, 8.4, 7.0, 2.4,5hth. Absorption spectrum (MeCN): 364, 538 (sh), 582
nm. ESIMS(+) (MeOH):m/z 718.3 ([FelL*¢N"+CI)*, 702.3 ([FeE®*®*N"|+F)*, 682.33 ([Fek>®
NHIT H)*, 341.7 [Feb58 NH)2+,

3.3.2 Mass spectral analysisAnalyses of the mass spectra were performed aswveto
(1) the relative abundances of the species were determined for the 1+ and 2+ peaks, (2) the
abundance of the 1+ and 2+ peaks were summed, (3) the percentage of the species was determined

by the summation of the relative abundance of the 1+ and 2+ peaied by the summation of
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all species observed. Mass spectra were collected once per reaction after stirring for 2 hours. The
values have been rounded to the nearest integer.

3.3.3 Xray Structural Determination. All single crystals were coated in R&yné N oil
prior to removal from the glovebox. The crystals were supported on Cryoloops and mounted under
a stream of cold dinitrogen. Data were collected using a Bruker Kappa Apex Il CCD diffractometer
with MoKy radiation and a graphite monochromator. Data were integrated and corrected for
absorption effects with the Apex Il software pack&gehe SHELXTL software package was used
for solving the structures by direct methods and for subsequent refinéfhentsss otherwise
noted, thermal parameters for all Aloydrogen atoms were refined anisotropically. Hydrogen
atoms were added at the ideal positions and refined using a riding model where the thermal
parameters were set at 1.2 times those of the attached carbon atom.

3.3.4 Other Physical Measurementdnfrared spetra were measured with a Nicolet 380
FTi IR using an ATR attachment with a ZnSe crystal. Electronic absorption spectra were obtained
in air-free cuvettes with a HewleRackard 8453 spectrophotometdi NMR spectra were
recorded on a Varian instrument ogeng at either G0 or 500 MHz. Paramagnetic NMR spectra
were collected using 1 second acquisition time, 0.1 second relaxation delay. Mass spectrometry
were measured with a Finnigan LCQ Duo mass spectrometer equipped with an electrospray ion

source and guadrupole ion trap mass analyzer.
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Table 3.1.Crystallographic data faaompound3.1.

3.1
Crystal code msn368
Empirical formula C12H20Cl2FeNsO
Formula weight, g-mét  363.07
Crystal color Yellow
Habit Block
T, K 120(2)
Space group Pp
z 2
a, A 7.1836(2)
b, A 8.7966(3)
c, A 14.5595(5)
a, deg 85.320(2)
b, deg 76.716(2)
odeg 76.480(2)
Vv, A3 870.22(5)
dearc, g-crﬂ3 1.386
GooF 1.137
R (WR)® % 5.19 (11.93)

Ri= KT |Fe| | |70|;’PV‘+’R2:

WerE T FA 1 w(o))
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3.4 Resuls and Discussion

3.4.1 Syntheses via Sedissembly In an effort to understand potential product distribution
whil e synthesi zing Oheteroar med?®o tripodal
implemented to synthesize [Felepy)(py)tren](Pk)2 ([FeL®®%*; 6 6-rdethy-2-p§ridine,
6 0 6-pyrding) was attempted (Scheme 3.Based on the reactants used, four potential products
coud be formed:[FeL%%9?*, [FeL®%9?* [FeL®92*, and[FeL®%%9%*. Due to the nature of the
reactions and the certainty of obtaining mixtures of products, mass spectrometry was used for
analysis of the reaction mixture, which were previously charactergad bulk characterization
methods ofH NMR, IR and elemental analysis. From electrospioayzation mass spectrometry
(ESEMS) in the positive mode, it was determined that replication of the synthetic procedure used
by Drago and coworkers formed all ¢dfese potential products. The most abundant peak in the
mass spectrum was assigned as the desired mdfezla®)?*, but the other possible species were
also apparent. These compounds were found in a 3%:17%:62%:18% of
[FeL 9092+ [FeL 699 2*:[FeL %69 2*:[Fel 6592, respectively. A statistical mixture based on the ratio
of reactants ( 2: 12 $hould pwduce @ 6dstribiitiord oft Ir6elZ18 ére X
4%:22%:44%:30%, respectively. While the product distribution is skewed towards the formation
of the desed product, the prevalence of other products is problematic as these species are difficult
to separate due to similar molecular weights, sizes, and charges. A similar approach was
undertaken by Brewer and Luckett while attempting to synthesize the asymmnigodal
complexes [Fe(salyi-CHzlm)y] (sal = salicylaldehyde,-€HsImH = 4- methyl5-imidazole; x =
0i3,y=3ixX)8They also observed that a mixture of
deprotonating tren-3HCI to synthesifEelL%%92*; from their mass spectral analysis, it was

determined that the mixture of procts were present in a 24%:48%:23%:5% ratio of
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[FeL%002+:[FelL 5992+ [FeL 569 2*:[FeL %62+, Again, while the most abundant peak in the mass
spectrum is of the desired complex, the relative abundance of the other species in the mixture is
significantly higter than desired.

This method of selectively deprotonating tren-3HCI and sequential Schiff base
condensations was initially employed for the synthesis of the desired functionalized heteroarmed
speciedFelL>%9%* ( ¢ 5 étertsbutymmide2-p y r i d i B-enethyl@-pyddine). Based on the
various complexes that could be formed with t
with two equi val e[Ret5? ¢FeL®Y?] [Fel>09a", anu[FeLfYPrweuldo f
be expected (Scheme 3.B) this case, a statistical mixture would produce a ratio of 8:12:6:1 or
30%:44%:22%:4%, respectively, of these species. With this issue in mind, we aimed to drive the
synthesis towards the formation [6&L5°92*. Unfortunately, this route also producadnixture
of species in a 48%: 41%: 9%: 2% ratio, which de
and 6606 are used. We postulate that the addit.i
of [FeL5%9?* as a result of the hydrogdmonding abity of the amide. Presumably, the NH of the
amides undergoes hydrogbonding interactions with either the anion or with other amides to
promote the formation dfelL592* (vidainfra).

Since the selective deprotonation route producedstatstical dstribution of products,
two additional routes were attempted to drive the formation of the desired product. The first route,
denoted fApremadeo, att e nip® eribr ta metalatignnusihgeosd z et
equivalent of tren, one equivalent efrethyl2-pyridinecarboxaldehye, and two equivalents-of 5
tert-butylamide2-pyridinecarboxaldehyde. A yellow solid was isolated and characterizéid by
NMR and ESIMS. As expected, thiH NMR spectrum shows the desired relative integrations of

aromatic taaliphatic protons based on the stoichiometric ratio of reactants w8#S of the
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Scheme 3.1Synthetic scheme employed for synthesifel %692* (top) and potential products
formed from reactions of tren;@yridinecarboxaldehyde -@ethyl2-pyridinecarboaldehyde,
and Fe(ll) (bottom).

(a) NaOMe, (a) 2 NaOMe,
MeOH, 20 min. (\NHs 20 min.
(\ —N— N >
N NH; /- 3 Cl N~ N
3 () 0 ®2 7 o
2 {/ -2Cl 2 g
0 NH; )
15 min. H,O, MeOH 15 min.

mw mw
O in P \ NS
(b) xs KPFg,
-5 °C, overnight
[Fe(6-Mepy)z(py)tren](PF¢),
[FeL660]2+

2NN AN Z \ ,\
P &
NN \N NZ N/ \N N/
P | IR
[FeL000]2+ [FeL660]2+ [FeL666]2+

product indicated that a mixture of products was formed. The resulting solid was reacted with FeX
(X=CI', Br', BR, OTf) in methanol. Mass spectral analyses of the product dibibare given
in Table 3.2 (denoted by premade).

The second route attemptedsitu ligand synthesis by combining the ligand reactants in
methanol, then adding the Fe(ll) salt. Characterization of these reactidAsNIMR showed a
mixture of productss indicated by the presence of resonances in the normal proton window as
well as paramagnetic broadening of the spectral window. Mass spectra of the resulting reaction
mixtures show that a mixture of products are formed during the reaction which cangoe@s$o
the various possible products. Depending on the Fe(ll) salt used, the distribution of the four

potential products is changedda infra).
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3.4.2 Anion DependenceSince we are trying to incorporate hydrogending functional
groups to promote @&@n-dependent spistate properties, efforts were placed on trying to promote
the desired product formation by varying the anion. For analysis of the role various anions play on
the product distribution, the reactions were performed in methanol to altairéot comparison
between reactions.

As apparent from the mass spectral analyses, mixtures of products are formed regardless
of the synthetic route employed. In most cases, the amount of the désted92* product
formed was less than the amount epted from a purely statistical mixture (Table 3.2). One
interesting trend of note is that when chloride is used as the anion, the formdiat &f]2*
becomes more prevalent. Presumably, this is due to the strong binding affinity of the amides
towardschlorideé! which thus favors the formation FeL.%%92* It is expected that a similar effect
is occurring during the synthesis using Fe@Ushing the product formation towardeL 5592*
even in the presence of the pramvent methanol. Another trend of note is the small amount of
[FeL®%92* produced. While this is to be expected based on the predicted statistical product
distribution, the mass spectrum of the-pymthesized.%%¢ suggests an abundanceld¥®® was
formed during synthesis. The substantial decrease in the appeardied %f]?* using the pre
synthesized ligand may be due to the steric hindrance ofriegt®yl group leading to more labile
Fe(ll) complexes. This would increase the propensity forthe@mmplt o under go 6ar m
to form a thermodynamically more stable moiety. Similar behavior has been observed with self
assemblefFel °°92*in aqueous solutiotr. These data suggest that the formation of a species with
substantialsteric bulk adjacent to the coordination site of the metal is disfavored if aldehydes

without this functionalization are @sent in the reaction mixture
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Scheme 3.2General reaction scheme and potential products isolated with expected distribution
based on stoichiometry.
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Figure 3.2 ESKMS of [FeL%9(PFe)2 in positive mode.Peak assignments with relative
abundances\ver 15% (/2: 911.1{[FeL **9PFq}", 826.1{[Fel **|PFe}*, 700.3{[FeL **IF}",
615.3{[FeL 569F}*, 383.3[FeL5592*, 340.8[Fel 5592
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Table 3.2.Relative percentages of the sum of 1+ and 2+ species of complexes observed in mass

spectra obtained on reamrt mixtures.

[FeL555]2+ [FeL55q2+ [FeL566]2+ [FeL66ﬂ2+

' Statistical

distribution 30% 44% 22% 4%
| PFs deprotonation | 48% | 41% | 9% | 2% |
OTf premade 28% 34% 32% 6%
OTf templated 17% 38% 36% 10%
Br premade 50% 36% 10% 4%
Br templated 15% 56% 28% 1%
Cl| A@pfemade 49% 40% 10% 1%
C| A@templated 39% 40% 18% 3%
Cl templated 39% 35% 25% 4%
BF4&H,0O premade 37% 47% 16% 0%
BF.&H,0 templated 13% 36% 42% 10%

3.4.3 Solvent Dependencdn addition to exploring the anion dependence on product

distribution, he dependence on solvent was also investigated. Based on these results, it appears

that using ethanol or acetonitrile helps to skew the product distribution toy#id®%%* and

[FeL 5592 regardless if BF or Cl' are used as the anion, but still letmlthe formation of several

products (Table 3.2). From the results presented in Table 3.1 and 3.2, it appears that ethanol and

acetonitrile are better solvents than methanol, but the distribution of products is still problematic.

3.4.4 Production Distribution Dependence on Stoichiometry and Order of Addition.

An additional route for synthesis of the desired complex was attempted by adding a stoichiometric

excess of the methylated pyridine to the reaction mixture. In this case, the ligand was synthesized

instuusing a 1:2: 2

tren

t

(0]

A

656

t

0O O 64dHDwdsi o

added, the reaction became a reddish purple. By\MES lthe most abundant peak was determined

to be [L>°%+Na]" with the next most abundant peaks being assignffeetce®d as a 2+ ion and a
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Table 3.2.Percentages of the sum of 1+ and 2+ species of complexes observed in mass spectra

obtained of reaction mixtures in various solvents.

[FeL55ﬂ2+ [FeL556]2+ [FeL566_|2+ [FeL666]2+

" Expected ' 30% " 44% 220 4% '
‘Cl A@MEH 39% ' 40% ' 18% 3% '

Cl ADEBH 39% 61% 0% 0%

Cl-4 O MeCN  34% 60% 6% 0%

BFs& H,O MeOH 13% 36% 42% 10%

BFs& H,O EtOH  41% 58% 1% 0%

BF.& H0 MeCN 57% 43% 0% 0%

ion with chloride. While somf=eL%%92*is apparent, in comparison to previous sytithettempts,

the relative abundance is decreased significantly (22% relative abundance of the Fe(ll) containing

products). Additionally, the production fFeL °¢2* and[FeL %¢¢°* has been minimized and were

not apparent in the mass spectrum. This pewia promising potential route for synthesizing the

desired product relatively cleanly via the se$sembly method.

Further investigations performed by David Daley determined that the order of addition of

the reactants has significant influence on thedpuoc t di st

[Fe(MeCNY(OTf),] in acetonitrile forms eithdFeL%%%*or t he

not t he [FeLd%N&]# based 6n ESM S

anal ysi s

ri buti on.

Reacti

6 rreL¥ &2 mbeatd 6

(Scheme

3.

3a).

the reaction foms the desired produiel 5°92* in 63% relative abundance. This method presents

a potentially viable method for compound synthesis, especially if the solubility of the desired

product can be exploitedi@a infra).

Attempts at crystallizing these compésvia diethyl ether diffusion to the reaction mixture

were met with the formation of films or powders. It is presumed this occurs due to a couple reasons:

(1) the differences in functionalities prevent viable crystallographic packing, (2) mixtures of

productsfurther prohibit purification by crystallization. Further methods of purificatiorthef
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Fe(ll) complexes such as liquid chromatography (e.g. HPLC oeexmhmange chromatography)
were not attempted, but could be viable methods of purification. Aziohange of the resulting
reaction mixtures with BRhor BAr™ is an additional potential method of purification. These
anions, especially when a halide is bound within the trigonal pockgted%2*, may have
marked differences in solubility allowinfpr preferential precipitation of one compound over
another. Additionally, these large anions may improve the packing ability of the cations and

promote crystal formation.

Scheme 3.3Reaction schemes controlling (a) order of addition and (b) stoichiolmeagidition
of excess @nethyt2-pyridinecarboxaldehyde.

(a) ) 2+
(\le —\2+
HN NH /
h Noer ™ N NS0 (\N /w
N NH> + | ] O+rer—— F¢ 2u N N
%3 _— MeCN N| >7/N = 2NN
o}

MeCN Fé
[FeLG-(NH2)2]2+ = l NN

O”"NH HN"~O
N
N
H | ) ° N\ ~o 2
N NH,) *+2 N = +2 +Fe**  MeOH
3 >‘/ =
o]

3.4.5 Synthesis of [Fet>9NH]2*, An additional route to synthesiffeel 5°92* viareductive

(b)

[FeL556]2+

amination and metadssisted oxidative dehydrogenation was attemfteid.scheme required the
reductive amination of tren with®ethyl2-pyridinecarboxaldehyde in methanol using NaBd

the reductant. The resulting produdren(6-Me)(NH2)2, can be purified by column
chromatography. Two different routes were attemptexymthesize the desired Fe(ll) complexes:

(1) ligand synthesis via Schiff base condensation ofegjugvalenttren(6-Me)(NH2)2 with two
equivalents of the aldehyde in acetonitrile, then subsequent reaction with the desired Fe(ll) salt; or
(2) complexatiorof tren(6-Me)(NH2)2 with FeCb in acetonitrile, then subsequent reaction with

two equivalents of Bert-butylamide2-pyridinecarboxaldehyde in methanol (Scheme 3.4).
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Initially route 1 was employed with the hope that reaction with Fe(lll) in the presedmxg@en
would promote oxidative dehydrogenation of the amine mediated by the Fe(lll) ¥éhtéthe
metalation reaction is performed in air using presynthesized ligand, the conversion from amine to
imine is low, as determined by mass spectrometry. We believe this is occurring because of the
redox stability of the imines, which could stabilize both the IfFafid Fe(lll) oxidation states.
Additionally, chemical oxidation of the amine using IBX was also attempted. While this route is
promising, the aqueous workup of the reaction resulted in recovery of the aldehyde due to the
hydrolysis of the reformed imin€or chemical oxidation of the amine to be feasible, nonaqueous
workups of the reactions are required to prevent the hydrolysis of the imine.

Reactionof tren(6-Me)(NH2)2 in acetonitrile with FeGlunder inert conditions produces
the yellow precipitatd,Fe(tren(6-Me)(NH2)2)CI]|CI (3.1). This species can be recrystallized from
diethyl ether diffusion into a methanolic solution of the complex. Tnay<crystal structure shows
a mononuclear complex with the coordination environment of the iron center cahgidssC|
with coordination to the five nitrogens supplied by the ligand and one chloride ion (Figure 3.3).
Based on the F&\l bond lengths, the complex is highin, with average F& bond lengths of
2.195(4) A. The longest Bl distance occurs for the dgehead nitrogen, which is 2.236(2) A,
while the shortest Fé&l distance is observed for the pyridine nitrogen (2.175(2) A), whichris
to the bridgehead nitrogen. This compound can
methanol to fornjFeL5%¢N"]Cl2 (3.2).

More conventional routes of complex synthesis were also pursueadtingl >>6N" with
either Fe(Bk)2-6 H20O (3.3) in acetonitrile or FeGlin methanol 8.2) (Scheme 3.4). The resulting
solid of the BE' salt 3.3) isolated from thisegaction is purple in color, which is markedly different

than the blue solidhat is isolated when chlorid8.@) is the counter anion (Figure 3.4). As seen
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Scheme 3.4Reaction scheme employed for the synthesén{6-Me)(NH2)2, L5%6NH 3.1, 3.2
(Roue 1 and 2), and.3.

Route 1 , _|2+
20N HN(— \
N/
MeCN MeCN
o NH HN o}
N~
h ) @I OmeoH \ /
N NH2 3 - = s N N N L556-NH 3 2 X_ CI
(b) NaBH,, MeOH H e, K=
NH 3.3, X = BF,

2
tren(6-Me)(NH,),

FeCI2 Hzg\
AN

F
MeCN cr

Route 2

Figure 3.3 X-ray crystal structure ahe cationic complex in compour8ll Fe, C, N, and CI
atoms are represented by red, gray, blue, and green respectively. Thermal ellipsoids are rendered
with 40% probability. Hydrogen atoms except thbseind tothe nitrogeratoms aremitted for

clarity.
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with the selfassembled species, numerous attempts at crystallizing the products resulted in
powders.Comparison of the solution absorption spectrum invibible region 0f3.3and3.2in
acetonitrile shows that the chloride salt exhibits a red shift of the chargder band centered
around 580 nm for the BFsalt and a blue shift of the absorbance centered around 375 nm.
Presumably the color differends due to the anion interaction with the secondary amine
coordinated to the metal center.

Variable temperature solution magnetic susceptibility measureme8t2 and 3.3 were
measur ed by Bivaeioibile. Atedorh tendperatn@2and3.3 are high spin with
avT values of 3.0 and 3.2 emu-K-mblrespectively. When the temperature is lowered, a decrease
in the magnetic susceptibility is observed at temperatures less than 283.K fdecreasing to
1.8 emu-K-mdl* at 232 K. In comparison, upon cooling a simlotof 3.3to 232 K, a less drastic
decrease in the susceptibility is observed, falling to 2.7 emu-K!iffégure 3.5). Compared to
the solutiorstate behavior diFeL %92+, the highspin states 08.2 and3.3 are stabilized. This is
expected as the sultation of the imine for an amine should weaken the ligand field.

There are several potential mechanisms through which the anion influences tbitgpin
behavior, highlighted in Scheme 3.5: (1) as previously mentioned, host:guest interactions with the
coordinated secondary amine, (2) the hydregending interaction of two of the ligand arms
stabilizes the lowspin state by withdrawing electron density from the ligand, or (3) the ligand
arms are forced into close proximity to one another to facilitatngér hydrogefonding

interactions, thus stabilizing shorterifebond lengths.
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Scheme 3.5Proposed binding modes possible [feeL 556NH]2*,

[FeL556—NH]2+ {[FeL556-NH]2++ X—}+ {[FeL556-NH]2++ zx—}
1.0
—d

g —BF,
Q
g 054
©
O
o
(]
o]
<

0.0

T - T - T ' T y
400 500 600 700 800
A (nm)

Figure 3.4 Qualitative UV-visible spectral comparison .2 (blad line) and3.3 (red line)in
acetonitrilebetween 325 and 800 nm
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Figure 3.5 Variable temperature solution magnetic susceptibility measuremehe ¢black
squares) an@.3(red circles) irds-acetonitrile.

3.5 Conclusions and Future Work.

The degied producfFeL5%%¢?* can be synthesized but with side product formation. The
incorporation of Hbonding groups appears to drive the disproportionate formatiffrebf>92*
compared to the predicted statistical distribution of species and the distrilsegm with the
synthesis of[Fe(6-Me)(py)trenf*. Halide salts seem to aid in formation [Ffel 592" and
[FeL5%92* in methanol. Furthermore, there appears to be a solvent dependence; if ethanol or
acetonitrile are usedFeL>%2* and[FeL%%92* are tle major products formed. Future work for
these species could focus on devising HPLC methods, size exclusion chromatography, or anion
exchange to separate these species. Additionally, the order and speed of addition of the starting
materials may be pivotéb encourage the formation of the desired product.

Additional routes were attempted to synthesize the lig&rftbl reductive amination then
oxidative dehydrogenation promoted by Fe(lll). Reactions attempted in oxygen to promote the
oxidation dehydrogeni@n reaction with Fe(lll) resulted in poor conversion to the imine as

indicated by mass spectrometry. Reactiontrei(6-Me)(NH2)2 with FeCb in acetonitrile
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producedFe(tren(6-Me)(NH2)2)CI|CI (3.1), which can be crystallized and subsequently reacted
with the desired aldehyde to make the Fe(ll) complex. Interestingly, retention of the coordinating
secondary amine to forfiFeL>%¢N"]2* produces material that is either purple as the B&ilt or

blue as the Clsalt in the solid state and in solutid®oluion magnetic measurements of the
chloride sal3.2show that the complex begins a spin state transition with decreasing temperature,
while the BR' salt3.3remains mostly high spin over the same temperature range.

Retention of the secondary amine allows &n interesting prospect for ligand synthesis
and ligand tuning. This modification should weaken the ligand field, which could be used as an
additional route to produce complexes that undergo spin crossover without extensive ligand
synthesis. Furthermoréhe secondary amine provides an additional location for hydrogen bonding
interactions through which, additional anidapendent behavior could be observed.

Further experimentation to determine the binding modes andstim behavior in the
presence obne and two anions would help to elucidate which binding mode occurs first as well
as the influence of these events individually on the spin state behavior. Additionally, comparison
of the strength of the bifurcated anibmding possible by the amides tiwe trifurcated anion
binding displayed by [FelONHBu 2+,
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CHAPTER 4. EFFECT ORMINE REDUCTION ON THE SPIN STATE PROPERES OF
FE(Il) COMPLEXES USNG AMIDE-FUNCTIONALIZED TRIPODAL PYRIDINE-BASED

LIGANDS

4.1 Introduction.

Previous work with lie tripodal iminopyridinédased ligand ¥ °NMBU (Figure 4.1 right)
shows that when coordinated to Fe(ll), a diamagnetic complex is obtateditoring of the
titration of the BE' salt with Cl in ds-acetonitrile by'H NMR shows that strg anion binding
occurs as indicatetly significant downfield shift in the amide proton resonance due to the
deshielding effect of the anidrinding event. As seen in the previous chapter, modification of
tripodal ligands incorporating sterbulk and hydrogebonding functionalities does facilitate
aniondependent spistate behaviorbut it is not clear which modificatignimine reduction or
steric hindrancehas the greatest influenoa the behavior

As a method to tune the ligand field toipodal iminopyridinebased ligands, we have
synthesized a series of complexes with varying number of coordinating imines and amines (Figure
4. 1). We post ul a-dceptingabitity dbtlye caotdinaging nitnogeng, thedigand
field canbe tuned in an analogous manner to heteroleptic complexes, but with increased stability
as a consequence of increased ligand denticity. To this end, three new tripodal liganelg5tris{4
tert-butylamide2-pyridyl]-3-amino-3-butenyl}amine (L5(NH)3), N,N-bis[2-(5-tert-
butylamidepyridinemethylamine)ethyl{N-[2-(5-tert-butylamidepyridine)3-aza
3-butyenyllamine I( >NH)2) andN,N-bis[2-(5-tert-butylamidepyridine)3-aza3-butyenyl}N-
[2-(5-tert-butylamidepyridinemethylamine)ethyllamingL >N") and their caresponding Fe(ll)
complexes: [FESNH3(BF,), (4.1), [FeLN2(BFy). (4.2), [FeL®NM](BF4)2 (4.3 and [Fé&®>

NH)(BPhy). (4.4) have been synthesized. Herein, we report the syntheses, structural, and magnetic
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characterizations as well as studies towanti$erstanding the anion dependence on the magnetic
behavior of these compounds. Through these complexes we hope to understand: (1) what structural
differences occur across the series of Fe(ll) complexes, (2) how the spin state of each complex is
affected ly the change in conjugation of the ligand, (3) how the geometric changes of the ligand
are translated to the trigonal binding pocket formed by the amides, and (4) how anion binding

affects the spin state.

\b”+ﬂﬁw+fﬁ”' N

H\N
\ // \ //\ /
\ N7 \ N7 SN
HN O O NH HN O O NH HN O O NH
[FeLS—(NH)3]2+ [FeLS—(NH)2]2+ [FeLS—NH]2+ [FeLS'ONHtBU]Z"'

Increasing ligand field strength

Figure 4.1 Schenatic of the ligands and Fe(ll) complexes with varying numbers of imines and
amines.

4.2 Division of Labor.
The synthesis of >Nt was performed by Tarik Ozumerzifon. All other ligand and complex

syntheses, characterizations and magnetic measuremenisesferened by Christina Klug.

4.3 Experimental Section

4.3.1 General considerationdJnless otherwise noted, all manipulatiavigh Fe(ll) were
undertaken in a dinitrogen filed MBRAUN Labmaster 130 glovebox. The syssthasd
characterizatins of 5-tert-butylamide2-pyridinecarboxaldehyde and>PNHBULl N N-Bis(2-
aminoethyl)N-[2-(tert-butylcarbamoyl)ethygmine (monoBoctren)?> have been described
previously The precursoN,N-Bis(2-(tert-butylcarbamoyl)ethytN-[2-aminoethylamine(diBoc-
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tren) was isolated from the synthesis of N,N-Bis(2-aminoethyl}N-[2-(tert-
butylcarbamoyl)ethydmine and used without further purificatiofior manipulations with Fe(ll),
acetonitrile (MeCN) and diethyl ether @&x) were sparged with dinitrogen, passed over molecular
sieves, and subjected to three frepgenpthaw cycles prior to use. All other reagents were
obtained from commercial sources and used without further puioiicat
Tris{4-[(5-tert-butylamide-2-pyridyl] -3-amino-3-butenyl}amine  (L5N"3). To a
solution of [3ONFBU (212 mg, 0.3 mmol) dissolved in 7 mL of methanol (MeOH), sodium
borohydride (NaBH) (75 mg,2 mmol) was slowly added in several portianger 20 mintes.
After all the NaBH was added, the reaction was allowed to stir for 4 hours. The solvent was
removed under reduced pressure, resulting in a light yellow oil. Saturat€®ia) (50 mL) was
added to the residue and the product extracted into dichéthane (DCM) (3« 20 mL). The
organic layer was dried over p&0; and the solvent removed under reduced pressure resulting in
a fluffy light yellow solid. The yellow solid was purified by column chromatographyA<iQ:0.1
CHCls:MeOH:NH:OH, R: = 0.55).The desired fractions were combined and the solvent removed
under reduced pressure to result in a light yellow sdizD mg, 57 %)H NMR (400 MHz,
CDClh): 8.73 (3H, s), 7.82 (3H, dd= 2.3, 8.1 Hz), 7.23 (3H, d,= 8.2 Hz), 6.42 (3 H, s), 3.91
(6H, s), 2.77 (6 H, ) = 5.5 Hz), 2.67 (6 H, t] = 5.4 Hz), 1.48 (27 H, s) pprFC NMR (CDCL):
194.89, 165.48, 147.92, 135.43, 130.29, 121.99, 110.23, 54.38, 54.05, 52.26, 47.55, 29.06 ppm.
N,N-bis[2-(5-tert-butylamidepyridine -methylamino)ethyl]-N-[2-aminoethyl]amine
(di-5-tert-butylamide-tren). A solution of 5tert-butylamide2-pyridinecarboxaldehyde (1.578 g,
7.65 mmol) dissolved in 50 mL of MeOH was added to(®iaminoethyl)amine (tren) (0.720 g,
4.9 mmol) in 8 mL of MeOH. The reaction mixture wakwed to stir for 5 hours, then slowly

NaBH: (1.8g, 47.6 mmol) was added in several portitmthe reaction over 1 hour. The reaction
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was allowed to stir for 16 additional hours. Upon completion, the reaction was quenched with
water and the product eatted into DCM (3« 30 mL). The organic layer was dried over MgSO

and the solvent removed under reduced pressure. The resulting yellow oil was purified by column
chromatograph (Si0O,, 10:1 CHC$:MeOH then80:35:4 CHCi:MeOH:NH:OH; Rr = 0.2, 10:1
CHs:MeOH). A light yellow solid was isolated (1.40 g, 54 Y8. NMR (400 MHz, CDCJ): 9.02

(2 H, s), 8.00 (2 H, dd] = 2.12, 8.0 Hz), 7.24 (2 H, d,= 8.1 Hz), 6.79 (2 H, s), 3.92 (4 H, s),

2.96 (2 H, tJ=5.8 Hz), 2.71 (4 H, ) = 5.0 Hz), 2.65 (4 H, ) = 4.8 Hz), 2.57 (2 H, t)= 5.9

Hz), 1.48 (18 H, s) ppmC NMR (CDCk): 165.27, 161.65, 147.90, 136.46, 130.51, 122.09,
54.61, 54.47, 47.40, 38.57, 20.09 ppm.

N,N-bis[2-(5-tert-butylamidepyridine -methylamino)ethyl]-N-[2-(5-tert-
butylamidepyridine)-3-aza-3-butyenyl]lamine (L>NH2). The amine starting material
di-tert-butylamide-tren (274 mg, 0.52 mmol) was dissolved in 4 mL of MeOH and combined
with 5-tert-butylamide2-pyridinecarboxaldehyde (118 mg, 0.57 mmol) dissolved in 4 mL of
MeOH. The resulting sokipn was allowed to stir for two hours at room temperature. The solvent
was removed under reduced pressure, resulting in a light yellow solid (350 mg, 9héxo).
resulting solid was used without further purificatidd NMR (400 MHz, CRCN): 8.81 (1 H, s),

8.68 (2 H, s), 8.37 (L H, s), 7.95 (2 H, d&; 2.2, 8.1 Hz), 7.85 (2 H, dd= 2.1, 8.1 Hz), 7.82 (1
H, d,J=8.2 Hz), 7.24 (2 H, ) = 8.1 Hz), 6.95 (1 H, s), 6.86 (2 H, s), 3.83 (4 H, ), 3.74 (2 H, t,
J=5.8Hz), 2.94 (2 H, bs), 2.85 (4 HJt= 5.6 Hz) 2.71 (6 H, s), 1.45 (9 H, s), 1.43 (18 H, S) ppm.

N,N-bis[2-(4-nitro(phenylsulfonamido))ethyl]-N-[2-(tert-butylcarb amoyl)ethyl]Jamine
(dinosyl-monoBoc-tren). A solution ofmonoBoc-tren (0.753g, 3.0 nmol) was mixed with 12
mL of DCM and fedhly didtilled triethylamine (1.04 mL, 7.41mol) was added andooled to O

°C. Solid 4-nitrobenzenesulfonyl chloride (1.65 g, Mmol) was slowly addetb the stirring
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reaction. The solution was allowed to stir at 0 °C for 2 hours, then allowed to warm to room

temperature and stirred for an additional 12 hours. The solution was washed with water (20 mL)

and the DCM removed under reduced presdure.resulting yelloworange solid was purified via

column chromatography (S#9:1:0.1 DCM:MeOH:NHOH, Rr = 0.45) to poduce a light yellow

solid (1.384 g, 74%)H NMR (400 MHz,dsi DMS0):8.40 (4 H, d,J= 8.7 Hz), 8.04 (4 H, d] =

8.7 Hz), 7.83 (2 H, br s), 6.63 (1 H, br s), 2.80 (6 H,*,5.85 Hz), 2.374 H, t,J = 5.5 Hz),

2.28 (2 H, tJ=5.9 Hz), 1.339 H, 9 ppm C (ds-DMSO): 189.5, 149.5, 181, 127.9, 124.6,

110.1, 99.477.6, 53.3, 40.6, 28.1 ppm.
N,N-bis[2-(4-nitro(phenylsulfonamido))ethyl]-N-[2-(amino)ethyllamine (dinosyt

tren). A solution ofdinosyl-monoBoc-tren (830 mg, 1.35 mmol) dissolved in 7 mEDCM was

cooled to 0 °C under dinitrogen; trifluoroacetic acid (TFA) (1.24 mL, 1.84 g, 16.2 mmol) was

slowly added dropwise over 10 minutes. After the addition was complete, the reaction was allowed

to warm to room temperature and stirred for four d@gsurated NaHC§q) (20 mL) was added

and the product extracted into DCM (3 x 30 mL). The organic layer was dried oversMg80

the solvent removed under reduced pressure. The resulting yellow solid was purified by column

chromatography (Si§) 9:1 DCM:MeOH then9:1:0.2 DCM:MeOH:NHOH, R = 0.22 in 9:1:0.1

DCM:MeOH:NH4OH). The fractions were combined and the solvent removed under reduced

pressuraesulting in an yellow soli¢d80 mg, 70 %)H NMR (400 MHz,ds-DMS0): 8.41 (4 H,

d,J=8.9 Hz), 8.04 (4 H, M= 9.0 Hz), 2.83 (4 H, ] = 6.4 Hz), 2.64 (2 H, ] = 5.8 Hz), 2.46 (2

H,t,J=5.8 Hz), 2.42 (4 H, ] = 6.4 Hz) ppmXC (ds-DMS0):159.0, 155.7, 137.4, 134.1, 88.6,

62.5, 49.9, 46.93 ppm.
N,N-bis[2-(4-nitro(phenylsulfonamido))ethyl]-N-[2-(5-tert-butylamidepyridine -

methylamino)ethyllamine (dinosyt5-tert-butylamide-tren). A solution of dinosyl-tren (411
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mg, 0.80 mmol) and -Eert-butylamide2-pyridinecarboxaldehyde (181 mg, 0.88 mmol) were
combined in 5 mL of MeOH and allowed to stir with 3 A mallec sieves. After 4 hours, the
solution was filtered and NaBH436 mg, 11.5 mmol) was added in several portionsr 10
minutes and the reaction was allowed to continue stirring for 2 hours. The solvent was removed
under reduced pressure and the regyh@sidue was extracted into DCM (3 x 75 mL). The organic
layer was dried over MgS@nd the solvent removed. The resulting yellow solid was purified by
column chromatography (S#209:1 DCM:MeOH, R = 0.5) to isolate a yellow solid (525 mg,
80%).'H NMR (400 MHz, CDC$): 9.04 (1 H, s), 8.33 (4 H, d,=9.0 Hz), 8.11 (1 H, dd = 2.2,
8.0 Hz), 8.00 (4 H, d]= 9.0 Hz), 7.37 (1 H, d]= 7.6 Hz), 3.99 (2 H, s), 3.03 (4 H)t= 5.2 Hz),
2.73 (2 H, tJ=5.0 Hz), 2.60 (4 H, ) = 5.2 Hz), 2.55 (2 H, t] = 4.9 Hz), 1.46 (9 H, s) ppr¥C
NMR (CDCk): 150.2, 148.2, 146.9, 146.2, 131.2, 128.5, 124.6, 123.0, 110.24, 54.5, 52.3, 41.1,
29.1, 28.9 ppm.

N,N-bis[2-(amino)ethyl]-N-[2-(5-tert-butylamidepyridine -methylamino)ethyllamine
(5-tert-butylamide-tren) (Route 1).To a suspension dinosyl-5-tert-butylamide-tren (525 mg,
0.74 mmol) in 5 mL of MeCN, KCOz (1.1 g, 7.9 mmol) and-@odecanethiol (1.8 mL, 7.5 mmol)
were added. The reaction was allowed to stir at room temperature for 13 days. The product was
extraded into HO (3 x 30 mL) using diethyl ether and the water was removed under reduced
pressured. The resulting light yellow oil was purified by column chromatography, @¥(5:4
CHClz:MeOH:NHsOH then10:4:1 CHC$:MeOH:NH:OH). The desired fractions wererabined
and the solvent removed under reduced pressure, resulting in a light yellow oil (66 mgiHL.7%).
NMR (400 MHz, CROD): 9.04 (1 H, s), 8.33 (4 H, d,= 9.0 Hz), 8.11 (1 H, dd} = 2.2, 8.0 Hz),
8.00 (4 H, dJ=9.0 Hz), 7.37 (L H, d] = 7.6 Hz),3.99 (2 H, s), 3.03 (4 H, 8,= 5.2 Hz), 2.73

(2H,1,J=5.0 Hz), 2.60 (4 H, ] = 5.2 Hz), 2.55 (2 H, {] = 4.9 Hz), 1.46 (9 H, s) ppm.
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N,N-bis[2-(tert-butylcarbamoyl)ethyl] -N-[2-(5-tert-butylamidepyridine -
methylamino)ethyl]amine (5-tert-butylamide-diboc-tren). A solution ofdiBoc-tren (602 mg,
1.73 mmol) in 3 mL of MeOH was added to a solution Btert-butylamide2-
pyridinecarboxaldehyde (401 mg, 1.94 mmol) in 3 mL of MeOH charged with 3 A molecules
sieves (50 mg); the resulting solution was allow@dtir at room temperature for 2 hours. The
solution was filtered and NaBH940 mg, 24.8 mmol) waeddedn several portionto the reaction
over 20 minutes; the solution was allowed to stir for 6 hours. The reaction was quenched with
water (20 mL) andhe product extracted into DCM (3 x 50 mL); the organic layer was dried over
MgSQs and the solvent removed under reduced pressure. The resulting yellow solid was used
without further characterization or purification.

N,N-bis[2-(amino)ethyl]-N-[2-(5-tert-butylamidepyridine -methylamino)ethyllamine
(5-tert-butylamide-tren) (Route 2). A solution of5-tert-butylamide-diBoc-tren (819 mgq) in 4
mL of DCM was cooled to 0 °C and TFA (2.33 mL, 13.7 mmol) was slowly added to the solution
over 2 minutes. After all the HA was added, the reaction was allowed to warm to room
temperature. The reaction was allowed to stir for 4 hours. A solution of 2 M NaOH was added
until a pH of 12 was achieved; the product was extracted with DCM into the aqueous layer (3 x
30 mL) and thewvater was removed under reduced pressure. The resulting light yellow oil was
purified by column chromatography (Si010:2 CHCEMeOH to 80:35:4 to 10:4:1
CHClz:MeOH:NHsOH). The desired fractions were combined and the solvent removed under
reduced pressuyeesulting in a light yellow oil (380 mg, 74%).

N,N-bis[2-(5-tert-butylamidepyridine) -3-aza-3-butyenyl]-N-[2-(5-tert-butylamidepyridine -
methylamino)ethyllamine (L>NH). The ligand precursors-tert-butylamide-tren (103 mg, 0.02

mmol) suspendedn 3 mL of MeCN and 5tert-butylamide2-pyridinecarboxaldehyde86 mg,
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0.42 mmo) dissolved in 3 mL of MeCN were combined and 3 A molecular sieves (0.25 g) were
added to the solution. The reaction was allowed to stir for 2 hours. The yellow solution was filtered
andthe solvent removed wacuq resulting in a light yellow fluffysolid (130 mg100%).H NMR

(400 MHz, CRCN): 8.71 (2 H, dJ = 1.5 Hz), 8.65 (1 H, d] = 1.6 Hz), 8.33 (2 Hs), 7.90 (2 H,
dd,J=2.2, 8.1 Hz)7.89 (4 H, dd,J = 2.1, 8.1 Hz), 7.682 H, d,J = 8.1 Hz), 7.30 (L H, dJ =

8.2 Hz), 6.99 (2 H, bs), 6.85 (1 H, bs), 3.77 (4 H £, 4.9Hz), 3.20 (2 H, tJ = 5.6 Hz), 3.03

(2 H,t,J=5.7 Hz), 3.01 (4 H, ] = 5.5 Hz), 1.44 (18 H, s), 1.43 (9 H, s) ppm.

[FeL>MNH3)(BF4)2 (4.1). To a yellaw solutionof L>MNM3 (60 mg, 0.08 mmol) in 3 mbf
MeCN, a solution of Fe(Bf2-6 H.O (30 mg, 0.09 mmol) in 3 mbf MeCN was added. The
solution instantly turned greenisfellow in color. The solution was allowed to stir for two hours
then the volume carentrated by half. Yellow crystals suitable forray analysisvere obtained
by slow diffusion of E4O into a MeCN solution of the compound (57 mg%/)?2 . | R MHATR) :
3366, 3314 cm. ESFMS(+) (MeOH): m/iz 807.3 [FelL>NM3j+Cl)*, 771.4 ([FeEMNM3]i H)*,
346.1 [FelZNH)3)2+ 1 NMR (400 MHz, CRCN): 46.8, 41.3, 34.1, 31.9, 8.1, 6.0, 3.4, 2.4, 2.1.ppm
UV-vis (CHsCN) amad n mu/M'1@m'Y) 267 (12179, 393 (670), 606 (20).

[FeL>(N\M)2)(BF4)2 (4.2). Theligand L>(MM)2 (55 mg, 0.08 mmol) was dissolved into 3 mL
of MeOH, and a solution of Fe(Bfz:6 H.O (29 mg, 0.09 mmol) in 3 mL of MeOH was added.
The solution instantly turned blue and was allowedstio for 2 hours. The reaction was
concentrated by in vacua Crystals suitable foX-ray diffraction were growrby slow EtO
diffusion into a MeOH solution of the compl¢0 mg, 82%)IR (ATR): nnin 3375, 3351 cri.
ESFMS(+) (MeOH: m/z 789.3 [FeL.>(N\M2]+F)* 769.4 [FelL>(NH2]i H)*, 385.3[Fel>NH2]2* 1H
NMR (400 MHz, CRCN): 33.9, 26.5, 24.7,19.0, 15.1, 10.6, 7.8, 7.3, 2.4, 2.0, 1.8, 1.74(B9,

112.3 ppm UV-vis (CHsCN) amad N mu/Mi Ulimi'L) 268 (14870C), 290 (sh, 11610), 396 (1560),
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569 &h, 1560), 614 (2070pnal. Calcd for GoHsgBaFsFeN100s: C, 49.60; H, 6.19; N, 14.83.
Found: C, 49.33; H, 6.25; N, 14.64

[FeL>NH](BFa4)2 (4.3). To a solution ofL>N" (36 mg, 0.05 mmol) in 3 mL of MeOH, a
solution of Fe(Bk)2-6 H:O (14 mg, 0.04 mmol) ir8 mL of MeOH was added. The reaction
instantly turned blue and was allowed to stir for 30 minutes. The solution was concentrated to 2
mL in vacuoandthe compoundavasprecipitated byhe addition of 15 mL of EO. The resulting
suspension was allowed tordor 1 hour. The blue solid was isolated by vacuum filtration and
washed with 10 mL oEtO. The product was used without further purificati®@SHFMS(+)
(MeOH): mvVz 855.3 (FeL>NH]+BF4)*, 803.4 ([FeL>NH]+CI)*, 767.5 ([FeBNH]iH)*, 384.3
[FeL5NH)2*,

[FeL>NH](BPha)2-3 MeCN (4.4).A solution 0f4.3(81 mg, 0.086 mm@in 2 mL of MeOH
was added to a solution NBBPh (200 mg 0584 mmol) in 2 mL of MeOHo form immediately
a purpleprecipitate; the mixture was stirred foreoadditional hour. The pupsolid was isolated
by filtration and washed with 10 mL of MeOH and 5 mL ob@&t The product was purified by
recrystallization viaslow diffusion of diethyl etherinto an acetonitrilesolution ofthe compound
(40mg, 33% yield); Xi ray quality crystalsvere selected from the produli® (ATR): nnin 3389,
3053 cml. ESFMS(+) (MeOH): m/z 1087.4 [Fel5NH]+BPhy)*, 768.4 ([FeEN])*, 384.3
([FeL>NH])2* IH NMR (400 MHz, CRCN): 68.2, 50.4, 43.9, 32.5, 26.9, 24.3, 19.2, 16.9, 9.5, 8.9,
8.0,4.2,2.4,2.2.2, 1.8,115.7 ppm UV-vis (CHsCN) amay n mu/M' “#m' ) 235 (65300), 267
(22690), 275 (22720), 287 (21340), 366 (970), 550 (sh, 1850), 592 (2080).

4.3.2 Xray Structure Determination. Structures were determined for the compounds
listed in Table4.1. All single crystals were coated in Paraiddeil prior to removal from the

glovebox. The crystals were supported on Cryoloops before being mounted on a Bruker Kappa
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Apex Il CCD diffractometer under a stream of cold dinitrogen. Data were collected withaMo K
radiation and a graphite monochromator. Initial lattice parameters were determined from
reflections harvested from 36 frames, and data sets were collected targeting complete coverage
and 4fold redundancy. Data were integrated and corrected for absoeffimts with the Apex Ii
software packag&Structures were solved by direct methaasless otherwise notednd refined

with the SHELXTL software packadeUnless otherige noted, thermal parameters for all fully
occupied, nothydrogen atoms were refined anisotropically. Hydrogen atoms were added at the
ideal positions and were refined using a riding model where the thermal parameters were set at 1.2
times those of the t@tched carbon atom (1.5 times that for metind amingorotons).

The structure oft.1 used a Patterson map to locate the heaviest atoms, difference maps
were then used to determine the location of the other atoms. Disorder of the tetrafluoroborate anion
in 4.2 was modelledinto two components with partial occupancies and refined the thermal
parameters were refined anisotropically. Free refinement of the site occupancy factocaf the
crystallizedmethanol fo.2resulted in 66% occupation and the thdrpegameters were refined
anisotropically. Oneert-butyl group of the complex cation in compléxd was disordered over
two positions and modelled with partial occupancies; the thermal parameters were refined
anisotropically. Free refinement of the disemeld solvent for.4 resulted in two acetonitrile
molecules with full occupation and one with 68% occupation; the thermal parameters were allowed
to refine anisotropically.

4.3.3 Magnetic MeasurementsSolid-state nagnetic data were collected using a Quamnt
Design model MPM&L superconducting quantum interference device (SQUID) magnetometer.
Measurements were collected using crystald.bf 4.2, and4.4 packed into the top of gelatin

capsules and restrained with the bottom portion of the capsule. Allesamere prepared under a
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dinitrogen atmosphere and quickly loaded into the SQUID to minimize jaarsexe The absence
of ferromagnetic impurities was confirmed by observing the linearity of a plot of magnetization
vs. field at 100 KDC susceptibility reasirements were collected fromksto 300 K under an
applied DC field of 1000 Od>ata were corrected for the magnetization of the sample holder by
subtracting the susceptibility of an empty container and for diamagnetic contributions of the
sample by usig Pas c al ®Splutionstates samples were prepared under a dinitrogen
atmosphere. Magneticsesp t i bi | i ti es in solution were det e
TMS as an internal reference.

4.3.4 OtherPhysical Methods.Infrared spectra were measured with a Nicolet 380RT
under a dinitrogen flow using an ATR attachmei¥.-visible electroniabsorption spectra were
obtained using an Agilent 8453 W\sible spectrometer under diree conditions using quartz
cuvette.Room temperaturéH NMR spectra were recorded usiagvarian 400MR instrument
operating at 400 MHzVariable temperaturéH NMR spectra were recorded using a Agilent
INOVA instrument operating at 500 MHRaramagnetiéH NMR spectra vereacquiredusing an
acquisition time of 1 second and 0.001 second relaxation dé&ss spectra were obtained on a
Finnigan LCQ Duo mass spectrometer equipped with an electrospray ion source and quadrupole
ion trap mass analyzer in positive ion moéemental analysis was performed by Robertson

Microlit Laboratories in Ledgewood, NJ.
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Table 4.1.Crystallographic data for compouneL>N3](BF.), (4.1), [FeL>NM2)(BF4), (4.2),
and [Fe>NH](BPhy),-3 MeCN @.4)

4.1 4.2 4.4
Crystal code msn319 msn355 msn397
Empirical CsoHeoB2FsFeNioOs  CsoHssB2FsFEeNioOs  Coz.adH104.082FEN12.7d03
formula
Formula wt, 946.44 944.42 1518.00
g-mol'?!
Crystal color  yellow blue purple
Habit block plate block
T, K 120(2) 120(2) 120(2)
Space group P1 Pp P21
Z 1 2 2
a, A 9.6362(4) 9.7563(9) 9.8781(4)
b, A 9.9229(4) 10.0337(9) 26.0264(1)
c, A 14.1865(6) 27.092(2) 16.9278(7)
a, deg 106.016(2) 90.078(4) 90
b, deg 94.891(2) 94.736(4) 102.111(2)
2deg 118.071(2) 118.053(4) 90
Vv, A3 1112.85(8) 2330.0(4) 4255.1(3)
Oeale, g-cmi® 1.412 1.346 1.185
GooF 0.652 1.200 1.019
RA(WR)°%  5.49 (6.40) 8.66 (19.02) 5.93 (10.32)

"Ri= Rofli [Fe| | ol WR2 =
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4.4 Results and Discussion.

4.4.1 Synthesis and CharacterizationAs shown inScheme 4., L>NH)3 andthe pre
ligand di-5-tert-butylamide-tren of L >NH2 garesynthesized by reductive aminativia a Schiff
base condesation in methanol by adding 3.1 @1 equivalents of fert-butylamide2-
pyridinecarboxaldehyde, respectively, doe equivalent of tris€aminoethyl)amine (tren) then
subsequent reduction of the imine using NaEScheme 4.1)The resulting products can be
purified by column chromatographtp isolate L>NH)3 or the L>NH)2 precursordi-5-tert-
butylamide-tren. An additional Shiff-base condensation wiith-5-tert-butylamide-tren and
one equivalent ob-tert-butylamide2-pyridinecarboxaldehyde producéhe desiredigand L>
(NH)2, Numerous attemptt synthesize the piegand for L>NH resultedin the formation of
difunctionalized tren with little formation of the monofunctionalized tren. It is presumed that the
introduction of the amide groups is forming hydrogen bonds between twmorer amides after
condensation with tren, leading to a higher prevalence of taediibnalized tren product.

In order to synthesize>NH, the protecting grouptert-butyloxycarbonyl (Boc) and-
nitrobenzenesulfonyl chloridengsyl) were usedequired(Scheme 4.2). Btection of one arm
using Bocis achieved by slow addition of Bgg to tren in DCM afi 78 °C, which leads tthe
formation of a mixture omonoBoctren anddiBoc-tren. In the first route attempted (route 1,
Scheme 4.2) additional proteatioof the other two arms ofmonoBoctren using 4-
nitrobenzenesulfonylnpsyl) allows fo selective cleavage of the Boc protecting group using
trifluoroacetic acid (TFA) while preserving protection of the other two arms. Redactivetion
of the free amine an8-tert-butylamide2-pyridinecarboxaldehyde then cleavage of the nosyl

protectinggroups using excess dodecanethiol and potassium céebpretonitrile produces the
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Scheme 4.1Synthetic scheme employed for the synthesas 83 andL S(N\H)2,

NhNH2>3+3.1 OL@—?N% - h /—O—:{N%> NaBH, N\ N N:|
)

\
3 A sieves MeOH
O~ 'NH HN™ ~O

A )P)r
L 5-(NH)3
N
NG
N 7 N
\
(a) MeOH, NN A N&
HN‘% 3 A sieves /—(j>—< e N i N[ “~ |
N NH ) 2 L@—§ HN%

) NaBH MeCN
MeOH M NH, 3 A sieves O oHN "0

/#1$

L5-(NH)2

di-5-tert-butyl-tren

desired monofunctionalized tren. Lastly, Schiffsecondensation between the pigand ands-
tert-butylamide2-pyridinecarboxaldehyde in acetonitrile produttesligand L >N",

Anotherroute employedroute 2, Scheme 4.2) used a difprotected tren, a side product
of the Boc protection of tren. Rediva amination of the free amine withtert-butylamide2-
pyridinecarlmxaldehyde andNaBHs then removal of the Boc protecting groups with TFA also
produces the morarmed tren5-tert-butylamide-tren, in higheryields and less time. Regardless
of the route usedo synthesizes-tert-butylamide-tren, Schiff base condensation using two
equivalents of 5-tert-butylamide2-pyridinecarboxaldehyde with one equivalent bfitert-
butylamide-tren formsL5NH,

Once the ligands are synthesized, the preparation of the Bali)is straightforward.
Addition of one equivalent Fe(BJ-6 H-O in acetonitrile or methanol to one equivalent of either

L5(NH3 [ 5(NH)2 ) or L>NH resultsin the an immediate color change to the solution. An anion
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exchange from BE for [FeL>NH]?* to BPh' was performed in methanol using excess NaB&h
isolate4.4. Crystals of4.1 and4.4 were isolated by slow diethyl ether diffusion into acetonitrile
solution, while crystals off.2 were isolated from slow diethyl ether diffusion into methanolic

sdutions of thecompound.

Scheme 4.2Synthetic scheme employed for the synthesis>N",
Route 1

(a) TFA

(a) Boc,O, FA,
CH,Cly, -79 °C O CH,Cl, 0 °C to RT
N o)
H ) O_N=\HN
N< NH2>3 (b)ZCIOZS—@NOZ \ﬁ 2 _\\)_«O—é

TEA, DCM, 0 °C to RT NaBH,4, MeOH, RT

0 / N /
N (a) CH3(CH,)19CH,SH,
Nf \N/S<b< > NO2> K,COs, MeCN, RT \/ \ N >—«
H
2 =
&H N o (b)2OL®iN'é

e R N
\_/ HN‘% MeCN, 3 A sieves, RT HH;>_<\O

L5-NH

Route 2

o @ O N—: HN
6_ Boe0 h)l\k \/O<_ mme
N NH > N N~ O NaBH, MeOH, RT \ \= S
2/3 CH,Cl,, -79 °C H 2 H
(b) TFA, NH )
NH2 2 2

CH,Cl,, 0 °C to RT
= 0
(\N//_@_HQN%
» O NAHN< s 0
nWaN

Q/N
MeCN, 3 A sieves, RT H /N \_HN <
—/ 0
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The UV-visible absorption spectra 4f1, 4.2, 4.4, and [Fel ON"BY(BF,), were studied in
acetonitrile (Figure 4.2). Strong absorbance in the UV region iswezbesinging from 15,060
40,000 Mt.cm'? for 4.1, 4.2, and [Feb'ONHBU(BF,4), and 70,000 Nt-cm'! for 4.4 due to the
tetraphenylborate anions. As more imines are added to the ligand, the molar absorptivities increase
in the UV r egi onsnws$tlikely dge t8tlBeldncreased coifjugatisn thie imines
impart as these absorptions are assigned as ligandeehter” Y~ * tr ansi mnhthens.
visible region of the spectrum have been previously assigned astmkgaind charge transfer

bands’ Again, with increasing conjugation of ttigand for4.2 and4.4, the molar absorptivities

ofthe absorbances at 2 > 330 nm increase. As a

for4.1, 4.2 and4.4(vida infra), themolar absorptivities dhese complexes are substantially lower
than those seen for [FELNTBY(BF,).. The high spin nate of the Fe(Il) complexes in solution
at room temperature is supported by the paramagnetic shifting and broadenin-oRN¥& as

a consequence of the paramagn8tic2 state (Figure 4.3).
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Figure 4.2 Electronic absorption spectra 4fl, 4.2, 4.4, and [Fel> ONMBY(BF,), collected in
acetonitrile from 230 to 800 nm. Inset: Visible range from 330 to 800 nm.
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4.4.2 Xray Structural Analyses.To glean the influence of substituting amines for imines
on the coordination environment of the Fe(ll) center in the solid atay crystal structures of
4.1, 4.2, and4.4were collectedt 120 K (Figure 4.5). The coordination environments around the
Fe centers are octahedral in nature, with the first coordination sphere of theongtalsessix
nitrogen atoms, three from the imines/amines and three from the pyridines. As is common with
tripodal iminopyridine ligand&the Fé& Naimine bond lengths arshorter than the Félpyrigine bond
lengths. The average Ae bond lengths of 2.294(5) A far.1, 2.26(1) A for4.2, and 2.23(1) A
for 4.4 are consistent with the complexes occupying the HS state at 120 K, and are substantially
longer than those seen for the low spin {[FENTBYECI}* (Table 4.2). The FeNbrigge distances
are substantially shorter for this set of complexes than the analdigpasces seen for similar
iminopyridinebased complexes regardless of the spin state; the shortest distance is observed for
4.1at2.459(2)A and the longest distance occurring4of at 2.603(4) A. Comparatively, theiFe
Nbrigge distance for the knowrpin crossover complex, [FEICH(OTf)2, is 3.187(3) A in the HS
state, while in the LS state, this distance is 3.723(2A&counting for the close contact between
the bridgehead nitrogen and the Fe cefterthis set of complexes, the coordination of the Fe
center could be considered pseutieptacoordinate in nature. Moreover, the coordination
environments are substantially distorted from perfect octahedral geoasetngicated by the
structural distortion parametef®'? and U.1*'3 For comparison, these structural distortion
parameters for the trsnine LS complex {[Fef ONHBYECI}* are signifcantly closer to 0% the
expected value for perfect atiedron, and are similar to other LS tripodal iminopyrichased
complexe$:?® Measurement of the torsion angi® for the three ligand arms shows that while the
coordination environment is highly distorted, the geometry leans towards octahedral instead of

trigonal prismatic:?
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Figure 4.5 X-ray crystal structures of the complex cationgl df(top, left),4.2 (top, right), and

4.4 (bottom). Fe, C, H, N, O atoms are represented by green, dark gray, light gray, blue, and red
respectively. Thermal ellipsoids are rendered with 40%advity. Hydrogen atoms except those

of the nitrogens, anions, and solvent have been omitted for clarity.
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Table 4.2 Selected bond lengths and angles4idr 4.2, 4.4, and [Fel> ONHBU)2+,

4.1 4.2 4.4 {[FeL 5ONHtBUlEC}+
Fe-Najimine(A) 2.241(4} 2.195(8) 2.161(8) 1.955(7)
Fe-Npy (A) 2.346(3) 2.324(8) 2.309(8) 1.985(7)
Fe-Nbridge(A) 2.459[2F 2.521[4] 2.603[4] 3.480(5)
5(° 155.3(3) 143.2(5) 130.7(6) 58.6(3)
Q(°) 203.9 207.9 216.2 120.6
G (9 53.0 50.5 50.8 53.7
Navimind Naimine (A) 3.741(7) 3.63(1) 3.52(1) 2.90(1)
Npyi Npy (A) 3.174(6) 3.134(3) 3.24(1) 2.893(9)
Nasimind C (A) 1.460(8) 1.37(1) 1.31(1) 1.286(8)
Casimind Cpyr (R) 1.506(7) 1.49(1) 1.48(1) 1.445(9)
Cpyri Npyr (A) 1.344(7) 1.346(9) 1.35(1) 1.362(8)
Namidd Namige (A) 5.326(6) 5.382(8) 9.29(1) 5.51(1)
Namide Oamide (A) 3.064[4] 3.056[4] N/A N/A
Cei Cs (A)° 3.437(8) 3.464(9) 4.00(1) 3.711(8)
P Gi Cs (A)¢ 0.196 0.273 0.354 0.180

2The e.s.d determined as the squar of the sum of the e.s.d. of the averaged values.

b Signifies the e.s.d. as determined by SHELXTL

CAverage di st earlrsofpwifire nng deedigureld.6.
d Difference between the longest and shortest distances

Aside from differencesn the coordination environment of the Fe center, significant

differences are observed in the ligand. Some positional disorder of the imine and amine arms is

noted by the elongated thermal parameters for the a/imine nitrogen and the adjacent carbons. This

is most prominent fo4.2 The average Nnind C bond lengths shorten with increasing number of

imines, decreasing from 1.460(8) A #rto 1.31(1) A for4.4 Furthermore, this also leads to a

shortening of the bond length between the carbon atom adjacet o

t he

carbon of the pyridine ring, decreasing from 1.506(7) Ad4fato 1.48(1) A ford.4.

The deformation of the coordination environment of the metal center also leads to a

aifpasition n e

distortionof the trigonal binding pocket forrdeby the amides. The weakiyteracting BE' and

BPh' anions do not appear to participate in any hydrdgenn d i RQ/NHdnteractions with

the amides (Figures 4.8). The orientation of the amide nitrogens appears to be dictated by

intermoleculahydrogenbonding interaction between the amiditrogen and the oxygen of an
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Figure 4.6. Catiortanion interactions fo#.1 Fe, C, N, and @toms are colored dark green, dark
gray, ble, and redespectively. Hydrogen atas except those of the amines and asi@ve been
omitted for clarity.

Figure 4.7. Cationanion interactions fo4.2. Fe, C, N, and @Qtoms are colored dark green, dark
gray, blue, and redespectively. Hydrogen atas except those of the amines, anions, and solvent
have been omitted fofarity.
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Figure 4.8 Catiortanion interactions fo#.4. Fe, C, N, and @toms are colored dark green, dark
gray, ble, and redespectively. Hydrogen atas except those of the amines, anions, and solvent
have been omitted for clarity.

adjacent cation focomplexest.1 and4.2 Similar interactions are not observed 4ot: the size
of the BPh' ani ons andotbké ¢eheadng of the <cations
intermolecularhydrogenbonding interactions. Weak CH---O contacts between the ethylene
backbone and the carbonyl tfe amide are noted, forcing the amide groups to splay outward to
accommodate the packing.

A secondary measure of the pocket distortion isslyenmetry of theriangle formed by
the6 igoosition carbons (Figure 4.9). From thigadysis, the largest average distance between these
carbon atoms occurs fdr4 at 4.00(1) A and shortest fdrl at 3.437(8) A. Similarly, the largest
difference between the longest and shortest distance between these atoms is also obdetved for
at 0.354 A and therefore has the most asymmetric binding pocket. For comparison, the binding

pocket of the trismine compleX[FeL>°NMBYECI} * with a bound Clis the most symmetric; the
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C34-C21-C8 59.42(9)° €34-C21-C8 65.0(1)°
C21-C34-C8 54.44(9)° C21-C34-C8 56.9(1)°
C34-C8-C21 63.13(9)° C34-C8-C21 58.1(1)

C34-C21-C8 63,7(1): C34-C21-C8 63.73(9)°
C21-C34-C8 61.1(1)0 C21-C34-C8 57.88(9)°
C34-C8-C21 55.1(1) C34-C8-C21 59.39(9)°

Figure49 Tr i gonal pocket -goasifon carbh atoons fed.1da3 4.2, f i ne d
4.4 (c) and{[FeL>°NHBUECI}*. Fe, C, and Natoms are colored dark green, dark geayblue
respectively. Hydrogen atws, the amides, anions, and solveate been omitted for clarity.
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largest difference betweenei@s is 0.18 A. Unfortunately, a direct comparison in the
absence/presence of host:guastractions between the modified ligands §RelL>°NHBY)2* of

these structural parametéssiot possible, as-ray quality crystals diFe.>ON™BY(BF,), or halide

sals of 4.1, 4.2, or 4.4 have not been isolatetdastly, measurement of the angular distortion,
defined as summation of the deviation from 60° of the three point of the triangle formed by the
carbon atoms (Figure 4.9), range from 10.0%{@to 5.46 for {[ FeL>°NHBYECI}* with 4.1and
4.4having similar angles of 9.3° and 9.7°, respectively.

4.4.3 Magnetic Properties Measurements of the variable temperature magnetic
susceptibility in solution and in the solid state were performed. At room temperatheesalid
state, all the complexes are high spin veiiiff values of 3.38, 3.47, and 3.58 &i-mol'?, for 4.1,

4.2, and4.4, respectively (Figure 4.10). These values are within the range expect8d-far
complexes withg values greater 2 due to the deformation of the Fe(ll) coordination environment.
At low temperatures, the complexes all remain high spin down to 5 K, reaching minimes in
values at 5 K of 2.41 ctrk-mol'! for 4.1, 2.71 cni-K-mol'! for 4.2, and 2.36 crhK-mol'?! for

4.4. The decresesin the magnetic susceptibisbelow 20 Kareattributed to zeo-field splitting

due tothe distorted octahedral coordination geometries of thié)Fenters. Presumablglong

with the weak ligand fields for the three ligandse coordination environments of the three
complexes aréoo distorted in the sil state to make the significant structural change required to
stabilize the low spin state, thus all three compounds remain HS at all temperatures.

To test for spini state switching in solution, the temperature dependence magnetic
susceptibility of4.1, 4.2, and4.4were probed in (CE);.CO usi ng E vgrgeré4.1t)et h o d
These results show that at room tenapgre, complexed.1and4.4 are fully HSwith euT values

of 3.0 cn¥-K-mol' for both complexes, whild.2is mostly high spin at 298 K with@T value
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of 2.5 cn¥-K-mol'l. Upon cooling, little change is seen @T for 4.1 and 4.4, remaining
consistently 3.0 cAK-mol'! between 298 K and 183 K. Intstangly, a marked difference in the
magnetic behavior is observed #2 upon cooling. With decreasing temperature,dh€ value
decreases from 2.6 ériK-mol'tat 308 K to 1.0 cfiK-mol'! at 183 K,a hallmark of spirstate
switching.

While these result@re unexpected, a potential mechanism can be proposed for the
difference in behavior of.2 the flexibility of the ligand arms of ™" allows for intramolecular
hydrogen bonding between two of the amides. Two of the arms would be brouglibglether
thus stabilizing the ligand fielt?. This coupled with a sufficiently strong ligand field, which is not
attained byt.1, may allow for stabilization of the LS state. While it is difficult to correlate solid
state and solution behavior due to thevalence of intermolecular interactions, we propose that
the increased rigidity of the additional imine arm for compledprevents the stabilization die
low spin state. This forces the complex to remain high spin at all temperatures.

4.4.4 Aniondeperdent Spinstate Behavior. Intrigued by the prospect of anion
dependent spin state behavior for these complexes, room temperature anion titratidreof
4.4and variable temperature magnetic susceptibility measuremehlsaofd4.2were undertaken
(Figure 4.12). The diamagnetic timine complex [FeP ONMBY2* js known to show strong
host:guest interactioria CDsCN through the amide moiefyhut similar etailedanalyses of the
protonchemical shift changes with aniombing are complicated by the paramagnetic broadening
ard shifting exhibited by these paramagnetmplexes and wergot undertaken.

Monitoring of the magnetic susceptiNBli | ity

to 4.2and4.4 at room temperaturi@ CD:CN showscomplex4.4 (Figure 4.12, green diamonds)
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is high spin in the absence of @ith aeuT value of 3.0 crK-mol'! and remains consistently
HS with the addition of up to 4 equivalents ofsRCI.

A similar procedure was performed for comp#eR (Figure 4.12, black squares). With the
addition of BuUNCI to 4.2, a reproduciblencrease in thesusceptility is observed up to 1.0
equivalent, starting at 2.4 é-mol'! with zero equivalents of €and gradually increasing to
2.7 cnmi-K-mol'? with 1.0 equivalenof CI'. Further addition of Clup to two equivalents leads to
a decrease in the setibility, dropping to 2.5 cfK-mol'?, where the ssceptibility plateaus up
to the addition of fiveequivalents of Cl Since there are two potential binding sites, the trigonal
pocket formed by the amides and the coordinated secondary amines, ittisesigeal that the
first equivalent of chloride would bind into the trigonal pocket formed by the amides (Figure 4.14).
This binding would cause the trigonal pocket to expand, thus elongating-thé&ed lengths
and promoting further population of the H&te. After the addition of one equivalent of,Cl
additional hydrogetbonding interactions could occur between the secohdr@ the coordinated
secondary amines. This second binding event is expected to influence the spin state in a similar
fashionasibi p; the i nter act i odonatng abilith af theanitrogenratomsn c r e a
thus increasing the ligand field strendth.

Addition of one equivalent of chlordto4.1 in CD:CN appears to have little influence on
the spin stat@as determined between 295 and 232 K (Figure 4.14). The complex remains HS,
maintaining asu T value of 3.0cm?®-K-mol'! between these temperatures. Presumably, the ligand
field is too weak to stabilize the low spin state even in the event of intramolecular hydrogen bonds
or guestinding into the trigonal pocket formed by the amides, and threrdéfie species remains

high spin within this temperature range.
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Figure 4.13. Proposed anion binding fdr.2 in the presence of a strongly interacting anion (X).
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In tune with the room temperature titratiordo2in CDsCN, variable temperature magnetic
susceptibility measurementsdsi acetonewith two equivalents of BINCI between 308 and 183
K showthat the addition of two equivalents of G#ads toan increase in the susceptibility from
2.6¢cmP-K-mol't to 3.0 cni-K-mol'tat 308 K The stabilization of the HS state is maintained upon
cooling: the susceptibility of the chloride containing sampleaiasabout 0.4 c#K-mol' L higher
at temperatures between 308 and 258 K than when onlyi8present. Below 228 K, it appears
that the host:guest interactions stabilize the low spin state, ultimately the magnetic susceptibility
decreases to 0.4 éik-mol'! at 183 K, 0.5 crhK-mol'! lower than that determined for the BF

salt.

4.5 Conclusions and Future Work.

A series of tripodal ligands using tren andeB-butylamide2-pyridinecarboxaldehyde
have been synthesized. The three ligands differ in the sattoordinating imines to amines in
attempt to tune the ligand field while maintaining the hydrelgemding ability of thetert-
butylamide moiety. Structural analysis of Fe(ll) complexes coordinated by these ligands as BF
or BPh' salts show that in theolid state, all of the complexes are high spin. Substantial distortion
of the trigonal binding pocket formealy the amides is observed ag@ductof the ligand
flexibility, which may have serious implications on arioinding abilities. In the solidtate, all
three species studied remain HS between 5 and 300 K. Variable temperature measuregents in
acetone show that compléx2 undergoes a gradual spin transition while complexg&sand4.4
remain high spin between 183 and 308 K. The anomalous loelaiv.2 is exemplified by its
aniondependent behavior: room temperature titrations witirOCDsCN moni t or ed by
method indicate that two binding events occur leading to first an increase in magnetic susceptibility

with the first equivalent of € then a slight decrease with the second equivalent. Variable
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temperature studies with two equivalents of @monstrate the destabilization of the low spin
state, as the magnetic susceptibility value trends higher in comparison to the-mweskisting
BF,'.

Ongoing studies will continue tofocus on determining the anion dependence on the
variable temperature solution datadof in de-acetone as well as solgdate behavior 04.1, 4.2,
and 4.4. Additionally, determination of the ligand field strengthanges across the series by
electronic absorption of Ni(ll) analogues is imperative to fully understand the influence of the
structural distortion and conjugation changes. To glean the influences of the various binding modes
on the spin state, variablenhiperature solutichased measurements with one equivalent of anion
will also be performed. Determination of binding constants by synthesizing diamagnetic analogues
and subsequent anion titrations will allow us to understand how the deformation of timg bind
pocket alters anion binding. Other potential experiments of note include probing the influence of
different anions (e.g.'"FBr', I' etc.) on the spin state behavigiurther studies could study the
ligand field influences without the addition of anydnogenbonding functionalities. This would
elucidate the influence the imines and amines have on the ligand field without the potential

influence of the amide.
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CHAPTER 5. TUNING THE MAGNETIC RELAXATION VIA OUT-OFSPHERE
HYDROGENBONDING INTERACTIONSIN CO(ll) TRIPODAL IMINOPYRIDINE

COMPLEXES

5.1 Introduction

Pol ynucl ear met ak i emohhpelcaxigese ts hOSYMM)g pr oper
been known for YRreeelnadty,f éewm cdelddadeso.n to these
been placed in investigarnt aignmigEar deHaadscomp
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magnetic daunei stod rolpy | @mds ti cWWwipsaihg, C@itme r o u <
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118



studies have shown that the itohnway smaagrnee tg rce aatnli
by these alterations. |In our co-bhbhdued potsunt
affect magneti-cowrtopamgiiteisomfmdt alss, we have :
set of Co( 11 )hecnoirduenex d o nad ii e @i N BEUFpogdanli gdpn
this wkekapiterto i nveéedtnidg antge moaw | aantiesn t he coord
the Co(ll) center and influences the magnetic
5.2 Division of Labor.

Sequences for magnetic measurements were developed in collaboration with Dr. Indrani
Bhowmick. All complex syntheses, characterizations, and magnetic measurements were
performed by Christina Klug.

5.3 Experimental Section

5.3.1 Geneal Considerations.Unless otherwise noted, all manipulations were undertaken
in a dinitrogerfilled MBRAUN Labmaster 130 glovebox. Acetonitrile (MeCN) and diethyl ether
(EtO) were sparged with dinitrogen, passed over molecular sieves, and subjected fredme
pumpthaw cycles prior to use. The synthesis and characterizatioh®f1E" has been described
elsewheré! All other reagents were obtained from commercial sources and used without further
purification.

Cautionl Perchlorate salts are potentially explosive and should be handled with care and in
small quantities!

[COLSTONH®BUICI, (5.1). To a suspension of CoLf(18 mg, 0.14 mmol) in 4.5 mL of
methanol, a solution of L°NHBU (96 mg, 0.13 mmol) in 4.5 mL of ethanol was added. The
solution instantly turned orange and was allowed to stir for 16 hours until all the blughadCl

dissolved. The solution was concentrated to 2 mtaicuoand crystals grown by ether diffusion
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into the methanolic solution. OrangerXy quality crystals were isolated by vacuum filtration and
washed with diethyl ether (2 x 5 mL) to afford 96 mg of product (85% yield)M=5(+) (MeOH):
m/z384.9 ([ColX'ONHBU)2* ' 768.4 ([Col ONHBY H])*, 804.3 ([Col' ONHBYICI)*. 1H NMR (400
MHz, CDsCN): 180, 135, 108, 53, 43, 131.0,11.3,116 ppm. U\-vis (CHsCN) ama/nm

( WM'LEm'l) 234 (56400), 292, (43100), 373 (2800), 450 (sh, 650), 510 (sh, 240), 90&r{aD).
Calcd for Go.gHe1.2Cl2CoN1oO4s (5.1:0.8 CHOH; methanol is observed in thg C, 54.54; H,
6.87; N, 15.59. Found: C, 54.35; H, 6.15;,80.

[CoLSTONH®BUIBY; (5.2). A solution of CoBsAx H-O (12 mg, 0.054 mmol) in 3 mL of
methanol was added to a solution §fAYHBY (43 mg, 0.060 mmol) in 3 mL of methanol. The
solution color instantly turned orange. The solution was stirred for i lamd then concentrated
to 3 mL invacua X-ray quality orange crystals were grown by ether diffusion into the methanolic
solution. The crystals were isolated by vacuum filtration, washed with diethyl ether (2 x 5 mL) to
afford 45 mg of product (88% yig). ESIMS (+) (MeOH):m/z384.8 ([Col>' ONMBU))2* 848 3
([CoL5 ONHBYIB)* 14 NMR (400 MHz, CRCN): 181, 136, 109, 53, 43, 18).6,10.8,i 15 ppm.
UV-vis (CHsCN) amad n mw/Mi 48m'Y) 220 (sh, 45600), 240 (sh, 35000), 287 (24600), 369
(2900) 450 (sh, 675), 510 (sh, 250), 902 (HYal Calcd for GoHe1.8BrCoN1oOs.75 (5.2:1.75
H.O-MeOH; methanol and water are observed intHhédMR spectrum): C, 48.36; H, 6.19; N,
14.11. Found: C, 48.37; H, 6.24; N, 14.10.

[CoL STONHBU]|; (5,3). A solution of Coj (12 mg, 0.08 mmol) in 10 mL of methanol was
added to a solution of°[ONH®BY (54 mg, 0.08 mmol) in 3 mL of methanol. The solution color
instantly turned orange. The solutiwas allowed to stir for 1 hour and concentrated to 3 mL in
vacua X-ray quality orange crystals were grown by ether diffusion into the methanolic solution

(73 mg, 94% yield). ESMS (+) (MeOH):m/z384.8 ([Col>' ONHBU)2* 769.5 ([Col> ONHBUH)*,
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8963 ([CoL™ ONHBU ) * 14 NMR (400 MHz, CRCN): 178, 148, 108, 52, 44, 13, 2.3, .03 ppm.
UV-vis (CHsCN) amay n mu/M' H8m'1) 287 (35500), 370 (4000), 450 (sh, 900), 510 (sh, 360)
908 (10).Anal Calcd for GoHsol2CON1gOs 5 (5.3 1 CHOH-0.5 HO; methanoland water are
observed in théH NMR spectrum): C, 45.12; H, 5.59; N, 13.16. Found: C, 44.89; H, 5.44; N
13.24.

[CoL 5TONHIBUI(CIO 4)2 (5.4). A solution of Co(CIQ)2 A 80 (84 mg, 0.22 mmol) in 4.5
mL of methanol was added to a solution &8 (150mg, 0.21 mmol) in 10.5 mL of methanol.

The reaction instantly turned orange. The solution was allowed to stir for 16 hours and then
concentrated to 3 mL imacua X-ray quality orange crystals were grown by ether diffusion into
the methanolic solution (20#g, 90% yield). ESMS (+) (MeOH):m/z384.8 ([Col> ONHBU]) 2+,

868.4 ([Col® ONHBU(ClO,))*. 'H NMR (400 MHz, CQCN): 177, 160, 108, 51, 44, 13, 4, 0.2,

12 ppm UV-vis (CHCN) amad N mu/M Ylimi %) 237 (31000), 287 (25400), 373 (3200), 450 (sh,
750), 510, (sh, 260), 900 (1Anal Calcd for GeHs4Cl2CoN1oO11: C, 48.35; H, 5.62; N, 14.46.
Found: C, 48.49; H, 5.78; 14.46.

5.3.2 Magnetic MeasurementsdMagnetic data fob.1, 5.2and5.4were collected using a
Quantum Design model MPMSL superconducting quantum interference device (SQUID)
magnetometer. Measurements were collected using crystals, 6f2,and5.4 packed into the top
of gelatin capsules and restrained with thétdro portion of the capsule. All samples were
prepared under a dinitrogen atmosphere and quickly loaded into the SQUID to minimize air
exposure. Direct current (DC) susceptibility measurements of crystal8 were performed on a
Quantum Design model PE3/Dynacool equipped with a VSM transport system. The sample was
encased in a polypropylene powder holder prepared under a dinitrogen atmosphere and quickly

loaded into the instrument to minimize air exposilifee absence of ferromagnetic impurities was
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corfirmed by observing the linearity of a plot of magnetization vs. field at 100 &ll cases, DC
susceptibility measurements were collected from 1.8 K to 300 K under an applied DC field of 1000
Oe. For magnetization experiments, crystal$df 5.2, and5.4 were encased in six drops of
solidified eicosane and crystals B6f3 were pressed in a polypropylene powder holder and
measured from 1.8 to 30 K under applied DC fields of 1, 2, 3, 4, and 5 T. Data were corrected for
the magnetization of the sample d@i by subtracting the susceptibility of an empty container and
for diamagnetic contri buti ons 3dHeordtidaldits sf thenp | e
susceptibility data were obtained using a relative error minimization routine (juDé3uging a

Hamiltonian of the formiO z qU’Y JY8Fits of the magnetization data were obtained with the

ANISOFIT2.G* program using a Hamiltonian of the foié OY O°Y Y "Q 1 "YOb.
Alternatingcurrent (AC) susceptibility was measured %ot 5.4 under a 4 Oe ac driving field at
frequencies from 1 to 1488 Hz at 1.9 K under applied dc field from 0 to 5000 Oe. For variable
temperature ac susceptibility®fl, measurements were performed in the temperature range of 1.8
to 4.6 K under an applied dc field of 2500 Oe.

5.3.3 Xray Structure Determinations. All single crystals were coated in ParatbNeoil
prior to removal from the glovebox. Data collection wasformed by mounting a single crystal
on a Cryoloop under a stream of dinitrogen. Data sets were collected targeting complete coverage
and fourfold redundancy. Integrations of the raw data were done using the Apex Il software
package and absorption cotiens were applied using SADABS The structures were solved
using direct methasland refined against Eising SHELXTL 6.14 software packadfeUnless
otherwise noted, thermal parameters for all-hgdrogen atoms were refined anisotropically.

Hydrogen atoms were added at the ideal positions and refined usdiggamodel in which the
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isotropic displacement parameters were set at 1.2 times those of the attached carbon atom (1.5
times for methyl carbons).

Due to the packing of the cations®f, 5.2, and5.3, one of the chargbalancing anions
appears to be ghly disordered over several locations within an apparent void space. The addition
of disordered solvent molecules further complicates modeling of the disordered anion. Several
attempts to explicitly model the disorder Ro did not afford significant improvement to the
agreement factors. Additional attempts to model the disorder in the lower symmetry space group
Pp gave similar problems with the disordered anion and solvent. Thus, SQUEEZE was employed
to remove the residual electron density due tostend charge balancing anion. The residual
electron density per unit cell fér1was determined to be 70 electrons and 620aMuich would
account for two chloride anions and 2 methanol molecules per unit cell. For cdiligre void
space within therystal lattice was determined to be 659ahkd 114 electrons per unit cell. This
eguates to two bromide anions and 2.33 methanol molecules per unit cell. Lastly, the void space
of complex5.3was determined to be 675 And 284 electrons per unit cell.i§lequates to two
iodide anions and 9.8 methanol molecules per unit cell. The chemical formulas supplied in Table
5.1 do not account for the disordered components that were removed via SQUEEZE.

5.3.4 Other Physical MethodslInfrared spectra were measureithva Nicolet 380 FTIR
under a dinitrogen flow using an ATR attachment with a ZnSe cry&tahle absorption spectra
were obtained using an Agilent 8453 Wisible spectrometer under dnee conditions using a
quartz cuvette!H NMR spectra were recoed using Varian INOVA instruments operating at 400
MHz. Paramagnetic spectra were acquired at room temperature collecting 512 scans in a spectral
window from-22.5 to 200 ppm using an acquisition time of 1 second and a 1 ms relaxation delay.

Mass spectra @re obtained on a Finnigan LCQ Duo mass spectrometer equipped with an
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electrospray ion source and quadrupole ion trap mass analyzer in positive ion mode. Elemental

analysis was performed by Robertson Microlit Laboratories in Ledgewood, NJ.

Table 5.1.Crysallographic and structural refinement data for [E8NMBY|CI, (5.1), [CoL®
ONHtBu]Br2 (5.2)’ [COLST ONHtBu]l 2 (5.3), [COL5'|'ONHtBu](C|O4)2 (5.4)'

5.1 5.2 5.3 5.4
Empirical
formula C39Hs54CICON1003 C3oHs54BrCoN1oO3  C3oHs4ICON1003  C3oH54C0ON10Cl2011
Formulawt/
g Arto | 805.30 849.76 896.75 968.75
Crystal color orange orange orange yellow
Habit parallelepiped  block block block
Temperature/K120(2) 120(2) 120(2) 120(2)
Crystal system Trigonal Trigonal Trigonal Triclinic
Space group P3 Po Po Pp
Z 2 2 2 2
alA 15.23350(10) 15.5579(15) 15.8091(7) 12.7632(10)
b/A 15.23350(10) 15.5579(15) 15.8091(7) 12.8064(10)
c/A 12.5157(2) 12.1716(17) 12.0675(10) 14.9046(11)
U/ A 90 90 90 75.900(4)
b/ A 90 90 90 83.780(4)
o/ A 120 120 120 74.500(4)
Volume/A 2515.27(5) 2551.4(6) 2611.9(3) 2274.4(3)
dead  g°A c mO063 1.106 1.140 1.415
GOF 1.073 1.157 1.086 1.023
Ri (WR2)/% 6.67 (20.82) 5.56 (19.65) 3.48 (9.84) 4.25 (8.41)

Ri= Kofi |Fe| | HolwRe =

124

{(WEFE T R 1 w2



5.4 Results

5.4.1 Synthesis and Characteriz#on. The compounds [CALONTBYX, (X = CI' (5.1),
Br' (5.2, 1" (5.3) CIO4' (5.4)) were synthesized under a dinitrogen atmosphere by combining 1: 1
mixtures of CoX and the tripodal ligand, 1°NHBY in methanol. The reaction is immediate as
indicated ly the instantaneous change in color of the solution, which persisted with time. Diffusion
of diethyl ether into concentrated orange methanolic solutions readily afford orange crystals of the
four salts. In solution and solid state, these species appaaaiestable and remain orange upon
exposure to air, but were treated assainsitive species to ensure complex stability and oxidation
state of the metal.

All four salts were analyzed B NMR, IR, MS, and elemental analysis dnacetonitrile
at roan temperature, the complexes are all ksgin, as indicated by the paramagnetic broadening
of the NMR spectra (Figures 5.1). Depending on the cHaatgncing anion, significant
differences are observed in the chemical shifts of many of the protonsatingithat the
hydrogenbonding interactions imparted by the amide are maintained in a polar, aprotic solution.
Similar behavior has been observed with salts of the analogous diamagnetic Fe(ll) complex.

Compari sBnspécthae o06f the four sal-bendinngcai
on the compliHx .stTheda clhr wdd tNhe ami de f uldotri onal
5.tlo 3 2'flc5rctBo 3 2'Uf3c5rcvBhi | e this stretclebomtcur s
3346''(ckmgure 5.2). The carbonyl stretch also
increasing anion silfe5.tlmo 6'bBfgoSrt mMAMdl 64 DdDnaml vy,
stretch assignhn@dcaesteh@dccmNoaondd2®Femence bet

5.(11550) can®@1530) c(nFi gure 5. 2bH. NMRakpgous at of
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Figure 5.2.FT-IR comparison of complexés1i 5.4 performed by pressing crystalline samples onto a ZnSe ATR crystal.
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salts, the hydrogen bonding interactions thro
structure of the-dleing&naé&nwiotnls marnve ngh ar ge eat er
di ffuse anions.

Mass cmpe@mny el ement al anablys3iasn do ft hteh ep ehr aclhil
sabdj,ndi catckedipraedd ot tes arnea dfsoh areglei dh enb stereved
spebteathe desired mol eculoanre wehagriagtecfi mrg anl b n:
|l oss of a pr-odmtnaiamidn @ sElbaail gvsh iwiht hi sa c2oth si st ¢
oxidation st aC€Cec oy safidet! hineeradali oinS1ia3ppd r ¢ MR, f IoR
and Beafs.ed onttahe asmlad yslc s cr gsmpl ¢t wec!| evc it lhesabpe
Co(Ill)S52cerctreyrs,t al | i zes with appBoacmpsedlyl 2z &%
approximately 1.5 molecules per Co(ll) center

5.4.2 Xray Structural Analyses. Singlecrystal X-ray structures collected at 120 K show
the halide salt5.1i 5.3crystallize in the hexagonal space gré&igpand compoun8.4crystallizes
in Pp. The coordination environment of the metal center consists of the expectbld Co
coordination enviroment with bonds to three imine and three pyridine nitrogens in a distorted
octahedron (Figure 5.3). The coordination environment for the cobalt centers show that the Co
NimineboNd lengths (2.091(82.121(3) A) are shorter than thei®yridine bond lenghs (2.211(4)

2.264(4) A) (Table 5.2). This is a trend seen in iminopyridiased firstow transition metal
complexes’®® and these bond lengths are typical for kégin Co(ll) in a N coordination
environment. The distortion paramet&$+! and U%%4? indicate that these structures are highly
distorted from perfect octahedra as these values deviate substantiallQ*r&faluesof the

trigonal distortion parametéi*® range from 49.9° fdb.1to 51.4° for5.3, indicating that while the
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010

Figure 5.3 X-ray crystal structures &.1 (top, left),5.2 (top, right),5.3 (bottom, left), andb.4

(bottom, right) depicted with 40% thermal ellipsoids. Co, N, C, O, CI, Br, and | atoms are
represented by teal, blue, gray, red, green, orange, and purple respectively. Hydrogen atoms and
atoms labels fo€3 symmetric complexes have been omitted farity.
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Table 5.2.Selected bond lengths and angles5di 5.4.

5.1 5.2 5.3 5.4
Cai Nimine (A) 2.121[3} 2.106[3] 2.104[4] 2.100(3%
Coi Npyridine (A) 2.262[3] 2.252[5] 2.259[4] 2.247(3)
Cai Nbrigge(A) 2.574[3] 2.595[4] 2.639[6] 2.706[2]
Nimine plandtO Npyrigine plane(A) ~ 1.97[3] 2.09[4] 2.09[3] 2.04(1)
Cai Nimine plane(A) 0.707 0.724 0.734 0.766
Cai Npyrigine plane(A) 1.391 1.368 1.335 1.310
G (°) 49.93[15] 50.7[2] 51.4[1] 51.3(8)
Z(°) 125.9(3) 120.4(4) 116.9(5) 113.3(2)
U (°) 200 189 193 187
N Nimine (&) 3.463[5] 3.424[6] 3.415[6] 3.387(4)
N Npyridine (A) 3.089[5] 3.099[6] 3.155[6] 3.162(4)
C=Nimine® (A) 1.264[4] 1.281[5] 1.277[6] 1.266(4)
Ci Cimine® (A) 1.476[5] 1.461[6] 1.468[6] 1.467(5)
C=Noyridine (A) 1.354(5] 1.365([5] 1.357[6] 1.354(5)
Amide torsion (°) 34.6 30.6 29.8 62.4
Namide - X 3.213[3] 3.424[4] 3.615[4] 3.026[2]
2.918[3]
3.370[3]
Namide - -Namide 5.557[5] 5.892[6] 6.209[3 6.090[3]
7.241[3]
5.563[2]
Co---X 5.161[2] 5.238[1] 5.2116[6] 5.3027[7}
Co---CQuaraliel (A) 12.5157[2] 12.172[2] 12.068[1] 12.763[1]
Co---Cauntiparaliel (A) 9.2920[5] 9.392[1] 9.4798[9] 8.0030[8]
X --Cethylene 4.569[4] 4.156[5] 4.062[2] 3.3593]°
3.208[3]
3.316[3]

aSignifies the e.s.d. as determined by SHELXTL

® The e.s.d determined as the square root of the sum of the e.s.d. of the averaged values.
¢ For definition, see Figure 5.4

4 Defined as Co---Cl distance

¢ Defined as the O-G distance

coordination environments of the cations are highly distorted, the geometries are closer to
octahedral (60°) than trigonal prismatic (0°).
For each metal salt studied, one anion is encapsulated within the trigonal pocket formed by

the ligand. he three amide moieties of the ligand form hydregending interactions with this
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anion. Since the halide safisli 5.3assume thre®ld rotational symmetry, these interactions are
identical between the arms. In comparison, the asymmetry of the petelsioueture 05.4makes
these interactions uneven; one oxygen of the perchlorate partakes in a bifurcated hydrogen bond
with two amides while the third arm engages in one hydrogen bond to an adjacent oxygen on the
same anion. As expected, with increasangi on si ze, the distance bet
the NH of the amides increases in length (3.213[3] A Sdrto 3.615[4] A for5.3) and
subsequently the size of thecket, as measured by the N---N distances, also increases (Table 5.2).
Coincidenly, as the anion size increases frémi 5.4, the CéN bond lengths tend to
shorten while the bridgehead nitrogendye to Co distance becomes longer. The coordination
geometry of5.1 could be consider more pseuleptadentate cobalt center then lemdmore a
more hexadentate coordination environment when larger anién& m4 are used. Additionally
to the differences in the coordination environments between the salts, subtle differences in the
bond lengths of the imines are also observed (TaBleid Figure 5.4). Use of chloride as the
chargebalancing anion ir5.1 produces the shortest Crle (1.264[4] A) and longest imine
(1.476[5] A) bond lengths observed for this series of complexes. Changing the anion to bromide
in 5.2 promotes elongaiin of the C=Nhine bond (1.281[5] A) and shortening of th& Gmine bond
(1.461[6] A), which are the longest and shortest bonds observed for this series of salts,
respectively. Recognizing that iminopyridines are known to be redox noninffétamparison
of these bonds to other iminopyridibased complexes indicate that these bonds are more
reminiscent of neutraminopyridines as opposed to ligand radicals. The iodide and perchlorate

salts have bond lengths that lie within the range of the chloride and bromide salts.
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Chloride (5.1) Bromide (5.2) lodide (5.3) Perchlorate (5.4)

N N N N
1.264[4] 1.281[5] 1.277[6] 1.266(4)
Y N N N

" 1.476[5]  1.461[6] . 1.468[6] T 1.467(5)
1.354[5] =\ 1.365[5] = 1.357[6] = 1.354(5) =
= = = =
07 "N-H 07 "N-H 07 N-H 07 N-H

X X BY S

Figure 5.4.Comparison of the iminopyridine bond lengths (A)3adli 5.4 C=Nimine, G Cimine,
and C=Npyridine are represented in red, blue, and green, respectively.

The solidstate packing of complex@&sli 5.3 results in the formation of channels within
the structure, which contain cocrystallized solvent and the set@mgebalancing anion (Figure
5.5). The shortest intermolecul ar530¢AMEBICo di s
A) for 5.4 For complexes.1i 5.3, these distances are sufficient to form wistllated species,
short intermolecular contacts & s een bet ween the perchlorate p
pocket and the ethylene backborf@ adjacent cation (Figure $.Analogous distances between
the anion and ethylene backbone are substantially longer for the halide salts studiatingndi
little communication between cations through these interactions.

5.4.3 Magnetic Susceptibility MeasurementsThe temperature dependent magnetic
susceptibility éuT vs T) collected under an applied dc field of 1000 Oe from 2 to 300 K indicate
all species are higbpin = 3/2)at all temperatures (Figure 3.8\t room temperaturesuT for
5.1is 2.82 cmi-K-mol'%, 5.2 is 2.83 cm-K-mol'?, 5.3 is 3.02 cmi-K-mol'l, and5.4 is 2.91
cm-K-mol'L. These values are higher than the theoretigalvalue expected for 8= 3/2 spin
system (1.875 ciK-mol'!) assumingg = 2, but are consistent with previously studied Co(ll)
complexe€24® TheeuT values of all species remain relatively constant at temperatures above 50
K. Significant downturn ineuT is seen for5.1 below ® K, decreasing in value from 2.40

cm®-K-mol't at 50 K to 1.52 cfiK-mol'lat 2 K. At temperatures below 20 K, downturns in the
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Figure 5.5 Packing plot 06.1 down ¢ axis. Complex cations depicted as either red or blue to
differentiate the direction&y of amide groups (red: outf-plane of paper; blue: into plane of

paper).

Figure 5.6. Packing plot 06.4 down ¢ axis. Complex cations depicted as either red or blue to
differentiate the directionality of amide groups (red:-ofiplane of paper; bk into plane of
134
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Figure 5.7. Intermolecular interactions for the structure of comgek Atoms are rendered with

40% thermal ellipsoids. Co, N, C, O, and Cl atoms are represented by teal, blue, gray, red, and
green respectively. Dashed lineslicate close intermolecular contacts. Hydrogen atoms, except
those of the amides, are omitted for clarity.

magneticsusceptibility are also observed ®Rand5.3, decreasingrom 2.47 cmi-K-mol't at 20

K to 2.03 cni-K-mol'! by 2 K for5.2and 2.27 cthiK-mol'! at 20 K to 1.59 cfiK-mol't at 2 K

for 5.3, The significant downturn ieuT is attributed to the magnetic anisotropy of the Co(ll)
complex. In comparisory.4 displays a similar decreasedaT at low temperatures, reaching a
minimum at 34 K of 2.@ cn?-K-mol'?, then displays a slight increasesifil, maximizing at 2.49
cm?-K-mol'! at 8 K and finally decreasing to 2.04 tKr-mol'! at 2 K. This increase displayed in
evT for 5.4 is tentatively attributed to weak ferromagnetic coupling between thd oestters
through the perchlorate anion.

Fitting of the susceptibility data using jui3for 5.1i 5.3with a spin Hamiltonian that incorporates
a zerofield splitting parameter) were attempted of the data from 2 to 300 K (Table 5.3). The
best fits of these data produd@dralues of 11.9, 2.4, and 3.6 Cnfor 5.1i 5.3, respectively. There

is also a significant amount of temperatiurdependent paramagnetism accounted for in the
fitting, attributed to unquenched orbital angular momentum. Similarly, thissalso extracted

|E|/D values, which ranged from 0.045 drfor 5.1to 0.62 c* for 5.3. Sinceb.4displays apparent
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Figure 5.8 Variable temperature magnetic susceptibility measuremedid.4. The lines are
guides for the eyddqc = 1000 Oe.

ferromagnetic coupling, attempts at modeling this data in aaifieishion was unsuccessful and
supplied poor fits to the data.

Measurement of the magnetization was performed by sweeping temperature under various
apdied field up to 5 T (Figure 5)9 Saturation of the magnetization occurs aroundug for 5.1,
5.3 ard 5.4 with 5.2 saturating around B at 5 T. This corroborates with tihé (us) values for
three unpaired electrons, thus confirming & 3/2 ground state of these Co(ll) complexes.
Saturation values of less thapgare expected fd8= 3/2 systems whegis greater than 2, which
is an indication of magnetic anisotropy. The +omerlaying isofield lines confirm that the
downturn inevT is due to the presence of magnetic anisotropy of the Co(ll) center. Overall, the
curve shapes are similar for all thdtsabut the maximization of the magnetization %02 is
highest in comparison. This is consistent with lower anisotropy. Fitting of the reduced field data
(M vs H/T) was performed using ANISOFIT 230(Table 5.3 and Tables 5.3.4). In cases where
the fit from ANISOFIT 2.0 produced valudg | OD|,|th& priBciple values of tH2-tensor were

reassigned to fulfill the following relationship:
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D4 DYl DA | (1)
The values oD, Dyy, andDxx were determined by the following egtions, using the

outputD andE values obtained from ANISOFIT 2.0:

Dz= 2/3D (Za)
Dyy=1/3D i E (2b)
Dwx=1/3D +E (2¢)

Cyclic permutations were performed in order to transform the largest value determined
from the equations above to satisfy (Upon reorientation of thé®-tensors the following
equations are employed to calculate the DeandE values:

D= 3/2:)222 T 3/2(Dxx + Dyy) (3)
E= 1/2(Dxx T Dyy) (4)

Based on these fits, the chloride séltl, exhibits the most anisotropic center witte t
largestD and smalles]|/D values, whilés.2determined this species possess the smaélleatue,
but a moderatee|/D value. Comparison of these values with the values extracted from the fits of
the variabletemperature magnetic susceptibility dgitee good qualitative agreement between the
two methods. While the sign &f cannot be accurately determined using either of these methods,
the agreement between these methods allows us to at least be confidemhagnitude of these

values.

Table 5.3.Comparison oD and E|/D parameters obtained from fitting of susceptibility data
using julX and magnetization data using ANISOFIT 2.0.

i ul X ANl SOF.I O
Compotig D(c'Hh [El / DY g D(c'Hh [E / D"
5.1 2.211.870.045 2.39.49 0.004
5.2 2.22.42 0.13 2.32.53 0.058
5.3 2.23.59 0.62 2.14.22 0.335
5. 4 N/ DN/ D N/ D 2.24.63 0.060
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Figure 5.9 M vs H/T curves fob.1(a),5.2(b),5.3(c),and5.4(d). Lines are of bedit determined
by fitting in ANISOFIT 2.0
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