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Abstract

Stabilizing metal-ligand multiple bonds is imgont for the understanding of biological
intermediates, as well as, for their use in graapdgfer reactions. Two considerations to make
when developing a ligand system to support meg@ld multiple bonds are the strength of the
ligand and the symmetry of the ligand. Herein, guoup has proposed a class of four-
coordinate, strongs-donor ligands by synthesizing macrocyclic tetraiazoliums that form
tetracarbenes upon deprotonation. By examining mtbeory, these systems should allow for
the formation of complexes with metal-ligand mukipoonds in a bent square pyramidal
geometry that exhibit high oxidation states andehspin states.

The first step in accomplishing this goal was $lgathesis of a neutral, 18-atom ringed
macrocyclic tetraimidazolium system. By employingvaak base deprotonation strategy, we
were able to form a platinum tetracarbene compléXike previous macrocyclic tetracarbene
systems, our complex was rigid in solution, allogvilor accessible apical positions. A major
drawback to this first neutral, 18-atom ringed noagclic tetracarbene system was its inherent
insolubility in nonpolar solvents. In order to coemgate for this shortcoming, we added two
borate moieties to second generation macrocydiiaiteidazoliums, leading to dianionic ligands
upon deprotonation. These three additional systemsuded two 16-atom ringed
tetraimidazoliums and one 18-atom ringed tetraimatlam. While results of forming metal
complexes with the 16-atom ringed variants are nmugete, we were able to form metal
complexes with the 18-atom ringed, borate-basedhdatbene ligand. Not only did the
complexes formed by the 18-atom ringed, boratecbds&acarbene ligand have enhanced
solubility in solvents such as toluene, but prehiany results suggest they may stabilize metal-

ligand multiple bonds.
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Introduction

Stabilizing metal-ligand multiple bonds is impart since many biological and chemical
processes go through reactive intermediates thatitcometal-ligand multiple bondssuch as
the activation of dioxygen to produce methanol Bnwoxygenase reactiofsBy isolating these
reactive intermediates, we are able to gain a bettderstanding of how these reactions proceed
and ultimately manipulate them for enhancing champrocesses, such as group transfer
reactions’ Two important aspects of stabilizing metal-ligandltiple bonds are the ligand donor
strength and symmetry of the auxiliary ligand botmthe metal centéf.Figure 1.1 highlights a
few examples of metal-ligand multiple bonds isadalbg ligands of various donor strengths and
various symmetries. By examining the spin states lanation of the electrons in the energy
orbital diagrams from Figure 1.1, it can be conelddhat Smith’s Fe(IV) nitrideis more stable
than Que’s Fe(IV) oxband Hillhouse’s Ni(ll) imid2 due to the fact that it has four paired
electrons in non-bonding orbitals and a large HOM@MO gap due to the ligand donor
strength of Smith’s auxiliary ligand. The inherehiange in stability and reactivity is due to the
fact that as ligand donor strength increases, tieegy gap between the non-bonding and anti-
bonding orbitals increases concurrently. Althoughhiduse uses a strong ligand, the d-count of

his complex is such that electrons must occupyattiebonding orbitals.
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Figure I.1. Energy splitting diagrams of previously synthedimeetal-ligand multiple bonds

in various geometries and with various strengtarias.

A more comparative example of the difference ofveak donor and a strong donor
stabilizing metal-ligand multiple bonds entails kow at systems in the same geometry with an
identical d-count. Figure 1.2 shows the differermtween a weak donor ligand and a strong
donor ligand both in a bent square pyramidal gepmeith a d electron count.In the case of
the weak donor ligand with-bonding, the complex is a more reactive, high-ggimplex where
S = 2; however, for the strong donor ligand withbonding, the complex is a less reactive, low-
spin complex withS = 0. Since both pairs of electrons for the strdogor ligand are in non-

bonding orbitals and the anti-bonding orbitals @meccupied, this complex is more stable. If an
2



electron is promoted into the anti-boding orbitatlte strong donor ligand, however, it will be
more destabilized and hence more reactive sinte of a higher energy than its weak donor
counterpart. Due to this apparent stability usitigrgyer donor ligands and enhanced reactivity
upon electron promotion, our group is focused angistrongc-donating systems in order to

stabilize high-valent complexes with metal-ligandltiple bonds.

® dyz,xz
+ de _______________ de dX-y _____________ AHV dxy
energy
it 0 i
L i LML
Weak donor Bent square pyramidal Strong donor
S=2 _ S=0
X = Single bond
E = Imide

Figure 1.2. Comparison of an energy splitting diagram of bemquare pyramidal complexes

with a strong vs. weak-field donor.



As previously stated, donor strength and symmetmhe auxiliary ligand determine the
stability of metal-ligand multiple bonds. Along wisynthesizing a strongrdonating ligand, we
were interested in incorporating it into a tetradém macrocyclic system. Macrocyclic ligands
have previously been shown to play a major roleaitalysis and small molecule activation both
in biological and synthetic systerhsA major reason for the success of macrocyclicriiz
especially tetradentate ligands, is that four egjigtsites in a plane about a transition metal are
blocked, allowing for reactions to be mediated e &pical positions. We believed that by
synthesizing a strongrdonating, tetradentate ligand that we could takeaatage of these freely
accessible apical sites and synthesize complexbéswvel metal-ligand multiple bonds.

Typically, phosphines have been used as sisetignating ligands. Since phosphines are
typically sensitive to @° there has been a push towards N-heterocyclic carsgstems due to
their inherent stability in the presence of.*CFor our ligand system, we decided to synthesis
macrocycle tetracarbene complexes. With respeciuuteent research on macrocyclic carbene
complexes, only two research groups have thusdan lable to synthesize such species (Figure
1.3). The first reported macrocyclic carbene wd$atom ringed platinum tetracarbene complex
by Hahn's groug® Later, Murphy's group synthesized several 24-atoimged metal
tetracarbenes. In regards to size, Hahn's comptexfar more suitable for monomeric
complexation, since it has a methyl-bridge betweaoh carbene, which induces rigidity and
gives 6-member rings around the metal center as Bedigure 1.4"° Hahn synthesized his
complex using a templating reaction in which fouonomeric carbenes were attached to the
platinum before linking them together, thus makthg tetracarben®. This kind of synthesis
generally pertains only to transition metals that ®ond activate, hence this synthetic protocol

is limited. As far as synthetic methodology, Murjghgpproach is more applicable to a wide

4



range of transition metals, because he was aljpeejmare a free tetraimidazolium ligand before
putting it on a metal centét.Unfortunately, Murphy’s tetraimidazolium is a 2t ringed
macrocycle, which produces saddle-shaped complekbasblocked apical positions as seen in
Figure 1.6™* Furthermore, Murphy’s 24-atom ringed macrocyclerfed palladium, nickel, and
cobalt monomeric species, yet dimeric species ¥eeraed on silver and copp&rWerealized a
solution to the pitfalls of both of these tetra@ar® metal complexation methods would be

synthesizing a free tetraimidazolium ligand withG or 18- atom ring.

R R,

Jﬂez (2 R\%)N/\/\N N\,—R
N N N kN
NJK )&N
M

M = Pd, Ni, Co

Figure 1.3. Hahn’s templated 16-atom ringed macrocycle (lfij) Murphy’s 24-atom ringed

macrocycle using a tetraimidazolium (right).



Figure 1.4. Top-down (left) and side-view (right) of Hahn’s -d6om ringed macrocycle.
Blue, gray, and aqua ellipsoids (50% probabilitgpresent N, C, and Pt, respectively.

Hydrogens and anions have been omitted for clarity.

g-_\,_(

Figure 1.5. Murphy’s 24-atom ringed nickel complex with saddliaround the metal center.
Blue, gray, and teal ellipsoids (50% probability@present N, C, and Ni, respectively.

Hydrogens and anions have been omitted for clarity.



Our research goal was to synthesize 16- or 18-atoged tetraimidazolium precursors
that could be deprotonated to form monomeric ten@@ne complexes. By synthesizing
complexes of a smaller ring size than Murphy’s,bgéeved our complexes would be more rigid
and not buckled at the apical positions, allowiogdccess to the metal centers. The first step of
this process involved the synthesis of a diimidezdhat then had to be fused together by a
dielectrophile. Once the synthesis of a tetraimitlamm was complete, complexation was
accomplished by using both a weak and strong bgseach. From here, our research turned to
making more soluble macrocyclic tetracarbenes.rtteioto accomplish this task, we installed
borates into our macrocycles to reduce the ovehaige, allowing the formation of isostructural
complexes that were different electronically.

Two side projects were the investigation of catalygactions using one of our 18-atom
ringed tetracarbene complexes and determining thlibg mode of aryl phosphines on a
surface. The first project entailed screening diidtion, epoxidation, and cyclopropanation
reactions using various reaction conditions. Theselts were then compared to our previously
obtained results. For the bonding mode of aryl phowes, we examined secondary aryl
phosphines, secondary aryl phosphine oxides, amidriearyl phosphines using Raman. The
objective was to determine which complexes bonded w&hich did not, and ultimately to

determine their bonding mode to metal surfaces.
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Chapter 1

Synthesis of an 18-Atom Ringed Tetracarbene
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A version of this chapter was originally publisHedHeather M. Bass, S. Alan Cramer, Julia L.
Price, and David M. Jenkins:

Bass, H. M.; Cramer, S. A.; Price, J. L.; JenkidsM. “18-Atom-Ringed Macrocyclic
Tetraimidazoliums for Preparation of Monomeric &etirbene Complexe<Organometallics

201Q 29, 3235-3238.
Abstract

The 18-atom ringed macrocyclic tetraimidazolium{®STC™)(OTf)s, was formed
through a two-step process and without the use ibdited solvent conditions. The
tetraimidazolium was the exclusive product, as gpgoto the concurrent formation of a
tetraimidazolium and diimidazolium species. Dueit® small ring size, this 18-atom ringed
macrocyclic tetraimidazolium should favor monometcmmplexation. By employing a weak
base deprotonation strategy, the macrocyclic tetbeme platinum complex,
[(MeETCMPL](OTf),, was synthesized. Although not conclusively conéd, ESI/MS also
suggested the formation of two other metal compexé!*=TC)IrH](OTf), and

[(MeETCHYRhH](OT),.
Introduction

The stabilization of complexes that contain mégand multiple bonds, such as oxo and
nitride ligands, is dependent on the symmetry ambd strength of the auxiliary ligands bound
to the transition metal.Recent advancements in the preparation of irors @ nitrides for
bioinorganic models of £and N activation have employed neutral tetradentate wed&nors,
such as cyclam, as the auxiliary macrocyclic liga@urrent research on three-fold symmetry

complexes of irohand cobaft has demonstrated that increasing #hdonor strength of the
11



auxiliary ligands stabilizes novel imido and nigidomplexes. To our knowledge, few neutral
tetradentate strongrdonor ligands have been synthesized. In fact,fegrocyclic tetradentate
phosphines have been prepared and isolated, dtieeitodifficult syntheses, instability, and
sensitivity to Q.° Lately, N-heterocyclic carbenes (NHCs) have become a mdractve
alternative to phosphines for many catalytic agpieans® In addition to strongs-donation,
NHCs exhibit other beneficial properties, in part&r their resistance to degradation in the
presence of @ This chapter presents an easy to synthesize stratumor macrocyclic tetra-
NHC that exclusively produces monomeric transitiogtal complexes.

Recently synthesized tethxheterocyclic carbene complexes include the claskestra-
monodentate-carbenes, bis-bidentate-carbesyes, macrocyclic tetradentate-carbefiéEhese
tetracarbene complexes have found potential apjglitaas near UV-phosphorescent emitlers,
radiopharmaceuticaf§,and catalyst precursofsYet, of these tetra-NHCs, only four examples
of monomeric macrocyclic tetracarbene complexesehlawen prepared, and both synthetic
approaches are somewhat limited in scope. Hahmthegis of the first macrocyclic tetracarbene
complex requires a templating reaction on platirftitm. addition to requiring a tetra-isocyanide
complex as a precursor to the monodentate carbgaeds, the synthesis also requires harsh
reagents like phosgene. The other two examples ha&en prepared from a macrocyclic
tetraimidazolium ligand and, although a few macdicy tetraimidazoliums have been
synthesized® only one of these species has been employed agaad! for synthesizing
tetracarbene complexes. Murphy’s group was abjgdpare a 24-atom ringed tetraimidazolium
using 1,3-diiodopropane as the key dielectroptutaihg formation* This tetracarbene ligand is

so large and flexible that some metal complexestayromeric, such as palladidthnickel

12



and cobalt?® but others are dimeric, such as siffemnd coppet? Since most NHC complexes

are prepared from imidazoliums, this approach glesia wider-ranging scope than templating.
Results and Discussion

We have synthesized an 18-atom ringed tetrairoldam macrocycle that should
exclusively favor monomeric complexation. In comgan to Murphy's 24-atom ringed
macrocycle, which suffered from saddling, our 1&atringed macrocycle should be more
suitable for forming planar complexes that willoa¥l for reactivity at the apical positions. This
tetraimidazolium was synthesized in multi-gram diiees using a simple two-step process
starting from commercially available imidazole amithout the use of dilute solvent conditions
(Scheme 1.1). We prepared 1,1'-methylene(bis-inol@31) using the methods of Diez-Batfa
and Claramunt® Although previous syntheses of macrocyclic tetidamolium species have
employed dihaloalkanes or dihaloxylenes as the diekectrophile for ring formatiof” ** we
were unsuccessful in our attempts at similar reastto produce smaller-sized macrocycles with
reagents such as diiodomethane and 1,2-diiodoethblosvever, utilizing the stronger
dielectrophile 1,2-bis-(trifoxy)ethafeallowed us to prepare the 18-atom ringed macracycl
tetraimidazolium, (®TC™)(OTf), (2) in greater than 15% yield and within three daye. were
then able to exchange the triflates to various teranions by mixing® with excess BusN)X
(where X = Cl or 1) in an acetonitrile solution yteld the appropriate halide analogue. Since
anion exchange must be from a hard anion to aaswdin and vice versa, in order to get thg PF
analogue, we used excess TdRKth either of our halide variants in acetonitri®&cheme
1.1/Reaction 3). By examining the C2 peak positiothe '"H NMR of each counteranion, it is

noted that as the donor strength and relative releegativity of the counteranion increases, the

13



C2 proton position shifts downfield due to the weraikg of the C2 carbon-proton bond, which
leads to deshielding of the proton. This effect lbarseen in Figure 1.1 and is most significant in
the chloride analogue. A compiled list of C2 valt@seach of the various counteranions can be

seenin Table 1.1.
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Reaction 1

AN
N“ "NH + CH,CI, + (TBA)Br)+ KOH ——— N

\—/ —/ =/

S\ (OTf)y
Reaction 2 />N NN />N
CH5;CN/60°C (N\A )g/[? {2{
R O A
N H N N

Reaction 3
(OTf)4

/~ N\ /— N\
/\N N/\§ />N NN
L e K

H

N N
_—
SN IR,

SYye S

Y
@(

7

—/
2 + TI(PFg)
(\ R CH4CN
7 N N™ N
NAH )¥N
(i)
S N2

—

Scheme .1. Synthesis of diimidazole (Reaction 1) followed bypet formation of
MeETCM(OTH), (2) (Reaction 2). Reaction 3 shows how to make eattesponding halide

analogue.
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Table 1.1. 'H NMR comparison in DMSOglof the C2 peak positions of the

tetraimidazolium, (®FTC™)(X) 4 based on various counteranions.

Counteranion | C2 Proton peak position
(Ppm)
PR 8.96
oTf 8.98
I 9.15
cr 9.87

L L
I Y I W ot
| O | .
. .l L l. A 'I. o

Figure 1.1."H NMR in DMSO-d; of ("*FTC"™)(X),with various counteranions.
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One challenge in the synthesis 8f{TC™)(OTf), is distinguishing between the di-
imidazolium species3) shown in Scheme 1.1 and the desired macrocyg#ciss ) since they
are often synthesized concurrent!y. ***H and *C NMR for the white solid formed were
consistent with imidazolium formation, and althoutiis evidence was not sufficient to
distinguish betweeg and3,? high resolution ESI/MS conclusively confirmed floemation of
2, as opposed t8. The ESI/MS spectrum exhibited peaks at 167.1 281 nm/z (Figure 1.2)
that are associated with'fETC™)(OTf)]*" and [[*FTC™)(OTf)4]*, respectively, and are unique
to 2. In addition, the peak at 325m/z exhibited isotopomers that were Y2 of a mass (patta
which is consistent with Y&5TC™)(OTf),]** from 2 and not with the 1+ ion &OTf. The ratio
of the isotopomers at 325M4/z is consistent with only2 and not a mixture o2 and 3.
Furthermore, the peak at 881¥z showed ¥4 of a mass unit splitting, which is caesiswith
[(MeETC™]** and not with the 2+ ion &-20Tf. Combined, these data demonstrate that oely th

macrocyclic 18-atom rin@, was isolated from the reaction.
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Figure 1.2. An example electrospray ionization mass spectrul/{ES) measured for an
acetonitrile solution of 2. The insets show highlights for the M{ETC™]*,
[(MeETChyOTHI, [(MeETCH(OTH,)?, and [["*FTCH)(OTf)3]" ions at 88.1, 167.1, 325.1,

and 799.1m/z, respectively.
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Further evidence that we formed o@yand not3 was the single crystal X-ray structure
we obtained o as seen in Figure 1.3. Alongside the high resaluE&I/MS evidence, the X-
ray structure corroborates thatis indeed a macrocycle. The crystal f8FTC)(OTf), was
obtained via vapor diffusion of diethyl ether ic@centrated DMSO solution. In comparison to
Murphy’s 24-atom ringed tetraimidazlium ligand, tteucture o seems to be highly restricted
in its mobility, suggesting that it would not saeldipon complexation as Murphy’s macrocycle

did, as well as, suggesting that it would exclusiferm monomeric metal complexés.

Figure 1.2. Crystal structure oft*=TC™)(OTf)4. Blue and grey ellipsoids (50% probability)

represent N and C, respectively. Counteranionshgdebgens have been omitted for clarity.

19



To test the ability o to form monomeric metal complexes, we synthesagdatinum
complex (Scheme 1.2). Bis-bidentate platifutfiand palladiuf carbene complexes that are
similar in size to4 have been prepared previously wasitu deprotonation with a weak base
from the free imidazolium ligands. Thallium salter& employed in the reaction to remove any
iodide ions and prevent anion confusion during fmaiion. Spectroscopic characterizationdof
was consistent with a tetracarbene complex. ThéMESbf 4 (Figure 1.4) shows peaks at 271.1
and 691.1m/z that are associated with"f*TC)Pt* and {[(*FTC™)Pt](OTH}*, respectively.
The geminal AB splitting pattern in tHel NMR of the protons on the methylene positiondon
demonstrates the rigidity of the ligand in solut{@gure 1.5 ®which is in direct contrast to
Murphy’s complext* The *C NMR of 4 is consistent with NHC formation with the carbene
peak at 158 ppm for which platinum satellites cdedcbbserved with #%Pt-C coupling constant

of 942 Hz, which is similar to Hahn’s obsen/&Pt-C coupling constant of 902 Hiz.

/TN (OTf), /\ (OTH)
<N H H N> + NEt; + Ptl, + TIOTf DMSO/85°C <N/Kpt N>
Ni(H H?N i N{ \7N
SN N SN N

2 4

Scheme .2. Formation of[(M®TC™)Pt](OTf), (4) from the reaction of ®=TC™)(OTf),

(2) with a weak base and platinum(ll) iodide.
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Figure 1.4. An example electrospray ionization mass spectrurasonred for an acetonitrile
solution of [(M*FTC™)Pt](OTf),. The insets show highlights for thé’{ETC™)Pt** and

{[(M*ETCHPL)(OTH)}* ions, which are seen at 271.1 and 6384, respectively.
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Figure 1.5. *H NMR of [("*ETC")Pt](OTf), in DMSO-d;, exhibiting geminal AB splitting
of the methylene and the ethylene positions, suggeshe rigidity of the complex in
solution. The inset is a highlight of thA& NMR carbene peak featuring platinum satellites

with a'®Pt-C coupling constant of 942 Hz.

In addition to the synthesis of"'ft®TC™)Pt](OTf),, we synthesized iridium and rhodium
complexes following the same weak base approadt fasehe platinum complex. Unlike their
platinum counterpart, both the iridium and rhodieE®I/MS exhibited metal hyrides with peaks
at 271.1 and 691.vz for [(M*FTC™)IrH]*? and {["*FTC™)IrH](OTf} * and 226.0 and 601.1
m/z for [(M*FTCYRhH]Z and{[("*FTC™"RhH](OTf)}", as seen in Figure 1.5. Presumably, this
anomaly arises from the fact that both rhodium igidélm prefer to be in the +3 oxidation state

as opposed to +1 oxidation state, thus causing@xresaction to occur. Although no other data

22



were collected for either species, the formationaohydride was corroborated by crystal

structures obtained for the phenyl variantée{TC™)IrH](OTF), and [ ETC™RhH](OTf),.
Conclusion

In conclusion, we have demonstrated a facile, $tép synthesis of an 18-atom ringed
tetraimidazolium ligand that employed 1,2-bis-(ixy)ethane as the key dielectrophile. The
ligand can be prepared on a multi-gram scale quiekid cleanly without the use of dilute
solvent conditions. This 18-atom ringed tetraimmam (2) ligates to form monomeric
transition metal complexes such4ad he phenyl variant has recently demonstratedesscas an
aziridination catalyst? thus verifying the fact that the strong sigma dosteength plays a large

role in catalysis and the stabilization of metghid bonds.
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Figure 1.€. An example electrospray ionization mass spectruizasured for an acetonitrile
solution of [["*FTC™)IrH](OTf, and [M"*FTC™RhH](OTf),. (A) The inset shows a
highlight for the [M'*FTC")IrH]*2 ion, which is seen at 271m/z. (B) The insets show
highlights for the [{*FTC™RhH]"? and {[("*FTC")RhH](OTf)}" ions, which are seen at

226.0 and 601.fn/z, respectively.
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Experimental

Syntheses of organic compounds were performedrumormal atmospheric conditions.
Syntheses of metal complexes were performed undey aitrogen atmosphere with the use of
either a dry box or standard Schlenk techniquedvefits were dried on an Innovative
Technologies (Newburgport, MA) Pure Solv MD-7 Sal/@urification System and degassed by
three freeze-pump-thaw cycles on a Schlenk linereimove Q prior to use. DMSQl,
acetonitrileds, and chlorofornrd were degassed by three freeze-pump-thaw cycles poi
drying over activated molecular sieves. These NMRents were then stored undes M a
glovebox. The compounds 1,1'-methylene(bis-imidazol 1) ** and 1,2-diyl-
bis(trifluoromethanesulfonate)ethane (also called-his-(trifoxy)ethaney were prepared as
described previously. All other reagents were paseld from commercial vendors and used
without purification.'H, **C{*H}, and *°F NMR spectra were recorded at ambient temperature
on a Varian Mercury 300 MHz or a Varian INOVA 60(H¥ narrow-bore broadband systel.
and*C NMR chemical shifts were referenced to the residolvent.’®F NMR chemical shifts are
reported relative to an external standafdneat CFG. All mass spectrometry analyses were
conducted at the Mass Spectrometry Center locatetheé Department of Chemistry at the
University of Tennessee. The DART analyses weréopeed using a JEOL AccuTOF-D time-
of-flight (TOF) mass spectrometer with a DART (dtr@nalysis in real time) ionization source
from JEOL USA, Inc. (Peabody, MA). The ESI/MS arsaly were performed using a QSTAR
Elite quadrupole time-of-flight (QTOF) mass spentater with an electrospray ionization source
from AB Sciex (Concord, Ontario, Canada). All magsectrometry sample solutions were

prepared in acetonitrile. Infrared spectra werdecteéd on a Thermo Scientific Nicolet iIS10 with
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a Smart iTR accessory for attenuated total reftemgtaCarbon, hydrogen, and nitrogen analyses
were obtained from Atlantic Microlab, Norcross, GA.

Synthesis of (*F'TC™)(OTf),, 2. 1,1'-methylene(bis-imidazolel)(7.39 g, 0.0499 mol)
was dissolved in acetonitrile (220 mL) in a 500 mbdund bottom flask and 1,2-diyl-
bis(trifluoromethanesulfonate)ethane (16.3 g, 090480l) was then slowly added into the
stirring solution. The solution was heated to reffund stirred for 2 days. The solution was then
filtered hot through a 60 mL fine sintered-glads dnd a white solid was collected. The white
solid was then dried under reduced pressure to theeroduct (3.73 g, 15.8% vyield). Crystals
were obtained by vapor diffusion of diethyl ethetoia concentrated DMSO solutidii NMR
(DMSO-d;, 300.1 MHz):5 8.99 (s, 4H), 8.07 (s, 4H), 7.87 (s, 4H), 6.5243), 4.80 (s, 8H)°C
NMR (DMSO-d;, 75.46 MHz):5 137.7, 123.6, 123.1, 120.7 (@c = 322 Hz), 58.5, 48.9°F
NMR (DMSO-g;, 282.3 MHz):5 -77.1. IR (neat): 3110, 1578, 1553, 1369, 12737124226,
1150, 1075, 1028, 886, 858, 774, 724 cBSIIMS (W2): [M-OTf]* 799.1, [M-20Tff* 325.0,
[M-30Tf]®" 167.1, [M-4OTff* 88.1. Anal. Calcd for §H,4F12NsO1,Ss: C, 27.85; H, 2.55; N,
11.81. Found: C, 27.92; H, 2.47; N, 11.74.

Synthesis of (*FTC")()4. In a 120 mL jar with a Teflon lid, acetonitrile (70L) and
MeETCM(OTH), (2) (3.12 g, 0.00329 mol) were added and stirred. DM$4 mL) was added
dropwise until all solids dissolved. Tetrabutylammiuon iodide (12.2 g, 0.0329 mol) was then
dissolved in acetonitrile (25 mL) in a 100 mL beakehe tetrabutylammonium iodide solution
was poured into the 120 mL jar immediately formiagwhite precipitate. The acetonitrile
mixture stirred overnight and the white solid wadlected on a 60 mL fine sintered-glass frit.
The white solid was subsequently washed with THk 8 mL) and acetonitrile (1 x 30 mL) on
the 60 mL fine sintered-glass frit. The white solids then dried under reduced pressure to yield
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the product (2.28 g, 80.5% yieldHd NMR (DMSO-d;, 300.1 MHz):5 9.11 (s, 4H), 8.11 (s, 4H),
7.91 (s, 4H), 6.58 (s, 4H), 4.84 (s, 8EC NMR (DMSO-&, 75.46 MHz):5 137.6, 123.5, 123.0,
58.4, 48.7. IR (neat): 3094, 3023, 1563, 1550, 14827, 1170, 1153, 1022, 824, 764, 750, 728
cm'. Anal. Calcd for GgHoglsNg: C, 25.14; H, 2.81; N, 13.03. Found: C, 25.09;307; N,
12.39.

Synthesis of (*=TC™)(Cl)4. In a 20 mL vial, ¥*=TC™(1), (0.105 g, 0.110 mmolyas
added to 10 mL of C¥CN then dissolved with 1 mL DMSO. Slowly, a 1 mLlgmn of
tetrabutylammonium chloride (0.123 g, 0.441 mmol)GH;CN was added to the dissolved
macrocycle, immediately forming a white precipitaiée solution stirred for an hour and was
subsequently filtered over a 15 mL fine sintered ffhe filtrate was dried under reduced
pressure, leaving the pure white solid (0.0500 2}4% yield).'"H NMR (DMSO-d;, 300.1
MHz): 6 9.94 (s, 4H), 8.11 (s, 4H), 7.82 (s, 4H), 6.714(3), 4.90 (s, 8H). IR (neat): 3355, 3080,
1566, 1554, 1445, 1367, 1332, 1175, 1157, 11083,1882, 775, 730, 663 ¢h

Synthesis of Y*FTC™)(PFe)s. In a 20 mL vial, ¥*FTC™)(1), (0.105 g, 0.122 mmol)
was dissolved in 10 mL of GEN. Thallium hexafluorophosphate dissolved in 2 oflICH;CN
was added, immediately crashing out a white sdllie mixture stirred for an hour and was
subsequently filtered over a 15 mL fine sintereitl ffhe filtrate was dried under reduced
pressure, leaving the pure white solid (0.106 g3®3yield).'H NMR (DMSO-d;, 300.1 MHz):

§ 8.97 (s, 4H), 8.06 (s, 4H), 7.86 (s, 4H), 6.52443), 4.79 (s, 8H)*°*F NMR (DMSO-d, 282.3
MHz): 3: -72.6 (d,J = 706Hz).

Synthesis of [{*F'TC™Pt)(OTf) ,, 4. (M*TC™)(OTH),4 (2) (0.174 g, 0.184 mmol) was

dissolved in DMSO (1 mL) in a 20 mL vial. Platinuf(odide (0.0824 g, 0.184 mmol) was

dissolved in 1 mL of DMSO and was added to tH&5TC™)(OTf), solution. Triethylamine
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(0.0762 g, 0.753 mmol) was then added to the @actiixture. This solution was heated to 85
"C and stirred for 48 h. After the reaction mixtuvas removed from the heat and allowed to
cool to room temperature, thallium(l) trifluoromattesulfonate (0.130 g, 0.367 mmol) was
dissolved in DMSO (1 mL) and was added to the reaahixture. This mixture was stirred for
15 min and then filtered over Celite to remove lthal(l) iodide. DMSO was then removed
under reduced pressure to leave the crude soliel.ciitde solid was washed with THF (3 x 10
mL) and dried under reduced pressure leaving aevgatid. To further purify the white solid, it
was dissolved in acetonitrile (2 mL), and the résglsolution was then filtered over Celite, and
crystallized via vapor diffusion of diethyl etherte the acetonitrile solution. White crystals were
collected and dried under reduced pressure totheeure product (0.0715 g, 46.3% vyieftH.
NMR (DMSO-d;, 300.1 MHz):$ 7.68 (d,J = 1.8 Hz, 4H), 7.57 (d] = 2.1 Hz, 4H), 6.40 (d] =
12.9 Hz, 2H), 5.95 (d] = 13.5 Hz, 2H), 4.86 (m, 4H), 4.61 (m, 4C NMR (DMSO-d, 150.9
MHz): 157.8 (s and Pt satellitedz.c = 942 Hz for'*Pt (*Pt = 33.8% abundance)), 123.3,
121.6, 120.6 (qJe.c = 322 Hz), 62.5, 48.72°F NMR (DMSO-d¢, 282.3 MHz):8 -77.0. IR
(neat): 3131, 1574, 1428, 1244, 1224, 1152, 1088, 812, 757, 707 ch ESI/MS (W2): [M-
OTf]* 692.1, [M-20Tff* 271.6. Anal. Calcd for £H20FsNsOsPtS: C, 28.54; H, 2.40; N, 13.31.
Found: C, 28.67; H, 2.21; N, 13.16.

Synthesis of [{'*ETC™)IrH](OTY) ». In a 20 mL vial, ¥*FTC")(OTf), (2) (0.0300 g,
0.0316 mmol) was dissolved in approximately 1 mID&SO. Triethylamine (0.0105 g, 0.104
mmol) was added to the solution followed by chlarb{cyclooctadiene)iridium(l) dimer
(0.00850 g, 0.0127 mmol) dissolved in 1 mL of DMS®e solution stirred for two hours at 60
°C then 2 hours at 8@C and finally 1 hour at 11€C. After said time, the reaction was turned
down to 90°C for 48 hrs. The solution was then cooled to raemperature and thallium triflate

29



(0.0179 g, 0.0506 mmol) was added. Thallium chigdashed out and the solution was filtered
over Celite. The solution was pumped to a solid wadhed with pentane. ESI/M8Vg): [M-
OTf]* 691.1, [M-20Tff* 271.2.

Synthesis of [{'® ®TC")RhH](OTf),. In a 20 mL vial, ¥*FTC™)(OTf), (0.0300 g,
0.0316 mmol) was dissolved in approximately 1 mID&SO. Triethylamine (0.0105 g, 0.104
mmol) was added to the solution followed by chl@rb{cyclooctadiene) rhodium(l) dimer
(0.00624 g, 0.0127 mmol) dissolved in 1 mL of DMS@e solution stirred for two hours at 60
°C then 2 hours at 8@C and finally 1 hour at 11€C. After said time, the reaction was turned
down to 90°C for 48 hrs. The solution was then cooled to raemperature and thallium triflate
(0.0179 g, 0.0506 mmol) was added. Thallium chgdashed out and the solution was filtered
over Celite. The solution was pumped to a solid wadhed with pentane. ESI/M8Vg): [M-
OTf]* 601.2, [M-20Tff* 226.1.

X-ray Structure Determinations. X-ray diffraction measurements were performed on
single crystals coated with Paratone oil and maliote Kaptan loops. Each crystal was frozen
under a stream of Nwhile data were collected on a Bruker APEX diffraneter. A matrix scan
using at least 12 centered reflections was use@termine initial lattice parameters. Reflections
were merged and corrected for Lorenz and poladraéffects, scan speed, and background
using SAINT 4.05. Absorption corrections, includiodd and even ordered spherical harmonics
were performed using SADABS, if necessary. Spa@umrassignments were based upon
systematic absencel, statistics, and successful refinement of the atrectThe structure was
solved by direct methods with the aid of successiverence Fourier maps, and was refined

against all data using the SHELXTL 5.0 softwarekpae.
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Chapter 2

Designing a Macrocycle that is Isostructural and lselectronic to a Porphyrin
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McCullough, Karl J. Berstein, Chris R. Murdock, dddvid M. Jenkins:

Bass, H. M.; Cramer, S. A.; McCullough, A. S.; Bawmin, K. J.; Murdock, C. R.; Jenkins, D.

M., “Employing Dianionic Macrocyclic Tetracarbengés Synthesize Neutral Divalent Metal

Complexes.'Organometallics 2013,32, 2160-2167.
Abstract

Two 16-atom ringed, borate-based macrocyclicaietidazoliums {72MeTCM®)(1), and
(BMe2MeT ey Br), were synthesized. These macrocycles are isostali¢tuporphyrins and upon

deprotonation should be isoelectronic to porphyridse to the addition of the two borate
moieties, divalent metal complexes formed on eithfethese two ligands will have an overall

neutral charge. Unfortunately, we were unable tbaie complexes orf'(2MTCM9)(1), due to

the inherent instability of th&-H bond. Although the formation of metal complexesngsi

(BMe2MeTcHy(Br), has not been thoroughly explored, we belitvey should be able to be

isolated since the B-H bond has been replacedrbgra stable B-Me bond.
Introduction

Macrocycles, such as porphyrins, play roles inhboatural and synthetic chemical
reactions. In nature, porphyrins can be found imdxeontaining proteins, such as hemoglobin
and myoglobin. In hemoglobin, a heme group comgistif a porphyrin ring bound to an iron
center allows for @activation and transportatidrin fine chemical synthesis, porphyrins have
been used for aziridinatidnepoxidatiort and cyclopropanatiémeactions. Porphyrins are prime

candidates for these types of natural processesmttietic reactions due to the fact that they
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are di-anionic and block four-coordination sitesam equatorial plane around a transition metal
center (Figure 2.1). In addition to blocking fowocdination sites, structurally a porphyrin is
flat, thus allowing free access to the metal cefaereactions. By adjusting the donor strength of
the ligand and using the base porphyrin scaffoldpeel ligand system can be developed that
would allow for enhanced activity and novel reatyivUnfortunately, only one strong neutral
isostructural ligand has been synthesized to dtathn’s 16-atom ringed templating reactfos
discussed previously, this reaction uses harshergagand is not viable for a wide variety of
metals’ We proposed a 16-atom ringed tetraimidazolium ymsr using geminal triflates that
would be suitable for a wide variety of transitioretals and that would be isostructural to a

porphyrin (Scheme 2.1).

Figure 2.1. Structure of a porphyrin macrocycle.
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Scheme .1. Proposed 16-atom ringed tetraimidazolium ligandse @ll carbon variant is the

neutral ligand (top), while the borate-based vansuthe dianionic variant (bottom).

Besides synthesizing an isostructural ligand systwe also wanted our ligand to be
isoelectronic to a porphyrin. One way to accompttghl task would be to insert borates into the
macrocycle. Borate-based macrocycles allow for waetooverall charge, thus increasing
solubility in nonpolar solvents such as tolueneb8rt’s previous syntheses suggest that it would
be possible to prepare a 16-atom ringed macrocyeli@imidazolium with borates in the
backbone that could be ligated to form tetracarbdRigure 2.2.AJ. In order to be isoelectronic
to a porphyrin, this would mean inserting two besain the overall scaffold. Siebert and

coworkers synthesized imidazolium borate macrosydleat contained either four or five
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imidazoliums per ring with an equal number of besitNotably, they were unable to form
carbenes with these complexes, perhaps because rétei of one borate moiety to one
imidazolium decreased the acidity of the C2 prétdn. contrast, Fehlhammeand Smitf
independently prepared bis-dicarbene borate coraplex group 10 metals (Figure 2.2 B/C).
Their complexes only had one borate moiety per ¢andoenes. By following Fehlhammer and
Smith’s approach of one borate per two carbeneshatild be possible to form isostructural, as

well as, isoelectronic macrocycles to porphyrins.

N
/ / tBu”
<N\

A g
\/ Hy H2
" @. OO oo

Ni\ tBu\N N/tBu ~N N~
R'/S/N \e\R' &j(ﬁ C/ i( b
R' 2

M= Pt, Pd
R = Me, Et, iPr

Figure 2.2. (A) Siebert’s tetraimidazlium borate macrocycl®) Smith’s bis-dicarbene nickel

complex, and (C) Fehlhammer’s bis-dicarbene platitaund palladium complexes.

Results and Discussion

Since previous results showed 1,2-bis-(trifloxlggete as a strong di-electrophile for the
synthesis of our 18-atom ringed macrocyckeC,, symmetricgem-triflate is critical for the
synthesis of a neutral 16-atom ringed macrocycletably, relatively few examples of

symmetricgem-triflates have been synthesized and there aretbrdggemttriflates in literature,
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which consist of Desmarteau’s methyl-ditriflafeSterlin’s 2,2-ditriflato-perfluoroproparié,and
Martinez’s 7,7'-ditriflato-norbornane (Figure 223)The mospromising of thesgemttriflates is
the methyl-ditriflate; however, this synthesis itwaes extremely low temperatures under a
dynamic vacuum, which is a synthetic apparatus weatlo not posses& Another approach is
Sterlin’s gemtriflates with the CEgroups off of the central carbon, which is reagdisceptible

to degradation. The easiest synthetic approach dvbel the synthesis of Martinez’'s 7,7'-
ditriflato-norbonane. Since 7-norbonone is quitdidilt to synthesize, we proposed the use of
commercially available cyclobutanone. Another adage of using cyclobutanone is that the 13-
hydrogens are sterically encumbered, as in MarBneompound, which eliminates the
possibility of R-hydride elimination. Solvents, ic#, and reaction times were examined;
however,’®F NMR suggested that in each attempt our produst degyrading into triflic acid.

After numerous failed attempts, our focus turnethoborate-based macrocycles.

TfO OTf TfO_ OTf

T

Figure 2.3. (A) Desmarteau’s methyl ditriflate, (B) Sterlin’d,2-ditriflato-perfluoro

propane, and (C) Martinez’s 7,7’-ditriflato-norbora

For the first borate-based 16-atom ringed maciecyee synthesized the diimidazole,
1,1’-methylene-bis(4,5-dimethylimidazole), in a man similar to the synthesis of our

previously synthesized phenyl varidnEor our key dielectrophile, we prepared iodoborame
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situ following the method of Smith.The addition ofl to iodoborane in acetonitrile resulted in

the formation of {"2MeTCM)(1), (2) in 33% yield (Scheme 2.2). Since Siebert was lenab

synthesize a macrocycle with methyls off of the-ggSition on the imidazoliums at the same
time as methyls off of the borate due to sterios, dur second macrocycle we switched the
position of the methyls to the borate and instafieatons in the 4,5-positon. The second 16-atom
ringed macrocycle that we synthesized involved Syiathesis of the previous diimiazole from
MeETC) (0T, In this instance, the key dielectrophile was tlemmercially available
bromodimethylborane. The addition of bromodimetby#me to diimidazole3 formed

(BMe2MeTcHy(Br), in @ 75% vyield. Unlike our previously prepared ligancgqursors, such as

MeETCPM)(OTf),, 2 and 4 are only 16-atom macrocycles which are the samg sine as a
porphyrin. Another direct contrast from our presbyuprepared ligand precursor is tlRaand4
are dicationic in their imidazolium form, as oppdst tetracationic; hence they exhibit
enhanced solubility in less polar solvents. Whgatkd to metals, they will become isoelectronic

to porphyrins.
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Scheme 2.2Synthesis off'2MTCY)(1), (2) and EM®2MeTCH(Br), (4).

In order to confirm the formation & and4, the peak splitting and isotopic ratios 2f
and 4 were examined by ESI/MS. The ESI/MS @f showed the correct peaks for

[(BH2MeTcMe)]2* and [EH2MeTCMe)(1)]* at 217.16 and 561.28/z (Figure 2.4), respectively, while
the ESI/MS of4 showed the correct peaks foP®2M*TC™)]?* and [fM®2MeTCH)(Br)]" at

189.13 and 457.18Vz. Both spectra showed % mass unit splitting foriBeeaks, as well as, 1
mass unit splitting for the +1 peaks along with t#earect isotopic distribution. In some
instances, howeved exhibited a +2 peak at 323.14z of a hexameric species, which was
confirmed by two sets of peaks in {4 NMR. Although we are unsure of which variablefeef

the hexameric formation, we were able to isolagepire tetrameric species.
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Figure 2.4. An example electrospray ionization mass spectrureasmred for a

DMSO/acetonitrile solution of2. The insets show highlights for B[eMeTCM®)]?* and

[(Pf2MeTCM)(1)] " at 217.16 and 561.28/z, respectively.

Both macrocycles were characterized by multi-eacINMR which demonstrated the
two-fold symmetry of2 and4 that is characteristic of isostructural ligandqumsors previously
prepared by our group™® **The position of théH resonance for the C2 imidazolium proton is
particularly important in these macrocycles sirtcatimates its relative acidityand, therefore,
ease of deprotonation to form the free carbene.pBad positions for the C2 protons in DMSO-
ds were found at 8.41 and 9.31 ppm Band4, respectively. The average of these two values
lies approximately in the same position of the @akpat 9.11 ppm fo"E=TC™)(1)4.° however,
we see thaR is slightly upfield and4 is slightly downfield from our previous macrocycle
MeETCM(1)4. Since all three ligand precursors’ NMR spectraeveken in DMSQds and

contained similarly coordinating anions, it is likeéhe difference between the C2 proton values
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arises primarily from the acidity of each, suggegtihe C2 protons fa2 is slightly less acidic

and for 4 is slightly more acidic than that of'{®TC")(1)4. Siebert concluded that his
macrocycles’ inability to form carbene complexesvieased, in part, on this low acidity of his
C2 proton, whose resonance was found at 6.64 pp@DyCl, for his isostructural 16-atom

ringed macrocycle ®(28"2TC®) (Table 2.1 In order to compare our ligand precursors to

Siebert’s, we collected th#l NMR spectrum of compourlin CD,Cl,. Notably, the C2 proton

of 2 shifted slightly farther downfield to 9.14 ppm @D.CI, versus 8.41 ppm in DMS@s. A
comprised list of the C2 values can be seen inéldad. This difference in the peak position of
the C2 proton of our ligand precursoid gnd 4) versus Siebert’'s macrocycle suggests our
diborate macrocycle® and4, are closer to their carbon bridged analogs, imglyhat it would

be easier to deprotonate them to form the carbesiau.

Table 2.1 '"H NMR comparison of the relative C2 proton peaksedfaimidazoliums and4
vs. our previous tetraimidazolium"§&TC")(I)s and Siebert's isostructural borate-based

tetraimidazolium t28"21C®), which intimates relative acidity of the C2 proto

Complex C2 peak position
(Pr2®reTC™) 6.64 (CDCl)
METC)(1)4 9.11 (DMSO-@)

YT (1), 9.14 (CDQCly) / 8.41 (DMSO-¢)
(*MeRMeTC)(Br), 9.31 (DMSO-g)
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As with our previous macrocycle, aystal structure was necessary to verify the
tetrameric species was formed as opposed to theridirspecies. Crystal structures2tand4
were obtained via vapor diffusion of diethyl eti@o dimethyl sulfoxide. In compound@sand4
the imidazolium rings are nearly perpendicular he plane of the macrocyclic ring which
relieves repulsive strain between the C2 imidarolhwdrogens (Figure 2.5). Each imidazolium
ring points in the opposite direction in regardsthe ring next to it. This alternate twisting
arrangement was described previously by Siebert sonilar sized imidazolium-borate
macrocycle$. The bond lengths and angles ®and4 were comparable to one another except
for the N-B-N bond angle, which was 107far 2 and 103.3for 4. This difference arises due to
the fact that the substituents off of the boronZare protons, as opposed to bulkier methyls off

of the boron orl.

44



Figure 2.5. Crystal structures of(2M*TC"9)(1), (2) (top) and t™®2M*TC")(Br), (4) (bottom).

Blue, gray, and olive ellipsoids (50% probability@present N, C, and B, respectively.

Counteranions and hydrogens have been omitteddgotyc
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We pursued the synthesis of metal complexes ubwmip a weak and strong base
deprotonation strategy that we successfully emmloy@ prepare [{¢FTC")Pt](OTf), and
[(M*ETC™Fe(NCCH),J(PRy),, respectively:** The use of a weak base, such as triethylamine,
followed by the addition of a metal(ll) halide résd in the decomposition of both and4,
leading us to try the strong base approaldie macrocyclic tetraimidazolium borates were
deprotonated with a strong base, sucim-asityllithium, followed by the addition of a meth)(

halide as seen in Scheme 2.3. F8RY*TCY9)(1), (2), we were unsuccessful in obtaining any

evidence of a stable metal complex despite tryingvide variety of bases, solvents, and
temperatures; however, ESI/MS suggested that we aktteast able to form highly unstable

metal complexes on®2MeTCM)(1), with Pt, Pd, Ni, Fe, and CAAn example ESI/MS of
[(BH2MeTCM)Pt—HT is seen in Figure 2.6. What is unusual about $hiscies is the fact that
(BH2MeTCM)pt is a neutral compound and is seen as a +1espiecthe ESI/MS. We suspect this

anomaly of losing a proton arises from the fact tih@ B-H bond is highly unstable and is

broken during ionization. Metal complexes supportsd E™2MeTC™)(Br), have not been

investigated as thoroughly, hence the succedsasfa ligand cannot be determined at this time.
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Figure 2.6. An example ESI/MS measured for a tetrahydrofuralnten of E"2MTCM)pt

The inset show highlight for the®[{2MTC"®)Pt—H]" ion.
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Conclusion

We synthesized two novel 16-atom ringed boratedbdstraimidazolium macrocycles.
The borates decreased the overall charge of theomates and allowed for increased solubility
in nonpolar solvents when compared to our previmgral variants. Although we were unable
to synthesize stable metal complexes, ESI/MS suggbst we were able to deprotonate

(BH2MeTcMe)(1), (2) to form highly reactive metal complexes on Pt, Ril Fe, and Co. The
formation of metal complexes oA®2MeTC™)(Br), (4) was not as thoroughly explored due to
the concurrent formation of a suspected hexameeciss in some instances although we were

eventually able to exclusively isolate the tetramepecies. We suspect that metal complexes

supported by ¥M®2"eTC™\(Br), (4) might be less reactive thaR gMeTC)(1), (2) due to the

presence of B-Méonds as opposed to the substantially weaker anmd neactive B-H bonds,
which can potential be deprotonated with a baskitlire results show is capable of supporting
metal complexes then we would have successfullyhegized an isostructural and isoelectronic

structure to a porphyrin.
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Experimental

Synthesis of 1,1’-methylene-bis(4,5-dimethyl-imideole), 1.4,5-dimethyl-imidazolium
chloride (15.0 g, 0.114 mol) and potassium hydrex(81.9 g, 0.568 mol) were added to a 1 L
round bottom flask containing 500 mL of acetorgtrillhis mixture was allowed to stir for 1
hour. Methylene chloride (48.2 g, 0.568 mol) wasntladded and stirred for an additional 2 days.
The mixture was dried under reduced pressure te gibrownish, red solid. The solid was
dissolved in 300 mL kD and the product was extracted with methylenerictdq3 x 125 mL).
The organic layer was separated, dried with Mg3@d the solvent was removed under reduced
pressure. Crystals were grown by dissolving the gemwinto methylene chloride and vapor
diffusing in diethyl ether (3.97 g, 34.6% vyield).pM162-163 °C.*H NMR (CDCk, 300.08
MHz): & 7.39 (s, 2H), 5.73 (s, 2H), 2.10 @ = 0.60 Hz, 6H), 2.08 (d] = 0.60 Hz, 6H)*C
NMR (CDCk, 75.46 MHz):6 135.2, 134.8, 121.6, 53.6, 12.5, 8.4. IR (nedP53 2918, 1597,
1492, 1451, 1421, 1386, 1355, 1275, 1224, 11842,1043, 841, 787, 771, 703, 674 tm
DART/MS (m/2): [M+H]" 205.2. Anal. Calcd for GH1eN4: C, 64.68; H, 7.89; N, 27.43. Found:
C, 64.60; H, 7.84; N, 27.24.

Synthesis of {H2MeTCMe)(1),, 2. Under an atmosphere of,Ntrimethylamine borane

complex (0.271 g, 3.71 mmol) was dissolved in 25 ahlacetonitrile in a 50 mL round bottom
flask. Over a 10 min period, iodine (0.471 g, 186ol) was gradually added to the solution.
Once all of the iodine was in solution, the mixtstered for 30 min. Following the 30 min,
1,1’-methylene-bis(4,5-dimethyl-imidazole) (0.7503g71 mmol) was added followed by 1 hr of
stirring. After the hour elapsed, the round bottwas heated to reflux (90-94 °C) underfr 5
days. The solution was dried under reduced pressugere a faint yellow solid. The solid was

washed with methylene chloride (3 x 20 mL) ancefédd over a 30 mL fine sintered-glass frit.
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The remaining solid was dried under reduced presgiving the product as a white solid powder
(0.414 g, 32.6% yield). Crystals were grown by digsig the white powder into DMSO and
vapor diffusing in diethyl ether. Dp: 260-262 €l NMR (DMSO-ds, 300.08 MHz):5 8.41 (s,
4H), 6.41 (s, 4H), 3.25 (s, B-H, 4H), 2.30 (s, 12RI)L6 (s, 12H). (CECl,, 499.74 MHz)3% 9.13

(s, 4H), 6.46 (s, 4H), 3.38 (s, B-H, 4H), 2.33 1&H), 2.25 (s, 12H)**C NMR (DMSOd,
125.66 MHz):8 137.3, 129.0, 125.8, 40.4, 9.3, 8.0. (CD, 125.66 MHz):5 136.6, 131.7,
126.2, 30.1, 10.4, 9.3'B NMR (DMSO-ds, 128.42 MHz)$ -10.8. IR (neat): 2960, 2444, 1620,
1542, 1433, 1356, 1240, 1184, 1156, 1046, 900, 899, cni’. HR-ESI/MS (W2): [M-1]*
561.2299, [M-2If* 217.1620 (found); [M-l] 561.2296, [M-2If* 217.1623 (calcd).

Synthesis of {M2MeTCHY(Br),, 4. Under an atmosphere of,N1,1'-methylene(bis-

imidazole) (0.562 g, 3.79 mmol) was dissolved ipragimately 50 mL of acetonitrile. The
solution was place in the freezer for 30 minutgsotdremoval, bromodimethylborane (0.458 g,
3.79 mmol) was added to the solution immediatelynfog a white precipitate. The reaction
stirred for one hour, allowing it to reach room perature. It was then pumped out of the
glovebox and placed on a reflux condenser undeeadyg flow of N. The slurry refluxed for
three days. It was then filtered over a 60 mL Birgered frit and washed with acetonitrile (2 X
20 mL) and diethyl ether (2 X 20 mL). The resultindpite solid was dried under reduced
pressure resulting in a pure product (0.765 g,%5/tld).*H NMR (DMSO-ds, 300.08 MHz)3
9.31 (s, 4H), 7.96 (s, 4H), 7.55 (s, 4H), 6.544¢4), 0.29 (s, 12 H). HR-ESI/M8(2): [M-Br]*

457.1863, [M-2Br" 189.1266 (found); [M-Bf] 457.1806, [M-2Br{* 189.1312 (calcd).
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Chapter 3

An 18-Atom Ringed, Dianionic Macrocycle
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M., “Employing Dianionic Macrocyclic Tetracarbengés Synthesize Neutral Divalent Metal

Complexes.'Organometallics 2013,32, 2160-2167.
Abstract

The 18-atom ringed, borate-based macrocyclic tatcgizolium, EM2ETC™)(Br), was

formed in a two-step process with&6 yield. By employing divalent metal salts, werevable

to synthesize the neutral metal compleX®&RETC™)Pd and t{M®2ETCHNi that were soluble

in non-polar solvents, such as benzene and toluBRd. calculations were performed on

(BMe2ETCMNI and the hypothetical fEETC™NI]?* to determine the electronic difference the
addition of two borate moieties makes P25 TC™Ni. In addition, we formed trivalent metal

complexes on manganese and iron, as well as, bageh investigations into forming stable

complexes with metal-ligand multiple bonds o425 TC)Fe(THF)]Pk.

Introduction

In myriad instances, the addition of a borateatyoto the backbone of tridentate ligands
has led to fascinating reactivity that is distificom that exhibited by complexes with
isostructural ligands featuring carbon in the samosition! Addition of a borate decreases the
overall charge of a metal complex, often allowing ihcreased solubility in nonpolar solvents.
In addition to increasing solubility, a borate piosied near the metal center can subtly change

the electronic structure of the compfethis seemingly small tweak in electron donation
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properties of the ligand can induce novel oxidatbates and spin states at the metal center
which leads to innovative reactivity.

These phenomena have been documented extendorelyipodal ligands for both
triphosphines and tricarbenes when comparing thealeversus anionic versiofisn the case of
the triphosphine ligands, the Peters group has shbat the tris(phosphino)borate ligand can
support complexes that stabilize novel iron-nitroggends that can then be functionalizZefgbr
the tricarbenes, both the neutral and anionic gasshave been found to support metal-ligand
multiple bonds® however, the anionic version has stabilized urgatented oxidation states for
iron nitrides that exhibited reactivity in instascehere complexes with the neutral version of
the tricarbene ligand did nb6tDespite the importance of these tripodal liganits & borate in
the backbone, to date, there are no known tetranagwith borates in the macrocyclic ring.

Macrocyclic tetracarbene ligands are a classtroing o-donor ligands that were first
reported by Hahn via a templating synthesis onimlat in 2005° Since his publication,
macrocyclic tetraimidazoliums have now been employeprepare a wide variety of transition
metal tetracarbene complexesMlany of these complexes have demonstrated importan
properties such as electron transfer reag€nt$aziridination catalysi€® 1°and stabilization of
non-heme iron oxo¥. Despite the growing importance of this class ofcroayclic N-
heterocyclic carbene (NHC) ligands, no examples wibrates in the macrocycle have been
prepared. Nevertheless, previous syntheses sudigasstit would be possible to prepare a
macrocyclic tetraimidazolium with borates in thecklaone that could be ligated to form
tetracarbenes. Siebert and coworkers synthesizeidzaiium borate macrocycles that contained
either four or five imidazoliums per ring with agual number of boratés.While they noted

that they were unable to form carbenes with thesaptexes, perhaps because the borates

54



decrease the acidity of the C2 proton, they dematest that this type of cyclic structure is
possible'! In contrast, Fehlhamm@érand Smith® independently prepared bis-dicarbene borate
complexes on group 10 metals. Their complexes baty one borate moiety per two carbenes.
Previous research from our group proved that weldcaynthesize a 16-atom ringed
tetraimidazolium with one borate per two imidazoigj however, we were still unable to form
metal complexes. We intend to meld these concagtsyell as, our previous 18-atom ringed
macrocyclic tetracarbene complexes in order to makes 18-atom ringed macrocyclic
tetracarbene borate complexes.

The expansion of the family of macrocyclic tetndienes to include examples with
borates in the macrocycle would be advantageousamormreasons. First, metal complexes will
have a reduced charge that will increase theitsidlyiin nonpolar solvents. Improved solubility
in non-coordinating solvents like toluene is partely beneficial for catalytic reactions, such as
the aforementioned aziridinati6h Second, the addition of borates should improveefketron
donating ability of the carbenes to the metal, hie timidazolium can be successfully
deprotonated. This electron donation comparison lmaninvestigated through spectroscopic
method$* as well as TD-DFT calculatior3. The combined properties of increased electron
donation and reduced charge on the complex magtassstabilizing metal ions in high valent
oxidation states in the same manner that Smith Retdrs demonstrated with tripodal borate
ligands®® 59 5 7 Berein, we describe the first synthesis of an tbBraringed borate
containing macrocyclic tetracarbene ligand and ewmultiple examples of complexation on
palladium, nickel, manganese, and iron. Unlike &ie® macrocyclic rings, we were able to
synthesize exclusively the tetraimidazolium asshie product® The ligand precursor and metal

complexes were characterized by single crystal yX-caystallography and spectroscopic
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techniques. Finally, DFT and TD-DFT calculationsreveperformed on structurally similar
neutral and cationic nickel complexes to assisioimparing the electron donor strength of these

novel tetracarbene ligands.
Synthesis and characterization of the macrocycliagdand

Since we have demonstrated that the 18-atomsizeyfor a tetracarbene macrocycle is
favorable for ligation to a wide variety of trarisit metals’ and since we were unable to ligate
our 16-atom ringed borate macrocycles, we wereiatsoested in preparing a borate macrocycle
of the same size ad"¢FTC™)(OTf),. Since haloboranes are excellent dielectrophives,
capitalized on this by using commercially availabtemodimethylborane as the dielectrophile
and previously reported 1,2-diimidazoleethaheas the diimidazole componertAddition of
bromodimethylborane to 1,2-diimidazoleethane in pedtions followed by heating to 60 °C for

24 h yielded the macrocycle®®2ETC™)\(Br), (2), as a pure white powder in 84% vyield

(Scheme 3.1). Ligand precursdran be prepared on over a 10 gram scale in hidt yieonly

two steps, which makes this precursor to a tetbacer ligand highly advantageous.

(Br),

TN

N N
Né\N / \ NAN MezBBr . \B/ H H \B/
\ \__/ CHCNB0°C ~\_ H HO W ™~

1 St N2

2: 84% yield

Scheme 3. Synthesis of fM®25TC™)(Br), (2).
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The 18-atom ringed borate macrocycle was charaeteby multi-nuclear NMR which
demonstrated the two-fold symmetryathat is characteristic of isostructural ligandquesors
previously prepared by our grotipAs with our 16-atom ringed borate macrocycles pbsition
of the'H resonance for the C2 imidazolium proton is patéidy important since this intimates
its relative acidity® and, therefore, ease of deprotonation to formftee carbene. The peak
position for the C2 proton in DMS@s was found at 8.71 ppm f&. This value is slightly
upfield of the C2 peak position of 9.11 ppm f8FFTC™)(1)4 ° and lies between the peak
position of E'2MeTCM)(1), and EMP2MeTC™)\(Br), at 8.41 ppm and 9.31 ppm, respectively.
Since all of the ligands’ NMRs were taken in DM8@and contained similarly coordinating
anions, it is likely the difference between the @8ton values arises primarily from the acidity
of each, suggesting the C2 proton2at slightly less acidic that our previous neutratiant of
MeETC™)(1),. Siebert concluded that his macrocycles’ inabtiiiyform carbene complexes was
based, in part, on this low acidity of his C2 prmtavhose resonance was found at 6.64 ppm in
CD.Cl, for his E"2B"2T1CM®) 16-atom ringed macrocycté? Since2 was not sufficiently soluble
in CD,Cl, to obtain aH NMR, we examined the trend of the C2 proton thathad seen with
(BH2MeTCMe) (1), in CD,Cl,. Notably, the C2 proton oft2MeTCM®)(1), shifted slightly farther
downfield to 9.14 ppm in CELIl, versus 8.41 ppm in DMS@s. Since the C2 peak & is
already farther downfield than the C2 peak B2{"*TC"9)(l),, it can be concludethat in
CD.Cl, 2 will be even farther than 9.14 ppm, herZis more acidic than Siebert’'s macrocycle.
This difference in the peak position of the C2 proof our ligand precursdt versus Siebert’s
macrocycle suggests our diborate macrocy;les closer to its carbon bridged analogs, implying

that it would be easier to deprotonat® form the carbenia situ.
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In addition to spectroscopic studie§™P25TC")(Br), was characterized by single

crystal X-ray diffraction. Suitable crystals forrdy diffraction were obtained by vapor diffusion
of diethyl ether into a methanol/water mixture frUnlike our 16-atom ringed counterparts,
where each imidazolium ring points in the opposiitection in regards to the ring next to it,
macrocycle2 has all four imidazolium rings pointing out of tiptane in the same direction
(Figure 3.1). This orientation insinuates that thmg has less strain than its 16-atom ringed

counterparts and thus is easier to orient the ipaliiams toward a single central metal center.

Figure 3.1.X-ray crystal structure of(®25TC")(Br),, 2. Blue, gray, and olive ellipsoids (50%

probability) represent N, C, and B, respectivelyou@teranions, solvent molecules, and

hydrogens have been omitted for clarity.
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Synthesis and characterization of the nickel and gadium complexes

We pursued the synthesis of metal complexes usisignilar strong base deprotonation
strategy that was successfully employed to pred@f&€=TC™)Fe(NCCH),](PFs)..>® The
macrocyclic tetraimidazolium borates were deprotetawith a strong base, such as
butyllithium, followed by the addition of a metd)(lhalide. Since group 10 metals tend to be
more stable than other transition metals and rgddilm square planar complexes, our first
attempts were synthesizing palladium and nickel gleres. We employed the 18-atom

macrocycle, {M®2ETCH)(Br), (2), n-butyllithium as the base, and nickel(ll) or pallau(ll)
iodide to form EMP2ETC)Pd @) and EMP2ETC™)Ni (4) both in approximately 10% vyield

(Scheme 3.2). The low yield of these reactionsassurprising and was seen in our previous
neutral systems before the synthesis of a silarstnetalling reagefit. °* Compounds3 and4

are stable in air and are soluble in nonpolar si$/such as toluene.

=~ ~
(\JZ S&: 1. Base <\¥N\ X /Ng?\

2. MX, or MX
~p H H 5 2 3 o g |\|/I 5
N H H /N THF s /N
N 7/N N N
GNP s omarmn AN N
N\ _ N N/ |\B/|asep;1 LI\I?A Nclar BU|F_I N
= Pd, Ni, Mn, or Fe _ v
2 X =l or Br (FeBrs) 3: Pd; X =n/a
4: Ni; X =nl/a
5: Mn; X=1
6: Fe; X=Br

Scheme 3.2Synthesis of metal complexes ®dnsing a strong base deprotonation strategy.
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Several rationales could explain the successowhifig stable tetracarbene complexes
with 2 and not our 16-atom ringed borate macrocycles.t,FAine boron moieties cannot be
deprotonated in the presence of base when they hmetbyl substituents as in compl@x
however, Siebert prepared a 16-atom macrocyclig with methyls attached to the boron and
was still unable to synthesize tetracarbene conesléX’ In addition, we have not thoroughly

investigated {™®2MeTC")(Br), to make a conclusive assessment of its successnainfy metal

complexes. Third, the substituents on the 4,5-post of the imidazolium are different for

(BH2MeTCMe)(1), (methyls) and2 (protons). In regards to this difference betweba #,5-

substituents, we have been able to prepare meatglleges with our neutral macrocyclic carbene
ligands that have protons or phenyls in the 4,5tpos > so we believe that this effect is
negligible. Fourth, the size of the pocket on t&de of the macrocycle may matter for ligation.
The 18-atom ring size macrocycle has been demoedtita fit a wide variety of transition
metals” but to our knowledge, no one has prepared a mgdioctetracarbene from the
imidazolium precursor with a 16-atom ringed examevertheless, Hahn was successful in
preparing a tetracarbene complex on platinum \tenglating synthesis that does not appear to
be significantly distorted from the expected ideadi square plarfeFinally, the electronic
differences between a methyl and ethyl linker betwthe imidazoliums cannot be ruled out as
favoring stabilizing complexes for the larger rilngand precursol. While we can cannot rule
out the size of the pocket of the macrocycle aactof, we believe that the increased electron
donation from having longer carbon chains betwéenimidazolium rings combined with the
inability to deprotonate the borate moieties are phimary reasons th& more easily forms

complexes than our 16-atom ringed variants in tesgnce of strong bases.
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Both the palladium3) and nickel 4) complexes are square planar complexes and were
characterized by HR-DART/MS, multi-nuclear NMR, asidgle crystal X-ray crystallography.
Unlike their cationic counterparts MfETC™Pd](OTf), and [("*ETC™")Ni](OTf),* compounds
3 and4 are not charged and an adducted hydrogen gaexfeeted cationic product of [M+H]
in a HR-DART/MS with values of 509.173&/z for 3 and 461.2053/z for 4 in acetonitrile
solutions. In both spectra, a second set of peak9k1489nvz for 3 and 445.1743wz for 4
were seen, which equated to the loss of a metloylpggfrom one of the borate moieties. The loss
of this methyl group causes the boron moiety tmbexneutral, leaving the overall charge of the
complex as +1 as seen in the DART/MS. This fragatét occurs upon ionization.

Diastereotopic splitting in both tHél and**C NMR demonstrates that the macrocyclic
rings for both the nickel and palladium complexesragid in solution at room temperature. The
methyl carbons that are bound to the boron atondiastereotopic and show distinct resonances
in the'3C NMR. The protons on the ethylene moiety are diastopic as well and have discrete
resonances in th#H NMR. This rigidity in solution had been seen dhad the other square
planar complexes that we have prepared with 18-atracarbene macrocyclic ligands™ The
two boron atoms 08 and4 are equivalent by'B NMR spectroscopy and the resonances were
found at -2.0 ppm fo8 and -0.6 ppm fo4.

One experimental method which can measurectg®nor strength of NHCs is the
relative’*C NMR resonance of the carbene carbBnt*°Generally, the more downfield the shift
for similar complexes, the stronger thedonor strength of the NHE® 4 A comparison of
these resonances for the isostructural nickel cexeg, [F"*ETC™Nij(OTf), and

(BMe2ETCMNI (4), shows that their peak positions in £IN are at 170.7 and 174.7 ppm,

respectively (Table 3.2J.A similar trend was noted for the palladium comple although the

61



difference between the cationic and neutral congdexs smaller, 168.1 ppm for

[(M*ETC™Pd](OTf), and 171.3 ppm for®2FTC")Pd @) both in CQRCN (Table 3.1

Similar results are demonstrated when comparingdheptic divalent Pt complexes with two
dicarbene ligands. Strassné¥sationic complex has a carbene resonance it*BeNMR at
162.7 ppm while Fehlhammefsneutral borate complex has a carbene resonari@8z8 ppm.
Even though counteranions can have a slight effie¢his position, the effect is small relative to
difference in the resonances in these compl&é&8.These results suggest thatmay be a
slightly strongeis-donor compared to the cationic varieties, stEfFTC™(OTf),and

("¢HTC")(OTH)4, that we have previously synthesized.

Table 3.1. Comparison of relative carbene peak postionsrasasure o-donor strength.

Metal complex Carbene peak position (ppm)
[(M*ETC™Ni|(OTH). 170.7 (CQCN)

(CMO2ETC)NI 174.7 (CQCN)
[(M*ETC™Pd](OTf) 168.1 (CRCN)

(Me2ETCMPd 171.3 (CQCN)

Both metal complexe8 and 4 were crystallized by vapor diffusion of pentanéim
concentrated benzene solution. A side view of tlystal structures show the ligand puckering
due to the borate and the ethylene linkers, whieha#ove and below the carbene-metal plane

(Figure 3.2). The ethylene linkers are staggeredeti@ve any steric strain between the two
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groups. By measuring the distance of the metaliwithe carbene plane, we see that both

(BMe2ETcypd and {Me2ETCM)Ni are almost exactly in the plane with an oufptEne distance

of 0.00 A and 0.03 A, respectively. Complex@and4 are isostructural to complexes that we

have previously prepared with neutral macrocydditracarbene ligands®{®25Tc™Pd has

slightly longer Pd-C bonds (0.02 A) compared teiaactural [["*5TC™Pd](OTf),* but nearly
identical bond lengths when compared to a macracyetracarbene complex that has a larger
24-atom macrocyclic ring, T(PTC")Pd](1)..°? In a similar manner, thé&rans C-Pd-C bond
angles for3 are 174.4(1)° and 174.8(1)° which is slightly mdistorted from a perfect square
plane than the other two macrocyclic tetracarbealiagium complexe® * In agreement with
the results of3, B™2FTC™)Ni has longer bond lengths than the isostructuationic
complexes, such asM{ETC™NIi|(OTf), and [["PTC™MNI](1)..° ° Notably, the C-Ni bond
lengths of4 are considerably shorter than the C-Ni bond lengftSmith’s bis-di(carbene)borate
nickel complex, whose elongated bonds are duegt@dimplex’s opposintgrt-butyl groups that
create significant steric repulsion between eadertate ligand® A compiled list of these bond

lengths and angles can be seen in Table 3.2.
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Figure 3.2.Crystal structures of (A} top-down view, (B3 side-on view, (C}# top-down view,
and (D)4 side-on view. Plum, teal, blue, gray, and olivigosbids (50% probability) represent

Pd, Ni, N, C, and B respectively. Hydrogens havenb@mitted for clarity.
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Table 3.2 Selected bond lengths (A) and angles (°) f§Y5TC™)Pd, @) (top) and

(BMe2ETCHNI, (4) (bottom).

M-C/ Bond Length (A)/
C-M-C Bond Angle (°)
Pd-C1 2.015(2%
Pd-C2 2.057(2%
C1-Pd-C1’ 174.40(13)°
C2-Pd-C2’ 174.82(12)°
C1-Pd-C2 94.31(9)°
C2-Pd-C1’ 85.95(9)°
M-C/ Bond Length (A)/
C-M-C Bond Angle (°)
Ni-C1 1.928(3)A
Ni-C2 1.892(3)A
C1-Ni-C1’ 171.97(19)°
C2-Ni-C2’ 175.8(2)°
C1-Ni-C2 86.56(14)°
C2-Ni-C1’ 93.73(14)°
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DFT calculations for nickel complexes

In order to gain a better understanding of tHeat$ of installing two borate moieties in
the macrocycle, we performed DFT calculations on mickel complexes and evaluated the
corresponding d-orbital splitting. We chose the&kaicomplexes specifically to compare them to
the already published DFT results of the structyraimilar compounds, (PTC™)Ni and
[(P"PTCMNi]?*, prepared by Murph$f The former compound facilitates fascinating retturct
reactions due to its unusual ligand-based radfc@ur DFT calculations were performed with
NWChem using functional B3LYP and basis set 6-31g3tngle point electronic structure

calculations were performed off®2ETC™)Ni and [{"*ETC™Ni]?* using the experimentally

determined X-ray coordinates and a singlet grouat sEach structure was allowed to relax to a
global minimum without the use of geometric coristsa Time-dependent DFT (TD-DFT)
energy calculations were performed on the optimigexind state DFT geometries also using
functional B3LYP and basis set 6-31g**.

An energy minimization fo’(M¥2ETC™Ni (4) shows no appreciable change in the Ni-C

bond distances versus the experimental structuleoaty a small change in the C-Ni-C bond
angles as seen in Table 3.3. The calculated odplating diagram fod shows that the LUMO
is centered primarily on the, prbitals on the carbene carbons and their adjacigrigens
(Figure 3.3A). The LUMO p orbital of 4 is consistent with the calculated LUMO for

[(P"PTC™MNI]?** However, the HOMO orbital fod is a §2 orbital (Figure 3.3B) and not a

ligand based orbital as was observed 6h"[{C™)Ni]?*.*® The other orbitals with energies that

are near the HOMO and LUMO orbitals are consistétit typical square planafdomplexes.
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Table 23. Experimentally obtained data compared to DFT datmns using

NWChem using functional B3LYP and basis set 6.31g**

Experimental Calculated Calculated
complex | CM25TC™Ni | complex | ™25 TCHNI | [(MeETCH)NI 2
Ni-C1 (&) 1.927(3) Ni-C1 (&) 1.9304 1.9296
Ni-C2 (A) 1.891(3) Ni-C2 (A) 1.8926 1.8853
C1-Ni-C2 (°) 93.8(1) Ni-C3 (A) 1.9304 1.9298
C1-Ni-C2’ (°) 86.5(1) Ni-C4 (A) 1.8926 1.8854
C1-Ni-C1’ (°) 172.0(2) C1-Ni-C2 (° 93.311 87.684
C2-Ni-C2'(°) 175.8(2) C2-Ni-C3 (° 87.237 92.519
C3-Ni-C4 (°) 93.311 87.677
C1-Ni-C4 (°) 87.237 92.536
C1-Ni-C3 (°) 167.409 168.369
C2-Ni-C4 (°) 175.006 177.948
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Figure 3.3.(A) LUMO of (B™e2ETCHNi. (B) HOMO of EMe2ETCHNI. (C) Orbital splitting
diagram of {M®2ETC™Ni obtained from TD-DFT calculations. (D) LUMO g5 TC™Ni] .
(E) HOMO of [M*FTC™MNI]?*. (F) Orbital splitting diagram of'F5TC™)Ni]** obtained from

TD-DFT calculations. All calculations used NWCherBIE P/6-31g**.
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To help determine if the change in the HOMO aibi$ due to the boron atoms being
part of the macrocycle, we performed the same Gdlon on previously described
[(M*ETC™NI]?**" In a similar manner t4, there is almost no change in the metal liganddbon
lengths, but a slightly more appreciable flexingiahhcauses one of theans C-Ni-C bond
angles to contract. Notably, the LUMO is the saigard based jorbital that we observed fdr
and a similar d-orbital splitting pattern was foufat [(M*ETC™Ni]?*. However, a direct
comparison was problematic since several liganeédasbitals were interspersed between the
LUMO and the highest occupied d-orbital. All of sieeorbitals have electron density primarily
on the phenyl rings of the macrocyclic ligand.

To simplify the interpretation of the DFT resul additional calculation was performed
on the hypothetical complexM{¥TC™)Ni]?*. The phenyl rings on the 4 and 5 positions of each
carbene ring for [{*ETC™Ni]*>* were removed and replaced by hydrogen atoms aette
calculation was performed as described previouslthe same manner dsthe LUMO remains
a p-ligand based orbital (Figure 3.3D), but fof'{€TC™)Ni]** the HOMO is now a d orbital

(Figure 3.3E). This change in HOMO orbital is lik&lue to the near degeneracy of th& d,

and d, orbitals. The simplified structure off{*TC")Ni]?* allows for a closer comparison of
the HOMO-LUMO gap between the cationic and newtoahplexes. The HOMO-LUMO gap for
[(M*ETCM)NI]?" is 109.04 kcal/mol (Figure 3.3F) which is slightgnaller than the calculated

value of 111.46 kcal/mol foP{"®2ETC™)Ni (Figure 3.3C).

We can draw two conclusions from the DFT calcated. First, the tetracarbene borate
macrocycles appear to have comparab@onor strength as their neutral counterparts. This
conjecture is supported by the experimental evidemicthe®*C NMR which shows that the

carbene resonance is only slightly shifted by tth@itaon of borates to the macrocycle. Both the
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experimental and theoretical observations suggestthe borate containing macrocycles may be
slightly more electron donating with regards toirtméckel complexes. Second, the calculations
suggest that it is the size of the macrocyclic img the accompanying change in torsion angle
of the NHC rings in relation to the metal-ligancipé (formed by four carbons and the nickel)
that affect the energies of the ligand-based HOM@ta and not the presence of boron atoms in

the macrocyclic ring.
Synthesis and Characterization of Manganese and IroComplexes

We were interested in exploring other first-roansition metals due to the fact that they
have been found to form highly reactive metal-ligjanultiple, particularly iron specié$.Our
first focus was on synthesizing a macrocyclic maega tetracarbene complex due to the fact
that only one tetracarbene on manganese has be#esized to date and it was a bis-bidentate

carbene as opposed to a macrocyclic tetracarBeR&' @25 TCHMnI (5) was synthesized bip
situ deprotonation of M®2ETC™)(Br), with lithium diisopropylamide followed by the adidin

of Mnl, (Scheme3.2). The manganese underwent a redox reactionirigra Mn(lll) metal
complex with a bound iodide, creating a five conadé complex. Since manganese oxidized to

the +3 state, we decided to use an iron(lll) stgrthaterial to make’{"®2ETC")FeBr. For the

synthesis of this complexn-butyllithium was used as the strong base to depsit

(BMe2ETCHY(Br), followed by the addition of FeB(6) (Scheme 3.2). Again a five coordinate

species with a bound bromide was formed.
Crystal structures fds and6 were obtained in an identical method3tand4 via vapor
diffusion of pentane into a concentrated benzehdisa. As in the aforementioned cases, a side

view shows a puckering of the linkers (Figure 3.3his puckering and the corresponding
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location of the methyls off of the borate, bloclk tinderside of the metal, which is beneficial in
blocking a backside attack and in leaving one posibpen for catalytic reactivity. Unlike the
previous square planar complexés and 4), the geometry ob and 6 lies between square
pyramidal and trigonal bipyramidal with C-M-X anglat 104.17(9)and 95.38(8) (center of
symmetry) for5 and 110.25(18) 110.28(19), 93.93(18), and 92.51(19)for 6 (Table 3.5). The
ethylene bridges are now eclipsed, as opposedggeted, and the halide is pointed away from
the upper carbons of the ethyl-bridge. The additba halide in the apical position leads to the

metal centers being further out of the plane ab 083and 0.41 A for {M®25TC")MnI and

(BMe2ETCHyEeBr, respectively, which can be seen in Figude 3.
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Figure 3.4 Crystal structures of (A top-down view, (Bb side-on view, (CP top-down view,
and (D)6 side-on view. Agqua, brick red, fuchsia, orandeebgray, and olive ellipsoids (50%
probability) represent Mn, Fe, |, Br, N, C, andd3pectively. Hydrogens have been omitted for

clarity.

72



Table 24. Selected bond lengths (A) and angles (°) fdM25TC™)MnI, (5) (left) and

(BMe2ETCH)FeBr, @) (right).

M-X/ Bond Length (A)/ M-X/ Bond Length (A)/
X-M-X Bond Angle (°) X-M-X Bond Angle (°)
Mn-| 2.9051(8) A Fe-Br 2.5261(12) A
Mn-C1 2.070(3) A Fe-C1 2.044(6) A
Mn-C2 2.108(3) A Fe-C2 2.041(6) A
C1-Mn-C2’ 160.19(12)° C1-Fe-C2 90.9(3)°
C1-Mn-C2 89.06(12)° C1-Fe-C3 155.8(2)°
C1-Mn-C1’ 83.15(18)° C2-Fe-C3 88.3(2)°
C2-Mn-C2’ 92.33(17)° C2-Fe-C4 157.2(3)°
I-Mn-C1 104.17(9)° Br-Fe-C1 110.25(18)°
I-Mn-C2 95.38(8)° Br-Fe-C2 110.30(19)°
Br-Fe-C3 93.93(18)°
Br-Fe-C4 92.49(18)°

73



As previously stated, late transition metals witbtahligand multiple bonds are quite
reactive species and have been postulated as edétes in biological systeriSThese systems
include, but are not limited to high-valent ironeoxand iron-nitrido species for dioxygen

c, 24

activatiorf® and dinitrogen activatioft® 2 respectively. Our primary focus was synthesizing

some of these reactive intermediates usif§Pe=TC)FeBr, as well as, exploring the catalytic
properties of {M®2ETCH)FeBr. Our first attempt was to synthesize an Fa{itide starting

from our Fe(lll) precursor. Typically, iron-nitrideare stable in lower oxidation states; however,
there are a few examples of highly reactive Fe(#jeos™ *° and one example of an Fe(VI)-
nitrido compound® 2°** 26Since the formation of a metal azido species is ofithe most
common routes for preparing a nitride speéi8sthe first step was to convert our

(EMR2ETCMEeBr 6) to EMI2ETCMFeN; (7). Sodium azide was added P25 TCH)FeBr
and heated to 60 °C overnight resulting8'P25TC™)FeN; (Scheme 3.3). Confirmation of this

species was determined by X-ray crystallographywae$f as, FTIR. Overlaying the IRs of

(EM2ETCMEeBr 6) and BMP2ETCH)FeN; (7), we notedgrowth of the large azide stretch at
approximately 2040 cth The crystal structure of{"®25TCMFeN; is seen in Figure 3.4.
Following the methodologies of Smithwe then irradiated®"®2ETC™)FeN; with a mercury

lamp leading to the formation of an iron(lll)-ird¥{ (8) bridging nitride, as opposed to a
monomeric Fe(V) nitride (Scheme 3.3). Formationaoflimeric complex is attributed to the

inherent instability of a high valent iron nitrices well as, the fact that(®25TC")Fe does not

have bulky groups surrounding the apical positionptevent dimerization. Similar Fe(lll)-
Fe(lV) bridging nitrides have been documented in vesd -

nitriobis[tetraphenylporphyrinatioiron)] complex&swith Fe-N bond lengths of approximately
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1.66 A?™ 2"'compared to our Fe-N bond length of 1.80 A. A alstructure oB was obtained

via layering of THF with pentane and is shown igufe 3.5.
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Scheme 3.3Two-step synthesis for the formation dt{P25TC™FeLN (8).
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Figure 3.5. Crystal structure of?"®25TCH)FeN; (7) from (A) a top-down and (B) a side-on
view and (C) [E™®2ETC™"FeLN (8). Brick red, blue, gray, and olive ellipsoids %0

probability) represent Fe, N, C, and B respectivélydrogen atoms and counteranions have

been omitted for clarity.
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[(BMO2ETCMEelN, (8) (bottom).

M-X/ Bond Length (A)/
X-M-X Bond Angle (°)
Fe-C1l 2.040(2) A
Fe-C2 2.046(2) A
Fe-N1 2.0150(18) A

Cl-Fe-C2 90.93(8)°
Cl-Fe-C3 160.18(8)°
C2-Fe-C3 89.18(9)°
C2-Fe-C4 157.13(9)°
M-X/ Bond Length (A)/
X-M-X Bond Angle (°)
Fel-N 1.8029(2) A
N-Fe2 1.8029(2) A
Fel-N-Fe2 180.0°
Cl-Fel-C3 151.63(2)°
C2-Fel-C4 171.28(3)°

Table 25. Selected bond lengths (A) and angles (°) f8VSTC™FeNs, (7) (top) and
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Since our group's previous systemffTC™Fe(NCCH).](PFR), was an effective

catalyst for aziridination reactiofi&yve decided to pursue the effectivenes£#Fe=TC™)FeBr

as a catalyst. Since having a bound anion may iinthi reactivity of a catalyst, it was necessary
to remove the halide. Removing the halide involaeding thallium hexafluorophosphate to a

solution of PM2ETCM)FeBr to precipitate thallium bromide. A single stal for X-ray

crystallography was obtained via vapor diffusionpehtane into THF. The crystal structure of

[(BMe2ETCHYFe(THF)](PR) (9) is seen in Figure 3.6. As seen by the side viéthe crystal

structure, the apical ligand is almost perpendictdathe metal-carbene plane and the ethylene

bridges are in the staggered conformation.

Figure 3.€. Crystal structure of {"®25TC"\Fe(THF)](PR) (9) from a top-down (right) and a

side-on view (left). Brick red, red, blue, grapdeolive ellipsoids (50% probability) represent
Fe, O, N, C, and B respectively. Hydrogen atont @sunteranions have been omitted for

clarity.
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Table 3.6.Selected bond lengths (A) and angles (°) M2 TC)Fe(THF)](PR), (9).

M-X/ Bond Length/
X-M-X Bond Angle
Fe-C1 2.047(4) A
Fe-C2 1.998(4) A
Fe-O1 2.084(3) A
Cl-Fe-C2 88.80(15)°
Cl-Fe-C3 149.82(15)°
C2-Fe-C3 88.48(15)°
C2-Fe-C4 166.00(15)°
O1-Fe-C1 108.66(13)°
O1-Fe-C2 95.06(13)°
O1-Fe-C3 101.52(13)°
O1-Fe-C4 98.95(13)°
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In order to measure the success B'f{zE'TC™Fe(THF)](PR) as a catalyst, we set up

several aziridination reactions. Various solveatkenes, and organic azides were tested along
with various alkene to azide ratios. Although weraveinsuccessful in the formation of the
aziridine, we did notice the formation of an imsjgecies in ESI/MS using 1-azidoadamante and
4-azidobenzonitrile as the nitrene source. In otdencrease the imide product peak, we used a
20-fold excess of our organic azide (Scheme 3.#)jchvincreased the ratio of the imide peak
(607.31 m/z for 1-azidoadamante and 574.8Wz for 4-azidobenzonitrile) in relation to the
starting material (458.20V2), as seen in Figure 3.7. Iron imides are imporiate&rmediates for

a variety of group transfer reactioffsAlthough there have been several Fe(ll)/Fe(lll)des
prepared in literatur® there are relatively few Fe(IV) and Fe(V) imidkgue to the relative

instability of such species. This evidence suggesshave potentially synthesized an Fe(V)

imide species.

(PFg) (PFe)
/N NN N NN
N/ l \B/ + | THF - ./ ” \
/B\N\/Fe N/ ~ N, /B\N Fe N,B\
\ \7 R =Ar, ad | i/ \?
&N\_/N\/ r, adamanty K\/N Nj

9
Scheme 3.4Reaction for the formation of an Fe(V) imide.
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Figure 3.7. An example HR-ESI/MS measured for a tetrahydrofusolution of (A)

[(BMe2ETCFe=Nadamantyl](P§ and (B) [EM2FTC")Fe=NGH.CN](PR). The insets
show highlights for the +1 peak of both B{P25TCY)Fe=Nadamantyl] and

[(BMe2ETCFe=NGH,CN]" at 607.28 and 574.20/z.
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In order to conclusively confirm the formationtbe Fe(V) imide species, we will need
to obtain an X-ray crystal structure, as well ateo spectroscopic methods. Preliminary
attempts show that these species decompose afiettays at room temperature, hence working
at lower temperatures will be necessary. If weadnle to isolate the imide intermediate, it will be

necessary to add an alkene to it to see if it faxmaziridine.
Conclusion

In conclusion, we have synthesized the first eplasof metal tetracarbene complexes
prepared from a macrocyclic imidazolium borate nidaThe macrocyclic imidazolium borate
ligand was characterized by spectroscopic andtsiialonethods. The addition of a strong base,
such asn-butyllithium, followed by addition of a metal(llipdide allowed the formation of
neutral divalent tetracarbene complexes when udhey 18-atom ringed variant of the
macrocyclic tetracarbene. The nickel and palladommplexes are square planar and structurally
and spectroscopically similar to bis-dicarbene demgs that have been previously prepared.
TD-DFT calculations and NMR results suggest tha ff8-atom ringed borate containing
macrocycle is at least as strong af-donor as our previously prepared isostructuraray

In addition to our divalent, square planar nic&ketl palladium complexes, we have also
synthesized trivalent, five coordinate manganesd a&on complexes. More importantly,

(EMe2ETCMMNI s the first example of a manganese suppamadrocyclic tetracarbene. Using
(EMe2ETCMEeBr, we have also been able to synthesize aibgidee(l1l)/Fe(1V) nitride, as well

as, acquire ESI/MS evidence of various Fe(V) imspecies. Further research is necessary to

isolate and react each Fe(V) imide species.
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Despite their structural similarity, this new sdaof tetracarbene complexes offers two
potential advantages over similar compounds syigbeésfrom neutral macrocyclic ligands.
First, the metal complexes are quite soluble inpoter solvents, such as toluene, which should
be advantageous for a host of catalytic reacti®econd, the addition of borate into the
macrocyclic ring may allow for unique reactivity ansimilar manner to the tripodal carbenes and
phosphines, particularly when these ligands aratdid) to metals which form non-saturated
complexes. We believe that these macrocyclic tetkeme borates allow for the possibility of

preparing a wide variety of metal complexes witis thass of strong-donor ligand.
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Experimental

Synthesis of {M2ETC™)(Br), 2. In a 500 mL round bottom flask, 1,1'-

ethylenediimidazole (5.00 g, 30.7 mmol) was disedlvin 100 mL of acetonitrile.
Bromodimethylborane (7.43 g, 60.1 mmol) was pigktieto the acetonitrile solution and
allowed to stir for 30 min. After the 30 min elagsea second portion of 1,1'-
ethylenediimidazole (5.00 g, 30.7 mmol) was addedhe flask. The resulting solution was
brought out of the glove box and put on a reflundenser under a steady stream ef The
reaction was heated to 60 °C and stirred for 24ARer 24 hr, the solution was filtered over a
150 mL fine sintered glass frit. The collected whfirecipitate was then washed with diethyl
ether (3 x 100 mL) and dried under reduced predsargng the white product (14.6 g, 83.6%).
Crystals were grown by dissolving the white powitéo a 50/50 MeOH/ED mixture and vapor
diffusing in diethyl ether. Mp: 115-117°GH NMR (DMSO-ds, 499.74 MHz):3 8.71 (s, 4H),
7.24 (s, 4H), 7.22 (s, 4H), 4.63 (s, 8H), 0.131H). °C NMR (DMSOds, 125.66 MHz):5
137.3, 123.5, 121.5, 48.13, 8.828B NMR (DMSO4ds, 128.42 MHz):$ -3.5. IR(neat): 3106,
3059, 2935, 1542, 1440, 1410, 1366, 1304, 12520,11Q@85, 1044, 972, 944, 874, 795, 761,
671, 658 crit. HR-ESI/MS (W2): [M-Br]* 485.2128, [M-2Br}* 203.1462 (found); [M-Bf]
485.2123, [M-2BA" 203.1466 (calcd). Anal. Calcd foragEls:B:NgBry: C, 42.44; H, 5.70; N,
19.80. Found: C, 41.47; H, 5.74; N, 19.06.

Synthesis of {M22ETCcH)pd, 3. In a 100-mL round bottom flask, 30 mL of
tetrahydrofuran was added &M®25TC"|(Br), (0.525 g, 0.927 mmol). The mixture was stirred

for 10 min, forming a slurryBulLi (2.50 M, 1.48 mL, 3.71 mmol) was added to sdution and

allowed to react for 15 min. The solution changexainfa white slurry to a yellow solution. After
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the 15 min elapsed, palladium (Il) iodide (0.3340@27 mmol), dissolved in 20 mL of heated
tetrahydrofuran, was added to the yellow solutibime reaction immediately turned light brown
and was stirred overnight. The reaction mixture wen filtered over a 60 mL fine sintered
glass frit and the resulting THF solution was pthesmder reduced pressure to yield a white
powder. The product was extracted with 3 x 30 mbe&fizene and then concentrated to 10 mL.
Crystalline product could be obtained via a vapiffusion of pentane into the concentrated
benzene solution (0.0398 g, 8.45% yield). Mp: 1a8°C dec'H NMR (CDCk, 499.74 MHz):
§7.10 (s, 4H), 6.74 (s, 4H), 4.85 (dd,<)14.8 Hz, 3= 7.7 Hz, 4H), 4.22 (dds & 14.5 Hz, 3=

7.7 Hz, 4H), 0.33 (s, 6H), 0.23 (s, 6H). (€IN, 499.74 MHz)5 7.07 (s, 4H), 6.94 (s, 4H), 4.86
(dd, 3 = 14.8 Hz, 9= 7.7 Hz), 4.30 (dd,;J= 14.8 Hz, = 7.7 Hz),™*C NMR (CDCk, 125.66
MHz): & 170.1, 122.7, 118.8, 48.7, 16.7 (br), 8.6 (br)D{CN, 125.66 MHz):6 171.3, 122.8,
120.4, 49.3, 17.5 (br), 8.6 (bYB NMR (CDCk, 128.42 MHz):$ -2.0. IR(neat): 2924, 1452,
1443, 1423, 1402, 1336, 1293, 1241, 1217, 11561,11073, 1038, 1014, 956, 943, 836, 795,
737, 720, 701, 673 ch HR-DART/MS (W2): [M+H]* 509.17594 (found); £gH2sB,NsPd
509.17361 (calcd).

Synthesis of {M@2E'TC™)Ni, 4. In a 100-mL round bottom flask, 30 mL of
tetrahydrofuran was added M2 TC™)(Br), (0.351g, 0.619 mmol). The mixture was stirred

for 10 minutes, forming a slurryBuLi (2.50 M, 0.991 mL, 2.48 mmol) was added to the
solution and allowed to react for 15 min. The migtehanges from a white slurry to a yellow
solution. After 15 min elapsed, nickel(ll) iodid@.194 g, 0.619 mmol), dissolved in 20 mL of
heated tetrahydrofuran, was added to the yellowti®ol. The reaction immediately turned light
brown and was stirred overnight. The reaction vas ffiltered over a 60 mL fine sintered glass

frit and the resulting THF solution was dried undeduced pressure to a light yellow powder.
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The product was extracted with benzene (3 x 30 mcentrated to 10 mL, and crystallized via
vapor diffusion of pentane to give the pure, yellowstalline product (0.0406 g, 9.89% vyield).
Mp: 112-115°C decH NMR (CDCk, 499.74 MHz):5 7.05 (s, 4H), 6.70 (s, 4H), 4.95 (dd=J
14.5 Hz, d = 6.8 Hz, 4H), 4.21 (dd,J 14.0, 3 = 7.3 Hz, 4H), 0.42 (s, 6H), 0.25 (s, 6H).
(CDsCN, 499.74 MHz): 7.02 (s, 4H), 6.88 (s, 4H), 4.95 (dd,=)14.5 Hz, § = 7.5 Hz, 4H),
4.27 (dd, J= 14.5 Hz, g= 7.3 Hz), 0.30 (s, 6H), 0.17 (s, 6HJC NMR (CDCE, 125.66 MHz):

§ 173.6, 123.1, 118.8, 48.0, 16.5 (br), 9.3(br). {CN, 125.66 MHz) 174.7, 123.2, 48.5, 16.9
(br), 9.9 (br).*'B NMR (CDCk, 128.42 MHz)3 -0.6. IR (neat): 2923, 1452, 1422, 1403, 1332,
1295, 1239, 1212, 1152, 1085, 1070, 1041, 955, 842, 797, 736, 725, 704, 672 ¢trHR-
DART/MS (m/2): [M+H] " 461.20530 (found); £H29B2NgNi 461.20623 (calcd).

Synthesis of {M2ETCHYMnI, 5. In a 20-mL vial, 4 mL of tetrahydrofuran were added
to EM2ETCH(Br), (0.210 g, 0.390 mmol). Lithium diisopropylamide. 167 g, 1.56 mmol)

dissolved in 4 mL of tetrahydrofuran was addechsgolution and stirred for 20 minutes. Upon
addition of the base, the solution turned orangandénese(ll) iodide (0.121 g, 0.390 mmol)
dissolved in 3 mL of tetrahydrofuran was added he $olution and stirred overnight. The
solution was pumped to a solid. The product wasaetdd with benzene (3 X 30 mL),
concentrated to 10 mL, and crystallized via vapdfusion of pentane to give the pure
crystalline product. Further characterization mga@ng by a member of Dr. David M. Jenkins’
group.

Synthesis of tMP2ETC")FeBr, 6. In a 100-mL round bottom flask, 20 mL of
tetrahydrofuran were added "2 BTC")(Br), (0.351g, 0.619 mmol). The reaction stirred for

10 minutes, forming a slurr§BulLi (2.5 M, 0.991 mL, 2.48 mmol) was added to sleéution and

allowed to react for 15 minutes. The solution cleghffom a white slurry to a yellow solution.
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After 15 min. elapsed, iron(lll) bromide (0.194 @619 mmol), dissolved in 20 mL of heated
tetrahydrofuran, was added to the yellow solutionmediately, the reaction turned light brown
and the reaction stirred overnight. The reactios tieen filtered over a 60 mL fine sintered frit
and the resulting THF solution was pumped to aoyellgreen powder. The product was
extracted with 3 X 30 mL of benzene, pumped to aceatrated amount, and crystallized via
vapor diffusion of pentane to give the pure, regkgr crystalline product (0.0223 g, 10.1%
yield). 'H NMR (CDsCN, 499.74 MHz): 29.42, -5.76, -14.41, -18.68. IR(neat): 2927, 1463
1417, 1403, 1303, 1284, 1208, 1155, 1118, 10853,10@834, 979, 944, 796, 738, 732, 706, 678
cm®. DART MS (2): [M+H]* 538.08. Anal. Calcd for £gH24B,NgFeBr: C, 44.66; H, 5.25: N,
20.83. Found: C, 45.41; H, 5.41; N, 20.30.

Synthesis of {M®2ETCH)FeN, 7. In a 20-mL vial,(M92ETC™)FeBr (0.0310 g, 0.0576
mmol) was dissolved in 3 mL tetrahydrofuran. Sodiazide (0.00370 g, 0.0576 mmol),
dissolved in 2 mL of tetrahydrofuran, was addedht® stirring solution. The reaction stirred
overnight at 60C forming a greenish solution with brown particelaafter cooling, the solution
was filtered over Celite and crystallized via vambffusion of pentane to give the pure,
orange/reddish crystalline product (0.0248 g, 86yiétd). IR(neat): 2916, 2848, 2044, 1461,
1418, 1403, 1327, 1285, 1209, 1154, 1117, 10689,194%7, 795, 753, 736, 708, 673tm

Synthesis of [fM®2E'TC™)Fe],N, 8. In a 20-mL vial, fM2ETC™F" N; (0.0383 g,

0.0766 mmol) was dissolved in 3 mL of tetrahydrafuiThe vial was set under a mercury lamp
for 1 hr and stirred, turning the solution from eddish orange to a dark red. The resulting
solution was layered with pentane and crystalliz¢d-35 °C. (Further investigation and

characterization is ongoing)
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Synthesis of [EM2ETCH)Fe" |(PF), 9. In a 20-mL vial,B™M®2ETC™)FeBr (0.0866 g,

0.161 mmol) was dissolved in 3 mL of tetrahydrofur&hallium hexafluorophosphate (0.0562
g, 0.161 mmol), dissolved in 2 mL of tetrahydrofuravas added immediately forming a white
precipitate (TIBr) and changing the color of thduson from a greenish brown to a vibrant

reddish orange. The reaction stirred for an houertsure that all of th€™2ETC")FeBr had

reacted. It was then filtered over Celite, to remdlve white solid. The resulting solution was
setup for crystallization via vapor diffusion wiglentane. The product was obtained as reddish
orange crystals (0.0893 g, 92.0% vyield). (Note Hected yellow crystals with the same IR as
red.) IR(neat): 3138, 2933, 1543, 1455, 1420, 142498, 1214, 1159, 1119, 1071, 1048, 960,
946, 825, 740, 703, 670 EMESI/MS (W2): [M-PF]* 458.20.

Synthesis  of [fMP2ETCH)Fe'=Nadamamtyl](PFg). In a 20-mL vial,
[(BMe2ETCH)FE"|(PRs) (0.0189 g, 0.0280 mmol) was dissolved in 3 mitedfahydrofuran. An
excess of 1-azidoadamantane (0.0993 g, 0.560 mmad)added to the solution and stirred at
room temperature for 1 day. The solution changeohfa reddish orange to a dark red color. The
reaction was filtered over Celite and crystalizéallayering of pentane at -3&. ESI/MS (W2):
[M-PFs]* 607.32. (Further investigation and characterizaigoongoing)

Synthesis  of  [fM2ETCH)Fe=NGHLCN](PFg). In  a  20-mL vial,
[(BMe2ETCHEd"|(PRs) (0.0109 g, 0.0161 mmol) was dissolved in 3 mitetfahydrofuran. An
excess of 4-azidobenzonitrile (0.0456 g, 0.323 mmals added to the solution and stirred at
room temperature for 1 day. The solution changethfa reddish orange to a dark green color.
The reaction was pumped to a solid and washeddigthyl ether. After each wash the solid was

dried under reduced pressure. The resulting da&rgpowder was dissolved in tetrahydrofuran
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and crystallized via vapor diffusion with diethyther. IR(neat): 3142, 2933, 2215, 1596, 1553,
1496, 1458, 1418, 1294, 1211, 1168, 1151, 11219,1986, 825, 738, 705, 677 CmESI/MS

(MV2): [M-PFs]™ 574.20. (Further investigation and characterizaisoongoing)
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Chapter 4

Aziridine Reactions and Aryl Phosphine Bonding
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Abstract

Three types of reactions were performed using ttealyst[(M®ETC™Co(OTH)](OTH).
Although [("*ETC™Co(OTH](OTF) did not catalyze the attempted eptation and
cyclopropanation reactions using the tested camti [{"*5TC™Co(OTH](OTH) did catalyze
aziridination reactions. Besides investigating thecatalytic properties of
[(METC™Co(OTH])(OTS), we investigated the bonding mode afyl phosphines on metal

surfaces. The bonding mode was investigated viaSSEStg various 2° and 3° aryl phosphines.
Introduction for Aziridination, Epoxidation and Cyc lopropanation

Three membered rings, such as cyclopropanes, eggxahd aziridines are important
biologically* and in fine chemical synthesfs” For example, azinomycirand mitomycifi are
examples of aziridines that have antitumor andb@ottc properties. All of these cyclic structures
are also used as synthons due to their ring-stf&iey are typically used in the formation of new
bonds, though ring-opening reactidriBypically, cyclopropanes are formed through the ofa
diazo-compound that lose,Nn order to form cyclopropanésEpoxides are typically formed
through the use of reagents, such as peroxidesiosbbenzene in & O, addition reaction®
® Previously, aziridine reactions used hypervaledirie® ’ or tosyl azide¥' ® both of which
were not atom economical and difficult to remdveémaking the synthesis of aziridines more
difficult than that of cyclopropanes and epoxidBg. using azides as oppose to these nitrene
reagents, aziridines have a diregt#CN; route in which Nis released as the sole byproduct like
diazo-compound®.Our group recently took advantage of using az@esziridine precursors

and had success catalyzing the first examples tof and tetrasubstituted alkene to form an
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azide'® We are interested in further investigating thesgdine reactions using a different metal

for our catalyst, as well as, screening its succesgclopropanation and epoxidation reactions.
Catalysis Results

S. Alan Cramer's [{f¢ETC™Fe(NCCH),](PFs). catalyst from our group was the first
example of a catalyst that successfully formedidinies with tri- and tetrasubstituted alker®s.
We were interested in expanding the scope of thiglamation reaction to other metals using this
ligand system in order to compare each metal'stinggc This process involved the synthesis of
the previously reported¢ETC™)(OTf),** followed by the formation of the transmetallating
reagent [{{"*FTC™MAg}.AQ](OTH4 (1).*2 Once [{MFTC™Ag}.AQ)(OT. was purified,
K(M*ETCPMAg},Agy](OTH)4 reacted with CoGlin a CHCI/THF solution to form the product
[(M*ETC™Co(OTH)(OTS) (2) as previously described by Lu and coworKérghe reactions for

1 and2 are shown below in Scheme 4.1.
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(OTf),

Ph Ph
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Ph— N N™ \—Ph
NA )¥ N DMSO
< E : > + AgOTf + NEt; 90°C »  [{MSETCP)Ag)L,AQ,l(OTH),
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CH,CI»/THF
[{(MeETCP)AG),AG,l(OTf), + CoCl; 22 >
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Ph Ph
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Scheme -.1. Synthesis of{( " TC™)Ag} ,Ag.](OTf)4 (1) followed by the addition of Cogto

form [(M*ETC"MNCo(OTH](OTH) ().

ESI/MS was taken in order to verify the formatioh[{g "5 TC™)Ag},Ag.](OTf)4 (1)
and [(M*ETC™Co(OTH)(OTF) (2). Peaks associated with [{{¢ETC™Ag}.Ag.]*,
{(M*ETCPMAG)AQ)(OTH} Y, and {{( M*ETC™Ag},AQ.)(OTH),} 2" were found at 586.07,
831.41, and 1321.6@nz respectively with the correct isotopic distrilauti For 2, peaks
associated with [lEETC™CoP* and [[**FTC™Co(OTHI** were found at 507.62 and 1166.23

m/z, respectively. The ESI/IMS fortETC™Co(OTH](OTf)is seen in Figure 4.1.
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Figure 4.1. An example electrospray ionization mass spectrurasoned for an acetonitrile
solution of 2 exhibitng two peaks associated with §ETC™Co* and

[(METC™Co(OTH]* at 507.6151 and 1166.2268z, respectively.

In order to test the effectiveness ofETC™Co(OTH](OTS) as a catalyst, we set up
various test reactions using similar conditionshimse used in [EETC™")Fe(NCCH),|(PFs)2.*°

All reactions were run in an excess of alkene wollgl azide and either a 0.1 or a 1.0% catalyst
loading (Scheme 4.2). GC/MS was run after the ieacstirred for 18 hours at 98C for
preliminary confirmation of the formation of eachidirine. Since various products can exhibit
the same mass, each product had to be purifiedloynen chromotography using a 9:1 hexanes
to ethyl acetate mixture. The most successful gitaleaction involved using 1-decene and tolyl
azide for the synthesis of 2-octyl-1-(p-tolyl)adine. Similar percent yields were obtained when
using a 0.1% or a 1.0% catalyst loading (approxahya83%), which is in agreement with the
1.0% catalyst loading of YeETC™Fe(NCCH),](PFs). of 82%° A sampleH and*C NMR

for 2-octyl-1-(p-tolyl)aziridine are shown below Higure 4.2 and Figure 4.3, respectively.
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alkene + azide

0.1-1.0% [(MeETCPMCo(OTH)](OTF)
» aziridine

alkene

catalyst percent

percent yield

0.1

84.2%

82.9%

0.1

O
O

Scheme ..2. General synthesis for the formation of aziridinestgg from an alkene and

anaryl azide

101



TH NMR

CDClg,
12 10 8 6 4 2 0
ppm
Figure 4.2."H NMR of 2-octyl-1-(p-tolyl)aziridine in CDGI
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Figure 4.3.°C NMR of 2-octyl-1-(p-tolyl)aziridine in CDGI
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We were also interested in trying a cyclopropamatas well as, an epoxidation reaction
to explore the versatility of our catalyst. For tlopropanation reaction, we used the methods
of Yadav®and Belderraitf involving the formation of cyclopropane via theeusf a diazo-
compound.Various ratios of cyclooctene and ethyl diazoaeetstirred in a solution of
methylene chloride with either a 1% or 5% catalgatling (Scheme 4.3). Notably, after 2 hours
and 24 hours no product was visible on the GC/M&. & epoxidation reaction, we tested
iodosobenzene in an excess of cycloocetene witbuscatalyst loadings (Scheme 4.3). Again,
GC/MS showed no evidence of a reaction. This ewdersuggests that although
[(METCPMCo(OTH)(OTH) is capable of aziridination reactmrit is not an effective catalyst for

cyclopropanation or epoxidation reactions usinggiven conditions.

Cyclopropanation COOEt
1-5% [(Me-EtTCPM)Co(OTH)](OTH)
+ N> >
CH,ClI,
COOEt
Epoxidation
/O
| 4 0]

1-5% [(MeETCPMCo(OTH)](OTH)
+ >

THF

Scheme 4.3General synthesis for cyclopropanation and epoxidatttempts.
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Catalysis Conclusion

Developing the most efficient catalyst not only olwes finding the most favorable
reaction conditions, but also involves investigatirarious metals to serve as the metal center.
Our group has begun doing this with the synthesi§ the new catalyst,
[(METC™Co(OTH)(OTS). Preliminary results suggest that’ETC™)Co(OTH](OTY) is as
good of a catalyst as the previously reportétf§rC™Fe(NCCH),](PFs). at least in the
formation of 2-octyl-1-(p-tolyl)aziridine. Furtheinvestigation into tri- and tetrasubstituted
alkenes is necessary for comparative purposes, el as, further investigation into

cyclopropanation and epoxidation reactions.
Introduction for Aryl Phosphines Investigations with Raman

R-groups typically bond to metals in either a cemalmanner (X-type bond) or a Lewis
acid/base type adduct (L-type bond). Aryl thiole &nown to lose a proton in order to form
strong covalent bonds to metals (Figure 4*4yhich is why they are typically used for making
modifiable nanoparticle surfac&s.Although phosphorous is directly beside sulfur tre
periodic table, the bonding motif of aryl phosplsrte metal surfaces has yet to be explored. Our
group decided to investigate the bonding motif i @hosphines by looking at secondary aryl
phosphines, secondary aryl phosphine oxides, atidriephosphines.

Each type of aryl phosphine to be investigatedardy bond to a surface in specific ways
(Figure 4.4), thus allowing for a conclusion todrawn through a process of elimination using
surface enhanced Raman spectroscopy (SERS). Byigaddich group to a silver colloidal
solution and then running SERS, we will be ablsde which phosphines bond to the metal and
which phosphines do not bond. Secondary aryl phosphcan bond by losing a proton and
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forming an X-type bond in the same manner as é&rgld or by donating the lone pair from

phosphorous and forming an L-type bond, as depictdéigure 4.4. By adding an oxide to a
secondary phosphine, an X-type bond can still b@éa by losing a proton; however, an L-type
bond can only be formed if the lone pair from oxygmnates to the metal. Since all the X-type
bonds are already used in bonding for a tertiagsphine, only the lone pair from phosphorous
is available for bonding in an L-type fashion. Biyeéstigating all three types of aryl phosphines,

the bonding mode will be able to be determined ctviwill indicate its similarity or dissimilarity

to aryl thiols.
T) VS. F|’)
HO H
Ar H
Ar A AT H & i &
\S . AF\P Ar \-/ . AI"\Péo ? . AI"\F;)/AI'
L e !

thiol secondary phosphines secondary phosphine oxide | tertiary phosphine

X-type = covalent bond

L-type = Lewis acid/base adduct

Figure 4.4. Bonding mode of aryl thiols on a silver surfaceth& potential bonding modes of

secondary phosphines, secondary phosphine oxidesegiary phosphines.
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Phosphine Results

The three secondary phosphines we used for ourriexgr@ were diphenylphosphine
(dpp), bis[3,5-bis(trifluoromethyl)phenyl]phosphine  (dppf), and bis[3,5-
bis(trifluoromethyl)phenyl]phosphine oxide (dppf@)able 4.1). Diphenylphosphine and bis[3,5-
bis(trifluoromethyl)phenyl]phosphine  were commellgia available; however, due to
fluorescence issues we had to further purify theny Isublimation. Bis[3,5-
bis(trifluoromethyl)phenyl]phosphine oxide was gyegized by the methods of Paillotix;
however, we had to get rid of impurities througl dombined use of a silica plug and petroleum
ether washes. To ensure quality conttbl, NMR in CDCk was run on dppfo. TheH NMR of
bis[3,5-bis(trifluoromethyl)phenyl]phosphine oxidshown in Figure 4.5, exhibits a large
splitting of the hydrogen attached directly to giesphine with d-coupling value of 504 MHz.

The peak values and thlscoupling value were corroborated by Pailloux’saeed values?®
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Table 4.1. List of secondary phosphines, the secondary phoseploxide, and tertiary

phosphines used for experimentation.

Secondary Secondary Tertiary
Phosphines Phosphine Oxide Phosphines

2,0 | A5 0,0 X

H ¢ ﬁH
pp
O dppo
15
F F top Djé[Dtppd
gj gj D
o JeWegheWel
|
" dppf P P
© t4mpp © tafpp
F
"H NMR
0
@)
J =504 Hz o)
f, Y
10 9 8 7
ppm

Figure 4.5."H NMR of bis[3,5-bis(trifluoromethyl)phenyl]phospte oxide in CDG.
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Once each of our secondary phosphines was cleaywbre ready for testing. The first
step in our experiment was running Raman on eaatnsiary phosphine. The spectrum for each
phosphine is seen in Figure 4.6. Many of the péaks each of the three phosphines overlapped
due to their structural similarities. One that @ably different in dppfo versus the other two is

the peak at 1156.2 in the top spectrum, which coisfithe presence of the P=0O bond.

400 200 1200 1800 2000 2400 2800 3200

40 |
- P=0 Stretch

20 |

50 - ‘

120 =

s0-] | dppf

40 —

1600 —
1200 —
800 |

400 ~| I

400 800 1200 1600 2000 2400 2800 3200
cm?t

Figure 4.6. Raman spectra comparing the secondary phosphige @i the secondary
phosphines without an oxide. The notable differercdhe P=0O stretch in the top

spectrum at 1156.2.
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For the SERS experiment, the phosphines were g&sgahto a silver colloidal solution.
Methanol and ethanol were used as solvents dueetfatt that the phosphines precipitated out
of aqueous solutions. It was noted that after stvdays both dpp and dppf oxidized to
phosphine oxides, hence the data taken for thespaands were inconclusive. Future SERS
experiments involving these two phosphines wiltloe in an air-free environment.

Since we could not compare the phosphine oxidbamther secondary phosphines, we
decided to run SERS on the secondary phosphinee @nd tertiary phosphines. In the case of
tertiary phosphines, only the L-type (lone pairhimg exists, hence if these bind and dppo does
not, it is suggested that phosphines bind to therssurface via their lone pair. The tertiary
phosphines we used included triphenylphosphine ),(tppis(4-methylphenyl)-phosphine
(t4mppp), triphenylphosphine d-15 (tppd15), and(4rdfluorophenyl)-phosphine (t4fpp) (Table
4.1). These compounds were dissolved into silvoidal solutions of methanol or ethanol and
the SERS spectra were collected. Figure 4.7 shbevspectra of the four tertiary and the one
secondary phosphine oxide. From the data, it igestgd that all four tertiary phosphines bind to
the silver surface, while the phosphine oxide duoats Although further data must be taken on
the secondary phosphines, this data suggestshigihtosphines bind to the silver surface via

their lone pairs off of the phosphine, which ideliént from how thiols bind to the silver surface.
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Figure 4.7. SERS spectra of dppo, t4mpp, t4fpp, tppd15, apd tp

Conclusion on Aryl Phosphines

The bonding mode of aryl thiols to metal surfabes been thoroughly investigated,
while the bonding mode of one of their neighborg| phosphines, has not. We were interested
in determining the bonding mode of these phosphiyessing SERS. In order to accomplish
this, we investigated secondary aryl phosphinespre#ary aryl phosphine oxides, and tertiary
aryl phosphines. Even though our secondary phosploridized in the presence of air, we were
able to investigate tertiary phosphines versussegondary phosphine oxide. After a series of
runs, it was noted that the tertiary phosphinesdedrto the silver surface, while the secondary
phosphine oxide did not. Seeing how the phosphiideohas no lone pair on the phosphorus
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while the tertiary phosphine does suggests thasgdtioes bond using their lone pair to the silver
surface and not in an X-type fashion as thiolsorger to conclusively confirm that phosphines
are bonding through their lone pair, we still neéednvestigate the secondary phosphines in an

air-free environment.
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Experimental

Synthesis of 2-octyl-14¢-tolyl)aziridine. 0.1% catalyst loading: In a 20 mL vial,
[(METC™Co(OTH)(OTS) (0.0010 g, 0.000752 mmol) was added to a solutibri-decene
(approximately 5 mL). The catalyst stirred in tlwdusion for ten minutes at 9, followed by
the addition ofp-tolylazide (0.1000 g, 0.752 mmol). The reactidrretl at 90°C for 18 hrs after
ensuring that all of the azide had reacted as woetli by GC/MS. The solution was filtered over
Celite to get rid of [(¢FTC™Co(OTf)](OT). Volatiles were removed under reddgaressure.
To isolate the product, a silica column was rumgsa 9:1 hexanes to ethyl acetate solution as
eluent. After removing all of the hexanes and etiogtate the pure product remained (0.1552 g,
84.2% yield).'H NMR (CDCk, 499.74 MHz):5 7.03 (d,J = 7.5 Hz, 2H), 6.89 (d] = 7.0 Hz,
2H), 2.28 (s, 3H), 2.03 (m, 3H), 1.59 (m, 4H), 1(40 2H), 1.31 (m, 8H), 0.91 (= 6.0 Hz,
3H). **C NMR (CDCE, 125.66 MHz):5 152.77, 131.45, 129.51, 120.65, 40.33, 34.17,133.4
32.02, 29.74, 29.69, 29.42, 27.85, 22.80, 20.7844GC/MS (W2): 245.1. DART/MS W2):

[M+H]* 246.23579

Synthesis of bis[3,5-bis(trifluoromethyl)phenyllphsphine oxide. Under a N
atmosphere, a solution of diethylphosphite (0.654.g, mmol) in THF (10 mL) was added
dropwise to (3,5-bis(trifluoromethyl)phenyl)magnesi bromide (0.5 M solution, 34 mL, 1.7
mmol) in 20 mL of THF. The mixture was heated to°&0and stirred for 1 hr. After the hour
elapsed, the mixture was cooled to room temperaamé hydrolyzed with a saturated
ammonium chloride solution (20 mL). The aqueoustayas separated and the product was
extracted from the aqueous layer with methylenerdté (3 X 20 mL), which was subsequently

dried with magnesium sulfate. The resulting methglehloride portion was run over a silica
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plug then was dried under reduced pressure leavihght brown solid. To get rid of further
impurities, the product was washed with petroledhere(4 X 4 mL) and dried under reduced
pressure leaving the pure, light brown product4®315.5%)H NMR (CDCk, 300.1 MHz):5
8.31 (d,Jpy = 504 Hz, 1H), 8.20 (dlpy = 13.5 Hz, 4H), 8.16 (s, 2H)’F NMR (CDCk, 282.3

MHz): 5 -63.0. DART/MS (W2): [M+H]* 475.1.
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Conclusions

To date, relatively few macrocyclic tetracarbeoneplexes have been synthesized. Each
of the strategies employed to synthesize macracyetracarbenes previously has an inherent
limitation. For instance, the 16-atom ringed varitom Hahn, although an elegant synthesis, is
made via a templating reaction, which is not vidiolea wide variety of metafsOn the other
hand, Murphy's 24-atom ringed variant is synthesizby the deprotonation of a
tetraimidazolium, which is the preferred approduobwever, the bulkiness of the ligand linkers
blocks the apical positions, inhibiting reactivitythe metal centérOur group has synthesized a
smaller, 18-atom ringed tetraimidazoliurl{®FTC™)(OTf),, that can be deprotonated to form a
strong o-donating tetracarbene ligand in complexes such HE¥&ETCHPH)(OTH),,
[(M*ETCMRhH(OTH), and [MFTC™)IrH](OTf)..2 This 18-atom ringed macrocycle is a superior
size, allowing for plenty of space at the apicakippon for reactivity as seen in Cramer’s
[(METCPMFe(NCCH)2](PFs)2, which catalyzed the first examples of tri- anttasubstituted
alkenes and organic azides in an aziridinationtiea¢

The second focus of our research was modifyingsthe, solubility, and reactivity of
metal complexes withM&5TC")(OTf), by making a structurally similar dianionic ligandle
accomplished this by installing two borate moietigdinking units in our macrocycle. By using

borate linking units, we were able to synthesiZE2{*TC"®)(1), and(®™2M*TC")(Br),to make

16-atom ringed tetraimidazoliums. Notably, ESI/Mf§gested the formation of highly unstable

metal complexes or?'2™TC"®) (1), and we were unable to isolate any of these metaptexes
to further characterize them. To date, the stagbifftcomplexes supported b§M2MeTC")(Br),

has not been thoroughly investigat8thce we were unable to make complexes with that@6:
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ringed variants, we synthesized an 18-atom ringedtb-based macrocycl&e25TCH)(Br),.°
Using EMe25TC™)(Br),, we synthesized neutral, nickel(ll) and palladiljntomplexes that

were soluble in nonpolar solvents such as toldeWée were also able to synthesize metal
complexes featuring manganese(lll) and iron(lll). heT manganese(lll) complex,

(EMe2E'TCMMnl, is the first example of a macrocyclic tetramene on this metal. Preliminary
results using ¥'°2FTC")FeBr, suggests we have made a bridging iron eitriass well as,

potentially other high valent iron complexes.

Since Cramer's {EETC™Fe(NCCH),](PFs). proved to be a successful catalyst for
aziridination reactions we were also interestedesting the reactivity of other metals using
MEETC™(OTHL* In order to test other metal complexes, we syikds
[(METC™Co(OTH])(OTS) as a second potential catalysEollowing the reaction conditions
used for [I"**5TC™Fe(NCCH),](PFs),, various alkene and azide combinations were teSieel
most effective of these was using 1-decene and &digle for the synthesis of 2-octyl-1-(p-
tolyl)aziridine. Yields for both 0.1% and 1.0% dstt loadings were comparable to those
obtained using [{#5TC™Fe(NCCH),](PFs).. Preliminary testing on cyclopropanations and
epoxidations were not successful. Further studiastrne obtained in order to understand the
breadth of [(*TC™Co(OTf)](OTf) as a catalyst.

Lastly, we were interested in the bonding modargf phosphines due to the extensive
knowledge of the bonding mode of aryl thiols. Tleding mode was tested through the use of
secondary phosphines, a secondary phosphine oait®,tertiary phosphines, all of which
exhibit different bonding modes onto metal surfa@susing SERS, we were able to see which
phosphines bonded to the surface and which phosphiid not. Notably, the secondary

phosphines both oxidized, so no conclusion on theirding could be made. The secondary
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phosphine oxide and tertiary phosphines were ifgegstd and it was found that the tertiary
phosphines bonded to the silver surface, while seondary phosphine oxide did not. This
evidence suggests that aryl phosphines bond tolnsetdaces via the lone pair off of

phosphorus.
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