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ABSTRACT

Following previouswork done by members of the Theopold Lathich was
limited by the propensity for €l bondactivationon the hydrotris(3ert-butyl-5-
metylpyrazolyl)borate ligand, this work iscantinwation ofefforts to produce oxo
complexes with the more robust hydrotrig€drocenyt5-methylpyrazolyl)borate
ligand. Tg“MeFeX (X = CI @), Br (2), | (3)) and TH*MeCoBr (4) have been
synthesized and used to prod{itp™MFe]2(u2-d': 8N2) (9) and[Tp eMeC o] (u2-
d: ¥gN>) (10) to act as synthons for activation of oxygkna similar effort, alkyl
complexes TiFM¥FeBn 6) and THSMFeEt 6) were synthesized and reattgith
carbon monoxide to produce a formally univalent{§~e(CO) 7), to act as a
synthon.

When9 is reacted withoxygen atom transfer reagents ttwvel bridging oxo
complex in the form ofTp™M&Fepb(u2-d: *dO) (16) is produced16is only the
second instance of suchFd'-O-Fe' compound to have been isolated and structurally
characterizedn the effort to produce additional chalcogenide compounds the
complexes TFMFeOCPh (13) and THMFeSCPh (14) were produced by salt
metathesis wh 3. The reaction 014 with KH in the presence of 1 &own-6 to
produce a bridging sulfidgTp™MFepb(u-dt: dS) (15). Attempts to produce imide
compounds to act as isoelectronic models for terminal oxo compounds by reacting
organic azides wit® and10resulted in the production of tetrazene complex
Tp™MeCoNsBN; (17), as well as metallated azides TFeNs (20) and THSMCoNs
(21).
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Reactions 08 and4 with the lithiated nitride transfer reageh8:5,6Dibenze
7-azaicyclo[2.2.1]hepte?,5-diene(dbabh) resulted only in transmetallation of
production of TH>MaLi. Reactions of TE“MeFel and TF"MeCol with Li-dbabh
resulted in TF“MeFe-dbabh 22) and TP“MeCo-dbabh 23), which do not decompose
under heating to produce terminal nitrid€p®®“MeCrEt reacts with Fibabh to
producethe first example of a first row

transition metal nitride compound supported by a Tp ligan&“FpCrN (24),
which reacts with Mel to produce a rare example of a methyl imid&MicrNMe

(26).
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Chapter 1

INTRODUCTION

Small molecule activation via oxidative processes is impofta the
production of manyndustrially relevant compoundslost suchtransformations
utilize late transition ratals, and fewatilize metals from the first ronSuch late 2
and 3 row transition metals are often expensive, and their high deommdbutes to
thedeleterious effect mining and refining those metals hak®environmeniTwo
small molecules of notable importance &sand N gases, both of which are
exceptionally abundamind environmentally benigrvarious routes to the activation
of either Q or N involve an intermediate terminal oxo or nitridomplex. Terminal
oxo complexes on late transition metals (group 9 and higher) violate the principle of
t he 0 o.Fistdeseribed it relation tetragonal crystdield splitting, metals
with more than 5 d electrongll no longer effectivelypartiac pat e i n °~ bondin
having theanti-bonding orbitalgor that interaction partially or completely filled
Although not in name, the principles behind the oxo wall apply to all ligands that
parti ci pat withinatalsincludimgthenitridegigand(N*).2 For these
reasonsmetals in group 9 and abokiave been postulated as beingapable of
producing stable terminal oxo complexXeghis is true of all ligand fieldsut
decreasing the coordination number of the complexaaer the total electro count,
removetransinfluence and/or making orbitals available to host electrons in a state

that is either nobonding oronly weakly antibonding*
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Figure 1.1: Qualitative frontier molecular orbital diagrams of 3 ligand fields

common to M-O complexes?
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By utilizing either nortetragonal ligand fields, or especially strong field
ligands, terminal oxo compounds on grouan@ 10metals have éen produced. The
first of thesavas isolated by Wilkinson in the 1990s, in the form of Ir((€»)

produced from the reaction of at'Iprecursor with the single oxygen atom transfer



reagent trimethylaminbi-oxide® With an additional terminal oxo complex of Pt
supportedy the GH3[CH2P (tBu)2](CH2)2N(CHs)2 (PCN) pincer ligand having also

been described

Figure 1.3: Structure of oxotrimesityliridium (V) .°

The oncept of the oxo wall also impli¢isatmetal centers with higher
electron counts produce ox@ o t Horeded anionic ligandomplexes of greater
reactivity (and thus less stability) than earlier or lower oxidation state mé&éls
particular interest then, especially given the precedent with iridium, is the activation of
oxygen with abundant group 8 anan@tal centers. Iron and cobalt are the most
abundant metals of those respective families, and iron is utilized heavily in nature for
oxygen activation by way of functionalizing aliphatic hydrocarbons using the enzyme

cytochrome P450which is theorized thave a terminal oxo or oxyl intermedidte
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Figure 1.4: Structure of Cytochrome P450 active site in the pre catalyst stage, and

simplified mechanism of aliphatic hydrocarbon hydroxylation?®

Nitrogen activatiorshares many qualities in common with oxygen activation
by virtue of its also being a diatomic molecal®l also because the resulting N
ligandparticipats i n ~ b ondi nN:adivatiomsedccariplisheeéint er s
natureby nitrogenase enzymesthe iron centers of its active sites. The iron at which
the nitrogen is activated alternates between a tetrahedral and triganol bipyramidal
coordination environment, by alternating its binding to an incapsulated carbide
ligand® Nitrogenaseccomplishethe synthesis of N¥through one of two
mechanisms, termed tléstaland alternating phtvays. The distal pathway includes
the formation of a nitride intermediatghile the alternating pathway has both a
diazene and hydrazine as intermediatel®rivedligands, only completely cleaving

the NN bondupon formation of ammonjaeeFigure 1.5.1°
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While the role of terminal nitrido ligands is somewhat ambiguous in the
cataltic fixation of nitrogen by biological systems, it is less so in industrial nitrogen
fixation. Themost common mears/ which N is fixedindustrially is the Hber
Bosch process, utilizing arom oxide catalyst at high nitrogandhydrogen
pressures. fat catalytic cycleinambiguously involves the cleavage oftbl produce
two terminal iron nitrides, before reactions withtd produce ammonid.Significant
effort has been expendattempting taeplicatethis process at ambient temperatures
in homogeneousystems. Similar effort has been devotedrmducing metal di
nitrogen complexessing atmepheric N and then through eitheradiation or
heating produce eomplenentary terminal nitridey way of ativating that N moiety.
The prototypical example was produced by Cummins et. al. on a molybdesum

amide complexThere are a total of 7 examples of isolated dinitrogen complexes



whose terminal nitride analogues have also been prodalt@sh early tansition

12
metals
N;
1 atm INII
oNRAr 38°C N
Ar(R)N—Mo, —_— hl
N(R)Ar O R) A —- 1F
AN N NRIA!
" r(R) MN(RJAr ﬁ.r[R)N\E Ar[H)%N N(RIAT
Jo—nrjar N=Mo
M an[N{R:ir]a .
i MO"< | — an, + O
[ Y%
\ ArRIN,, N(R)Ar AT(RIN—— 1 Mo=n
=~ Ar(H}N-.;MU/ 5 7
LEI ArR)N NRIAT AR ryar
H Zigzag Malybdenum( Vi)
H| Transition State Terminal Nitride
Three-Coordinate /.J‘O, ______ N(FIAY Complexes
Mo(ll) Complex
(1) Comp Ar(RIN \N[H]Ar
Purple u-Dinitrogen
Complex

Figure 1.6: Reactionmechanism for the formation of molybdenum terminal

nitride from molybdenum di-nitrogen complex*?

In an efbrt tobypass issues of instabilityith the formation of terminal oxo
and nitridocomplexes, our lab has employed tetrahedral enforcing ligands, in the form
of hydrotris(pyrazolyl)borate€l'p). Previous work with iron supportdry hydrotris(3
tert-butyl,5-methylpyrazolyl)borate (TP"M®) producedvhat was likelyan extremely
active intermediate oxo spies which then activated thtert-butyl groups on the
ligandto produce an F&-O-Fe moiety, with both iroratomsin a trigonall
bipyramidal coordination sphef&Many bridging dinitrogen complexes supported by
Tp ligands have also been producethim Theopold Lab, howev@one of their
terminal nitrideanalogues have thus far basalated likely due to both the stability
of the N molecule as well as the highly reactive nature suttfde complexwould be

likely to have!*
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Figure 1.7: Reaction of monovalent iron complexes supported by the T§y-Me

ligand, where L is either CO, GHa4, or N2.13

In an effort to address the problem of terminal oxo complexes activating the
aliphatic GH bondsof the ligand, a Tris(pyrazolyl)borate compoumas poduced by
the Theopold lab with ferrocenasthe 3position of the pyrazole arfi This ligand
takes advantage of ferrocenegi®onds high bond dissociation energy to prevent

their activation and to isolate moieties that are otherwise too reactive to study.
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Figure 1.8: Comparison of TpB“Me and TpFeMeligands and their BDEs'®

This work will focus on the synthesi$ dinitrogen complexes of Fe and Co
using the Tp*Meligand systemThose complexes act as synthons forinlvestigaton
into thepossibility of isolating novel oxo complexes of mesupported by TiyMe
ligand.The work will also investigate the possibility of producing terminal nitride
complexes on metals supported by tris(pyrazolyl)borate ligands for which there are

known stable dnitrogen complexes.
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Chapter 2
SYNTHESIS AND CHARACTERIZATION OF MONO-VALENT
IRON AND COBALT COMPLEXES OF FERROCENYL SUBSTITUTED

TRIS(PRAZOLYL)BORATE LIGANDS

INTRODUCTION

In theservice ottheultimate goalto activate oxygen gas set out to produce
low valent complexes of iron and cobaitcludingNz,* carbony|?2# and hydride
complexes We selected thesmoieties because of thgirevious succesa oxygen
activation and their pfeciency in facilitating oxidative addition in generdlhe first
neutral liganccomplex Iset out to produce was a carbonyl complex, whitkhe case
of first row transition metals supported by hydrotris(pyrazolyl)borate ligamave
been shown to becaessiblehrough bondhomolysisof an alkyl complexby the
addition of carbon monoxicke

Accessing those alkyl complexeas well agitherN2 or H complexesis
accomplished in an often facile manner from ligateetal halide Compounds of tht
typewith tris(pyrazolyl)boratdigands are often madey themetathesis of aalkali
metal salt of the desirélp ligandwith a metal halide salt of the desired métal
Once purified, TpMX complexes can then be reacted with Grignard redagexitord
the deired alkyl complex for later carbonylation.

An N2 complex d cobalt has been preparey direct reduction of Tp“MeCol

with magnesium metal, and-ditrogen complexes supported by chromium and iron

12



have been produced by reductifrtheir respective hiale compoundsvith KCg.3°
Cobalt hydride complexes supportedyy ligands have been synthesized by either
reaction of ebordhydride withTpCoX or reaction of TpCo(N with Hz gas’8 A
general outline for the reactions to make these low valent complexes in shown in

Scheme 1.1below.

R —em O

R'— AR KCgor Mg®, N,  R'—_ AR /
HoglRN—M—X — "9 e /ﬂ/—M—NZ—M—@—B—H
N, THF or THF/Ether Ny RN /R
N=N NC~>N —
R'/K)\R\\KiBEt?’ rR—P g R s R’
Or
R’ R R’ R
THF or " : \R \R
CIMgR R R
THF/Ether g H_E/ﬁ/—\M—H <2 H_E—I@\li—\M—Nz
/
@) o)
v R'/K)\R Rl/k)\R
R’ R R’ R
R \R R'—_ AR co
H‘B’/ﬁ/_M_R“ &» H_B—/ﬂl/—M—CO
N Toluene

N=
R'/Q\R R'/d\R
Scheme 11: Previously published synthesis of ThR: KEX M = Cr, Mn,
Fe, or Co, R =tBu, iPr, neopentyl, or Ad; R Nj Me,iPr, or

H, X =Cl, I; L= CO, N2) complexes

Once in hand, carbonyl complexes have the advantage of increasing the

acidity ofthemetal, making them more reactive with goetases, i.epnictogen
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containing substratesich as nitrilesDinitrogen complexes have the advantage of
being highly labile in cases where therNoiety is not considerably activated, making
them ideal for dissociative reactions. Dingen compounds that are maaivated

can also be settivefor reactiors that go by associative mechanisgigen the
oxidizing effect such compountigive on thé\: ligated metal centetFindly, cobalt
hydride complexedavepreviously been used by membersaf groupto produce

activatel metal oxo complexedy reacting them witbxygenatomtransfer reagenfs

RESULTS AND DISCUSSION

Synthesis and characterization of iron halides supported bypFeMe ligand.
Ligated metal halide complexes provide an easy entry into the synthesis of various
classes of inorganic and organometallic compoumte complexes TgM¥FeCl (1)
and TpSM¥FeBr @) are accessible by reaction of theffTI*®° ligand saltwith
anhydrous FeX(X = Cl, Br) inthe solid state by grindingith a mortar and pestle,
followed by extraction with THF and washing with ether and pentanes soluifioiss
method of synthesis can be usedawor the kinetic product over the thermodynamic
product of a reactiatf This is necessary alse pure form b1 is espemlly sensitive
to isomerizatiorby way of borotropic rearrangememhenin THF, and was difficult
to handle as a result. Analytically pure samples of the comptex be prepared by
slow evaporation of a solution of the compound in dichlotbaree, affording bright
orange crystalsH-NMR spectra recorded in deuterated THF or benzieiselution
of eitherl or 2 display 5 reasonably well defined resonaroetsveen2 to 59 ppm,
which are assigned to the protons of th&M§ligand, displayedn Figures 1.1 and

1.2 respectively The structure of was determined b)}{-ray crystallography, and it

14



displays the same pseutktrahedral coordination geometry of othéibound Tp
complexes of iron halidésTheunit cell of 2 was found to be nearlgenticalto that
of 1 so the acquisitionf a crystal structure & was forgoneThe effectivemagnetic
moments ofl and2 taken at room temperatunesre found to be 4.9g5and 5.0 g
respectively, consistent with the 4 unpaired electrons expectedyfosind® Fé'

ions

FeXZ
Solid State

Scheme 12: Solid state gnthesis of Tg¢MeFeX (X=CI (1), Br (2)).
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Figure 1.3: Molecular structure of TpFeMeFeCl (1) represented as 50%

probability thermal ellipsoids Hydrogen atoms (with the exception of the

hydrogen attached to the boron, Hlhave beeromitted for clarity.

Table 1.1: Selected interatomic distances (A) and angled for TpFeMeFeCl (1)

FelN5
Fel-N3
N1-C1
N2-C3
N3-C15
N4-C17
N5-C29
N6-C31
B1-H1

2.076(4)
2.095(5)
1.348(7)
1.337(7)
1.353(7)
1.352(7)
1.352(7)
1.351(6)
1.07(5)

Distances (A)

18

FelN1
FelCl1
N1-N2
N2-B1
N3-N4
N4-B1
N5-N6
N6-B1
Ci1-C2

2.089(5)
2.2209(16)
1.376(6)
1.545(8)
1.377(6)
1.552(7)
1.375(5)
1.562(8)
1.397(8)



C1-C13
C4-C8
C9-C10
C15C16
Cl16C17
C17-C28
C18C22
C19C20
c20C21
C21-C22
Cc23C27
C24C25
C25C26
Cc26C27
C29C41
C32C33
C37-C38
C37-C41
C38C39
C39-C40
C40C41

B1-Fe1Cl1
N5-Fel:N1
N1-Fe:N3
N1-FelCl1
C3-N2-N1
N1-N2-B1
C17-N4-N3
N3-N4-B1
C31-N6-N5
N5-N6-B1
N2-B1-N6
N2-B1-H1
N6-B1-H1
N1-C1-C13
c3-Cc2-C1
N2-C3-C14
C8-C4C5

1.459(8)
1.416(9)
1.430(8)
1.396(8)
1.378(8)
1.489(7)
1.413(9)
1.415(10)
1.407(9)
1.417(9)
1.427(7)
1.406(8)
1.426(8)
1.419(8)
1.453(7)
1.400(9)
1.408(8)
1.439(8)
1.393(8)
1.420(8)
1.436(8)

167.3(2)
89.90(17)

95.15(18)
125.97(13)
110.0(5)
121.1(4)
109.9(4)
120.7(4)
109.9(4)
120.2(4)
107.8(4)
108.(3)
108.(3)
125.1(5)
106.4(5)
123.2(5)
107.9(6)

Angles ()
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C2-C3
C3C14
C4-C5
C5C6
Ce-C7
C7-C8
C9-C13
Cl0C11
C11-C12
C12C13
C15C27
C18C19
C23C24
C29C30
C30C31
C31-C42
C32C36
C33C34
C34C35
C35C36

N5-Fel:N3
N5-Fel-Cl1
N3-FelCl1
C1-N1-N2
C3-N2-B1
C15N3-N4
C17-N4-B1
C29-N5-N6
C31-N6-B1
N2-B1-N4
N4-B1-N6
N4-B1-H1
N1-C1-C2
C2-C1-C13
N2-C3-C2
C2-C3C14
Co9-C13C1

1.375(8)
1.495(7)
1.436(9)
1.416(8)
1.410(9)
1.424(9)
1.433(8)
1.416(9)
1.422(9)
1.441(8)
1.466(7)
1.402(10)
1.413(8)
1.406(7)
1.367(7)
1.504(7)
1.415(9)
1.404(9)
1.445(10)
1.401(9)

90.67(17)
133.00(13)
112.04(13)
106.7(4)
128.9(5)
106.2(4)
129.3(5)
106.5(4)
129.5(4)
110.2(4)
109.3(5)
113.(3)
108.8(5)
126.0(5)
108.0(5)
128.8(6)
128.4(5)



C6-C5C4 107.6(6) N3-C15C27  122.3(5)

C7-C6-C5 108.2(6) C17-C16C15 106.1(5)
C6-C7-C8 108.6(6) N4-C17-C28  122.7(5)
C4-C8-C7 107.6(6) C19C18C22 107.6(7)
C10C9-C13  107.8(6) C18C19C20 108.9(6)
C11-C10C9  108.5(6) C21-C20C19  107.3(6)
C12C11-C10 108.2(6) C20C21-C22  108.2(6)
C11-C12C13  108.2(6) C18C22C21  107.9(6)
C9C13C12  107.3(5) C24C23C27 108.0(5)
C12C13C1  123.9(6) C25C24C23  108.3(5)
N3-C15C16  109.7(5) C24C25C26  108.4(5)
C16C15C27  128.0(5) C27-C26C25  107.6(5)
N4-C17-C16  108.0(5) C26C27-C23  107.7(5)
C16C17-C28  129.3(5) C23C27-C15 123.8(5)
C26:C27-C15 128.3(5) N5-C29C30  109.1(5)
N5-C29C41  123.9(5) C30-C29C41  127.1(5)
C31-C30C29  106.3(5) N6-C31-C30  108.2(5)
N6-C31-C42  122.8(5) C30-C31-C42  129.0(5)
C33C32C36 108.0(6) C37-C41-C29  128.4(5)
C34C33C32 108.7(6) C38C39C40  108.3(5)
C33C34C35 107.6(6) C39C40C41  107.7(5)
C36C35C34  106.9(6) C37-C41:C40  107.0(5)
C35C36C32 108.8(6) C40-C41-C29  124.6(5)
C38C37-C41  107.4(5) C39C38C37  109.6(5)

Tp™MeFel (3) was more robust with respecttiorotropic rearrangemetitan
eitherl or 2, showing only minimaisomerizatiorwhen left ina solution of THFor
24 hours at room temperature. Because of 8usn be synthesized by salt metathesis
of anhydrous Felwith TpF>MeT| in THF at room temperaturas seen ifscheme 1.3
Followingfiltration andwashing the ppt witketherto renove any byproducts3 can
be crystallizedfrom mixtures of THF/pntanes at35°C to afford the desired
compoundas small orange blocks ymeldsthat rangedrom 55 to 78%. Again, the

unit cellof 3 was found to be exceedingly similar to tbét, so the acquisition of a
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crystal structure 03 was forgonetH-NMR spectra taken in deuterated benzene
reveaed5 resonances between 4 ardopm, corresponding to the hydrogens on the
Tp™MeLigand shown inFigure 1.4below. 3 displayed a effective magnetic moment
of 5.0us atroom temperatugeéndicating that itis a high spin F&d® complex, similar

to1land2.

Scheme 13: Solution state gnthesis of Tg<MeFel, (3).
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Figure 14: 'H-NMR spectrum of Tp*®MeFel (3) recorded in CeDe (*) at 400MHz

Borotrgpic rearrangement of compountl®2, and3 is evident by loss ahe
Csv symmetrydisplayedby the number of resonandestheir respectivéH-NMR
spectrashown inFigures 1.5i 1.7. The rate at which thesgomerization®ccurred

showael a clear trend df>>2>3.
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Figure 1.5: 'H-NMR Comparison of Tp™®MeFeCl (1) (Bottom), the same sample
after 24 hoursat room temperatehad passed (Middle), and then the same sample

left at 60°C for 12 hours (top), all spectra taken in THRd2.
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Figure 1.6: TH-NMR Comparison of TpFeMeFeBr (2) (Bottom), the same sample
after 24 hoursat room temperature had passed (Mddle), and then the same

sample left at 60°C for 12 hours (top), all spectra taken in GDe.
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Figure 1.7: TH-NMR Comparison of TpF¢MeFel (3) (Bottom), the same sample
after 24 hoursat room temperature had passed (Middle), and then the same

sample left at 60°C for 40 hours (top).

Synthesis and chracterization of cobalt halide supported by Tp™c.Me
ligand. We set out to synthesize a cobalt halide complex analogdu3, tim access
formally Cd" compoundsupported by the TpMeligand systemin orderto
complement our iron chestry. The complex TiF"MéCoBr @) can be synthesized by
metathesis of anhydrous CoeBvith Tp™MeT| in refluxing dichloromethanander a
nitrogen atmosphey&cheme 1.4 After filtration and concentration of the solutjam
eqgual volume of pentanésadded and the mixture tilsenleft at-35°C overnight,

producingd as analytically pure green blocksyirelds ranging from 75 t85% The
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H-NMR spectrum oft displays 5 peaks between 4 and 74 ppm corresponding to the
hydrogens on the TpMeligand, pusone comparatively broad resonance24t ppm
which is assigned as the resonance of the hydrogéhne boron. The structure #fs
similar to that ofl, with only minor differences in bond lengths and anglasut the
central metahtom Theeffective magnetic moment fot was found to be 3(2) pus

when measured at room temperat@ensistent with 3 unpaired electrons of a high

spin Cd d’ complex.

CoBr,

Scheme 1.4Synthesis of TpSMeCoBr, (4).
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Figure 1.8: Molecular structure of TpF¢MeCoBr (4) represented as 50%

probability thermal ellipsoids Hydrogen atoms (with the exception of the

hydrogen attached to the boron, Hlhave beeromitted for clarity.

Table 12: Selected interatomic distances (A) and angl€®) for TpF©MeCoBr (4)

Distances (A)

Col-N3 2.034(3) ColN1 2.047(3)
Co1-N5 2.046(3) Col-Brl 2.3458(6)
N1-C1 1.344(4) N1-N2 1.395(4)
N2-C3 1.348(5) N2-B1 1.545(5)
N3-C15 1.340(4) N3-N4 1.385(4)
N4-C17 1.352(4) N4-B1 1.544(5)
N5-C29 1.335(4) N5-N6 1.390(4)
N6-C31 1.355(4) N6-B1 1.552(5)
C1-C2 1.394(5) C1-C13 1.475(5)
C2-C3 1.383(5) c3Ci14 1.482(5)
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C4-C8
C5-C6
C7-C8
C9-C10
C11-C12
C15C16
Ci16C17
C18C22
C19C20
C21-C22
C23C24
C25C26
C29C30
C30C31
C32C36
C33C34
C35C36
C37-C41
C39-C40

B1-Col-Brl
N3-Col-N1
N1-Col-N5
N1-Col-Brl
C1-N1-Col
C3N2-N1
N1-N2-B1
C15N3-Col
C17-N4-N3
N3-N4-B1
C29N5-Col
C31-N6-N5
N5-N6-B1
N4-B1-N6
N1-C1-C2
C2-C1-C13
N2-C3-C2
C2-C3Ci14
C4-C5C6

1.404(6)
1.413(5)
1.407(6)
1.431(5)
1.416(5)
1.392(5)
1.377(5)
1.415(6)
1.419(6)
1.415(6)
1.398(5)
1.423(5)
1.405(5)
1.376(5)
1.396(5)
1.436(6)
1.418(6)
1.435(5)
1.422(5)

168.6(1)
98.43(11)
92.63(11)
123.16(8)
143.5(3)
109.4(3)
121.3(3)
140.4(2)
109.4(3)
120.4(3)
143.5(2)
109.3(3)
121.2(3)
109.9(3)
110.2(3)
124.8(3)
108.4(3)
128.8(4)
108.1(4)

Angles ()

28

C4-C5
C6-C7
C9-C13
Cl10C11
C12C13
C15C27
C17-C28
C18C19
c20C21
C23C27
C24C25
C26C27
C29C41
C31-C42
C32C33
C34C35
C37-C38
C38C39
C40C41

N3-Col-N5
N3-Col-Brl
N5-Col-Brl
C1-N1-N2
N2-N1-Col
C3N2-B1
C15N3-N4
N4-N3-Col
C17-N4-B1
C29-N5-N6
N6-N5-Col
C31:N6-B1
N4-B1-N2
N2-B1-N6
N1-C1-C13
C3C2C1
N2-C3-C14
C8-C4-C5
C7-C6-C5

1.420(6)
1.398(6)
1.426(5)
1.432(6)
1.435(5)
1.465(5)
1.492(5)
1.409(6)
1.405(6)
1.422(5)
1.411(5)
1.427(5)
1.457(5)
1.486(5)
1.408(6)
1.396(6)
1.418(5)
1.406(5)
1.440(5)

93.85(11)
111.48(8)
130.06(8)
106.1(3)
109.3(2)
129.2(3)
106.5(3)
109.6(2)
130.2(3)
107.2(3)
109.1(2)
129.0(3)
109.7(3)
107.9(3)
125.0(3)
105.9(3)
122.8(3)
107.2(4)
107.8(4)



C6-C7-C8 108.4(4) C4-C8-C7 108.5(4)

C13C9-C10 107.5(4) C11-C10C9  108.3(4)
C12C11-C10 107.9(4) C11-C12C13 108.2(4)
C9-C13C12  108.1(3) C9C13C1  128.2(3)
C12C13C1l 123.3(4) N3-C15C27 123.1(3)
N3-C15C16 109.9(3) C17-C16C15 106.2(3)
C16C15C27 127.0(3) N4-C17-C28  122.3(3)
N4-C17-C16  107.9(3) C22C18C19 108.0(4)
C16:C17-C28 129.8(3) C21-C20-C19 108.4(4)
C18C19C20 107.7(4) C18C22C21 108.2(4)
C20:C21-C22 107.7(4) C23C24C25 108.7(3)
C27-C23C24 108.7(3) C27-C26:C25 108.2(3)
C24C25C26 107.5(3) C23C27-C15 124.7(3)
C23C27-C26 106.9(3) N5-C29C41  123.7(3)
C26:C27-C15 128.4(3) C31-C30-C29 106.7(3)
N5-C29-C30  109.1(3) N6-C31-C42  123.3(3)
C30:C29C41 127.2(3) C36:C32C33 108.5(4)
N6-C31-C30  107.7(3) C35C34C33 107.6(4)
C30:C31-:C42 129.0(3) C32C36C35 108.2(4)
C32C33C34 107.4(4) C37-C38C39 108.9(3)
C34C35C36 108.3(4) C39-C40-C41  107.6(3)
C38C37-C41 107.7(3) C37-C41-C40 107.4(3)
C38C39-C40 108.5(3) C29-C41-C40 128.4(3)

C37-C41-C29 124.2(3)

Synthesisand characterization of iron alkyls supported by TpFeMe Jigand.
There are many examples of organometallic complexes of the ty{¢*TWR (M =
Fe, Co) undergoing clean carbonylation in the presence of CO to afford their
corresponding TB“MeM(CO) or Tp®BuMeM(CO). complex?©&L In an effort to
produce anonovalenfe synthon that could be used in oxygen activation we set about
synthesizing alkyl complexes obn supported by the Tp“eligand. Using3 as a
starting material, first attempted atoichiometriaeaction with Grignardeagentsn

ether, THFor Toluene as solveniut in all cases obbeeed the formation oN-
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confusedmagnesium alkyl complexes of the"F§¢ ligandthatprovedimpossible to
separate from any paramagnetic compoutgts @roducedThe structurdor the
magnesium methyl compound, F}¢ MgMe (A1.1), is shown inFigure 1.9, the

crystals having been grown in minute quantity from a reaction mixture extracted with
ether and layered with pentan€sven that these complexaeppeared to form with the
elimination of Fé& halide, Iset about using magsium dialkyl complexes, prepared

by the interaction of Grignard reagents with-tljdxane'? This takes advantage of the
Schlenk Equilibriundisplayed by Grignard reagents in ethereilents® shownin
Scheme 15 below.

Et,O
2RMgX =~ MgX, + R,Mg

1,4-Dioxane

Scheme 15: Production of magnesium dialkyl complexes byprecipitation of

MgXa.
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Figure 1.9: Molecular structure of TpFeMe*MgMe (Al.1) represented as 50%

probability thermal ellipsoids Hydrogen atoms (with the exception of the

hydrogen attached to the boron, Hlhave beernomitted for clarity.

Table 1.3 Selected interatomic distances (A) and angle$)(
for TpFeMexMgMe (Al1.1)

Distances (A)

Mg1-N5 2.099(6) Mgl-N1  2.127(6)
Mgl-C43  2.145(7) Mgl-N3  2.152(6)
B1-N4 1.562(9) B1-N2 1.564(10)
B1-N6 1.576(9) N1-C1 1.351(9)
N1-N2 1.396(7) N2-C3 1.349(8)
N3-C4 1.356(8) N3-N4 1.393(7)
N4-C6 1.353(8) N5-C7 1.355(8)
N5-N6 1.393(7) N6-C9 1.349(8)
C1-C29 1.482(10) C4C34  1.460(9)
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C4-C5

C5-C6

C7-C8

C8-C9

C10C11
C17C18
c20C21
C23C24
C27-C28
C30C31
C31-C32
C33C34
C35C39
C37-C38

N5-Mg1-N1
N1-Mgl-C43
N1-Mg1-N3
N4-B1-N6
C1-N1-N2
N2-N1-Mg1l
C4-N3-N4
N4-N3-Mg1
C6-N4-B1
C7-N5-N6
N6-N5-Mg1l
C9-N6-B1
N1-C1-C29
N3-C4-C34
C6-C5C4
N4-C6-C41
C8-C7-N5
N5-C7-C42
N6-C9-C8
C8-C9-C39
C18C17-Fe2
C18C17-C16
C28C27-C26
C31-C32C33

1.419(9)
1.381(9)
1.358(9)
1.391(8)
1.430(12)
1.386(13)
1.430(11)
1.418(12)
1.412(10)
1.407(9)
1.415(10)
1.452(9)
1.436(9)
1.418(10)

91.7(2)

124.7(3)
88.3(2)

109.3(6)
105.3(6)
113.9(4)
106.9(5)
112.0(4)
128.2(6)
104.9(5)
117.9(4)
133.2(5)
119.6(7)
123.6(6)
105.9(6)
123.2(6)
111.1(6)
118.7(6)
107.0(6)
126.0(6)
71.2(6)

108.6(9)
108.3(7)
109.4(6)

Angles ()
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C6-C41  1.515(9)
C7-C42  1.533(8)
C9-C39  1.479(9)
C10C14  1.427(11)
C16C17  1.405(13)
C18C19  1.386(12)
C20C24  1.453(12)
C26C27  1.434(11)
C28C29  1.426(10)
C30C34  1.432(9)
C32C33  1.419(9)
C35C36  1.419(9)
C36C37  1.423(10)
C38C39  1.439(9)

N5-Mg1-C43
N5-Mg1-N3
C43Mg1-N3
N2-B1-N6
C1-N1-Mgl
C3N2-N1
N1-N2-B1
C4-N3-Mgl
C6-N4-N3
N3-N4-B1
C7-N5-Mgl
C9N6-N5
N5-N6-B1
N3-C4-C5
C5C4-C34
N4-C6-C5
C5C6-C41
C8-C7-C42
C7-C8C9
N6-C9-C39
C11-C10C14
C28C29C1
C31-C30-C34
C30-C34C33

118.0(3)
89.6(2)

133.0(3)
109.3(5)
138.6(5)
110.6(6)
119.9(5)
141.1(5)
109.3(5)
122.5(5)
137.1(4)
110.2(5)
116.5(5)
109.0(6)
127.3(6)
108.9(6)
127.9(6)
130.1(6)
106.8(6)
127.0(5)
106.9(8)
126.0(7)
109.4(6)
106.5(6)



C33C34C4 128.2(6) C30-C34-C4 125.3(6)
C36:C35C39 108.8(6) C38C37C36 108.6(6)
C35C39C38 106.6(6) C35C39-C9 120.4(6)
C38C39C9 132.8(6)

Taking advantage of this difference in solubility we were able to syathesi
two new iron alkyl complexesiamelyTp™MeFeBn €) and TpSM&eEt 6), by slow
addition of 2.lequiv. of the respective alkyl Grignard reagent into a solutiodiof
1,4-dioxaneasshown inScheme 16. Upon addition of a 21 BnMgCl solution in
THF to a stirring mixture o8 in 1,4-dioxane over the course of sevarahutes a
color changevas observedrom light orange to dark orange. The reaction mixture
was allowed to stir for an additional 3 hours, thiared through celite and solvent
removedn vacuo. The resulting orange residue was dissolved in tolueregaird
filtered tofurther removenyremaining magnesium containing compounds, and the
solvent removed in vacuo. The remaining solid was then recrystallized in a mixture of
THF and pentanes to affofdlas orange rods yields averaging 68%. Crystals more
suitable toX-ray diffraction were grown from a mixture of toluene and pentanes,
producing crystals containing 1 molecule of toluene per asymnugiitjseeFigure
1.10 The complex displayed a curiously l@ffective magnetic moment, &9(1) us

at 295K.

! !

B. B.
~N N 2.1 eq RMgX ~N N
@) r’q@ b L @) r’q@
\Fs“/ \ AN s“‘/N\
e Fe

1,4-Dioxane
Org T+ Og T+
| %Fe‘ R

Scheme 16: Synthesis of Tp®MeFeR, where R=Bn (5), Et (6).

=z

y4
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pC14

Figure 1.10: Molecular structure of Tp F¢MeFeBn (5) represented as 50%
probability thermal ellipsoids Hydrogen atoms (with the exception of the
hydrogen attached to the boron, H1)and 1 molecule of toluenehave been

omitted for clarity.

Table 14: Selected interatomic distances (A) and angle®) for Tp MeFeBn (5)

Distances (A)

Fe1C42 2.037(4) FerN1  2.112(3)
Fe:N2 2.112(3) FertN3  2.138(3)
B1-N6 1.534(5) B1-N4 1.545(5)
B1-N5 1.553(5) B1-H1 1.10(4)

N1-C16 1.334(5) N1-N4 1.375(4)
N2-C27 1.336(5) N2-N5 1.380(4)
N3-C39 1.341(4) N3-N6 1.366(4)
N4-C18 1.333(5) N5-C29  1.329(5)
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N6-C41
C1-C2
C2-C3
C3-C4
C4-C5
C5C6
C10C11
C13C14
C14C15
Cl6C17
C19C20
C20-C43
C21-C22
C22C23
C23C24
C24-C43
C27-C28
C30-C33
C31-C35
C32C37
C33C38
C34-C35

C43FelkN1
B1l-FelC43
N1-Fel-N2
N1-Fel-N3
N6-B1-N4
N4-B1-N5
N4-B1-H1
C16N1-N4
N4-N1-Fel
C27-N2-Fel
C39N3-N6
N6-N3-Fel
C18N4-B1
C29-N5-N2
N2-N5-B1
C41-N6-B1

1.341(5)
1.395(6)
1.374(8)
1.391(9)
1.345(8)
1.387(7)
1.389(6)
1.403(5)
1.393(5)
1.391(5)
1.519(6)
1.371(6)
1.384(6)
1.412(6)
1.397(5)
1.404(6)
1.383(6)
1.503(6)
1.519(6)
1.522(6)
1.377(6)
1.407(5)

131.61(16)
170.09(9)
90.37(12)
89.26(11)
109.4(3)
109.6(3)
106.(2)
106.6(3)
114.2(2)
139.2(3)
107.0(3)
115.1(2)
129.0(3)
109.3(3)
121.2(3)
130.3(3)

Angles @)
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C1-C6
Cl-C42
C7-C10
C8-C12
Co9-Ci14
C10C15
C11-C12
C12C13
C13C16
Cl17-C18
c20C21
C22-C25
C23C27
C24C26
C28C29
C33C34
C36-C37
C37-C38
C39C40
C35C36
C36C39
C40C41

C42Fel:N2
C42Fel:N3
N2-FelN3
N6-B1-N5
N6-B1-H1
N5-B1-H1
C16N1-Fel
C27-N2-N5
N5-N2-Fel
C39N3-Fel
C18N4-N1
N1-N4-B1
C29N5-B1
C41-N6-N3
N3-N6-B1
C6-C1-C42

1.395(6)
1.489(6)
1.523(6)
1.521(6)
1.509(6)
1.377(6)
1.389(5)
1.405(5)
1.493(5)
1.382(6)
1.400(6)
1.515(6)
1.484(5)
1.504(6)
1.377(6)
1.381(6)
1.403(5)
1.406(6)
1.396(5)
1.400(5)
1.475(5)
1.363(6)

130.78(15)
112.41(15)
88.54(11)
108.9(3)
118.(2)
105.(2)
139.1(2)
106.7(3)
114.0(2)
137.9(2)
109.5(3)
121.4(3)
129.3(3)
109.5(3)
120.1(3)
122.5(4)



C6C1C2  115.6(4) c3C2-C1 121.5(5)

C2-C1-C42  121.9(4) C5C4-C3 118.5(5)
C2-C3C4 121.2(5) C5C6-Cl 122.5(4)
C4-C5-C6 120.7(5) C15C10C7  120.1(4)
C15C10C11 118.8(4) C12C11-C10 121.7(4)
C11-C10C7 121.0(4) C11-C12C8  120.3(3)
C11-C12C13 118.7(4) C14C13C12 120.2(3)
C13C12C8 121.0(3) C12C13C16 119.0(3)
C14C13C16 120.7(3) C15C14C9  120.0(4)
C15C14C13 119.0(4) C10C15C14 121.5(4)
C13C14C9 121.0(4) N1-C16C13  122.5(3)
N1-C16C17 110.1(3) C18C17-C16 105.1(4)
C17-C16C13 127.4(3) C43C20C21 117.5(4)
N4-C18C17 108.6(3) C21-:C20C19 121.2(4)
C43C20C19 121.3(4) C21-C22C23 119.8(4)
C22C21-C20 121.8(4) C23C22C25 120.3(4)
C21-C22C25 119.9(4) C24C23C27 120.8(4)
C24C23C22 119.1(4) C23C24C43  119.0(4)
C22C23C27 120.1(3) C43C24C26 119.1(4)
C23C24C26 121.9(4) N2-C27-C23  122.2(3)
N2-C27-C28  109.5(4) C29C28C27 106.0(4)
C28C27-C23 128.3(4) N5-C29-C28  108.4(4)

Usingaprocedure similar to that for synthesizihg alsoprepared
TpFMeFeEt 6). A solution of3 in 1,4-dioxane was prepared, to ieh 2.1ecuiv. of a
2 M solution of EtMgClin THF was added dropwise in two separate portions 30 or
more minutes apart. Adding thei@mard solutiorall in one portion ld to the
formation of Tp ligatedmagnesium salts #t proved difficult to separatby slowing
down the addition this problem is mitigatdthe sane workup as that used to prepare
pure samples & was appliegdhowever6 was foundo beanalytically pure after the
extraction with toluene. Crystals f¥rray structure determination can be prepared by
dissolving6 in THF and then layering the solution with pentanes, producing bright

orange blocks without incorporation sdlvent moleules inthe lattice. The complex
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I sz with respect to th@p ligand and does not readily isomerize to the borotropically
rearranged isomeaven upon heatingeeFigure 1.11 Similar to5, theeffective
magnetionomentof 6 is 4.0(1) us when measured at room temperatloeer than

expected for a high spirf domplex

C26

\¢

\'Z
(v

’ c40
c2 c17] 039
Fel (>
c1a
N1 ‘ C43 ca2
Na (ALY c31

C32

JHNG6

il 1)

PpCi16

Figure 1.11: Molecular structure of TpFeMeFeEt (6) represented as 50%
probability thermal ellipsoids Hydrogen atoms (with the exception of the

hydrogen attached to the boron, Hlhave beeromitted for clarity.
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FelC1l
FelN1
N1-C3
N2-C5
N3-C17
N5-C31
N6-C33
B1-H1
C3C15
C11C15
C1%C18
C21C22
C22C23
C25C29
C26C27
C31C43
C39C43
C35C36
C36C37
C3%#C38
C32C33
C33C44
C339C40
C41C42

Bl-FelCl1
CLFe:N3
N3-FelN1
N3-FeEN5
FetC1C2
C5N2-N1
N1-N2-B1
N3-N4-B1
C33N6-N5

2.056(2)
2.1256(18)
1.343(3)
1.354(3)
1.342(3)
1.344(3)
1.351(3)
1.08(2)
1.467(3)
1.422(3)
1.403(3)
1.403(4)
1.403(4)
1.433(3)
1.416(4)
1.461(4)
1.424(4)
1.417(3)
1.419(3)
1.414(4)
1.376(4)
1.493(4)
1.426(4)
1.408(4)

164.25(8)
136.81(8)
86.37(7)
88.18(7)
115.5(2)
109.72(17)
119.07(17)
120.19(17)
109.76(19)

Distances (A)

Angles @)
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FeXN3
FeIN5
N1-N2
N2-B1
N3-N4
N4-B1
N5-N6
N6-B1
CiC2
C3C4
C4C5
C5Ci16
CT7Cs8
C8C9
C9C10
CliC12
Cl2C1s3
Cl13Ci14
C14C15
C17C29
C25C26
C31C32
C40C41
C42C43

CIFeIN1
CXFeEN5
N1-FeEN5
C3NI1-N2
C5N2-B1
C1#N3N4
C3EINSN6
C33N6-B1
N6-B1-N2

Table 1.5: Selected interatomic distances (A) and angle3 {for TpFeMeFeEt (6)

2.1205(18)
2.1391(18)
1.373(2)
1.547(3)
1.384(2)
1.549(3)
1.384(3)
1.545(3)
1.536(3)
1.398(3)
1.379(3)
1.496(3)
1.398(5)
1.424(5)
1.417(4)
1.424(3)
1.413(4)
1.423(3)
1.430(3)
1.465(3)
1.419(4)
1.401(3)
1.413(5)
1.436(3)

111.63(8)
126.46(8)
95.10(7)
106.64(17)
131.01(17)
106.51(17)
106.42(18)
128.8(2)
110.24(18)



N5-N6-B1 120.99(17) N2B1N4  110.25(17)
N6-B1-N4 107.41(18) N2BLH1  109.3(13)
N6-B1-H1 110.0(13) N1-C3C4  109.82(18)
N4-B1-H1 109.6(13) C4C3C15  130.6(2)
N1-C3C15  119.58(19) N2-C5C4  107.97(18)
C5C4C3 105.81(19) C11C15C3  125.77(19)
N2-C5C16  122.78(19) N3C17C29 121.81(19)
C4C5C16  129.2(2) C20C21C22 108.8(2)
C7C8C9 107.7(3) C23C22C21 107.8(3)
C10C9C8  107.8(3) C26C25C29 107.8(2)
C15C11C12 108.3(2) C27C26C25 108.5(2)
C13C12C11 108.1(2) C25C29C17 125.2(2)
C12C13C14 108.2(2) N5C31C32 109.7(2)
C13C14C15 108.0(2) C32C31C43 125.9(2)
C11C15C14 107.47(19) N6-C33C32 108.0(2)
C14C15C3  126.8(2) C32C33C44 129.2(2)
N3C17C18  109.63(19) C39C43C31 128.7(2)
C18C17C29 128.5(2) C41C40C39 107.8(3)
N5C31C43  124.5(2) C42C41C40 108.9(2)
C33C32C31  106.1(2) C41C42C43 107.9(3)
N6-C33C44  122.7(2) C39C43C42 107.3(2)
C35C36C37 107.5(2) C42C43C31 123.9(2)
C38C37C36 108.3(2) C43C39C40 108.1(2)

5 and6 display NMRresonances betweeP9 and 49 ppm, mlicative of
paramagnetic metal centewgith 5 peaks corresponding to the hydrogens on the
Tp™Meligand Both compounds display several peaks in the same range that
correspond to the alkyl liganaith sane hydogens not represented in the spectra
likely as a result of the peaks being too broad to be distinguished from HogsEe
N and FeC bond lengths for both and6 are nearly identicalAs is the case witthe
halide complexe§, 2, and3, the FeN bond lengths for compoun8sand6 are
shorter than analogous compounds supportetidyp®“Meligand T h eandle,

defined as the angle between the boronljggied metal center, and the Rdp
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ligand? of complexes and6 vary greatly from thosef their Tp®"Me analogues,
both of these comparisons are showiable 1.6 Mass spectraf both5 and6,
collected using LIFDMS, displayed the molecular ion peak as only a very minor
contributian to the overall data collecteshown inFigure 1.12. This is atypical
among all other TMesupported complexes examined by this methodjsand
indicative oftheFe-C bonds beingelativelyweak thus resulting itnomolytic bond
cleavagaunder mildly ionizing conditions is stable in solution and assolid but
both5 and6 decompose rapidly upoexposure to oxygen and moistus@lecomposes
slowly over time as a solid, even when storeeB&t°C in a glove box environment,

via an as yet unknown pathway

Table 1.6: Comparison ¢ Fe-N and FeC bonds and angle®f compounds (5), (6),

and analogousTp®“MeFe alkyl complexes

Compound FeNu,3sA FeCA 1 (°)
TpFeMEeBn(5) | 2.129(2), 2.103(2), 2.056(2) 2.056(2)  170.09(9)
TpFeMEeEL(6) | 2.126(2), 2.120(2), 2.139(2) 2.056(2)  164.25(8)

TpBuMEeES | 2.140(2), 2.142(2), 2.154(2) 2.069(3) 177.8(1)
TpBuMEePH | 2.099(3), 2.130(3), 2.141(2) 2.061(3)  163.3(1)
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HATC4SNEBFed

Tp'F=MelFe [M — Bn]

B35 BAD B4 &%0 855 850 BGS  E70 &75 880 &A% &30  BO5 000 GOS  940 015 020 805 030 O35 040 5 O

Figure 1.12: LIFDI -MS of complex (5), displaying peaks for its molecular ion
[M*:954.1369] andM * - C7H7: 863.1214

Synthesisand characterization of formally univalent Tp~¢MeFe(CO).
Having an effectiveneans of producing alkyl complexesabled the synthesis af
novel carbonylTpeM&Fe(CO)(7). This was accomplished through attwas
presumed to ban associative reaction of ban monoxide gas with, resultirg in
homolytic bond cleavage of tHeenzyl substituent to produ@ealong with1,2-
diphenylethane and X@phenyl acetoneas shown irscheme 17. Both byproducts
are observedhen the reaction is monied by NMR in deuterated THRhe latter of
which indicating insertion of CO into the 8. bond prior to dissociatiomfhe CO
stretcling frequencyof 7 was found to be 1890 cmwhich overlaps well with that
reported for its TF“MeFe(CO¥ and PhT{# Fe(CO}* analogues, having CQrstching
frequencies at 1888nd1863cm! respectivelyThese stretching frequenciasd their

corresponding € bond lengths are listed Trable 1.7 below, and illustrate no
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obvious trend on which to compare bond length stretching frequencylhe best
method for purifying compoundis by crystallizationwhich is achieved in a facile
manner from mixtures of benzene, toluene, or THF with pentanes. ldovaace
crystallized 7 is extremely difficult to redissolve, which mads further use of this
compound as a synthon problematic. This isggether with the number of symeic
stepsrequired for its productignmake? undesirables a synthon ireactions to make

noveliron oxo orimido compounds.

Table 1.7: Comparison d TpRRFe(CO)bonds and angles of compounds

Compound IRco(cm?) GO (A) FeC(A) 109

TpFeMFe(CO)Y) | 1890 1.148(4) 1.783(3)  170.5(1)
TpBuMee(COY | 1889 1.113(2)  1.799(2)  180.00(6)
PhTptBuFe(COY2 | 1863 1.158(3)  1.790(4) 177.2(1)

2

Fe
a>
Q@/FCO

-

y\' A 1.atm CO 7S
HoB “Fe—Bn 2 ~ HB “Fe—C=O0 + + 0
\ / Toluene, RT \
® ij\@ O &
Fe Fe

= =

Scheme 17: Synthesis of T¢MeFe(CO) (7)
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Figure 1.13: Molecular structure of TpFeMeFe(CO) (7) represented as 50%

probability thermal ellipsoids Hydrogen atoms (with the exception of the

hydrogen attached to the boron, Hlhave beeromitted for clarity.

Table 1.8 Selected interatomic distances (A) and angle®) for Tp MeFe(CO) (7)

FelC1i
FelN1
N1-C2
N2-C4
N3-C16

1.782(2)
2.0692(18)
1.340(3)
1.348(3)
1.341(3)

Distances (A)
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FelNS5
FelN3
N1-N2
N2-B1
N3-N4

2.0521(18)
2.0750(18)
1.387(2)
1.553(3)
1.381(2)



N5-C30
N6-C32
C101
C2-C14
C4-C15
C7-C8
Ci0C11
Cl1-C12
C13Ci14
Cl6C28
C24C25
C25C26
C27-C28
C30-C42
C32C43
C33-C37
C35C36
C38-C42
C40C41
C41-C42

CIFeXN5
N5-Fe:N1
N5-FeXN3
C4AN2-N1
N1-N2-B1
C18N4-N3
N3-N4-B1
C32N6-N5
N5-N6-B1
N6-B1-N4
N1-C2C14
C4C3C2
N2-C4C15
C9C5C6
C8C*C6
C5C3C8

C12C11C10
C12C13C14

1.341(3)
1.349(3)
1.149(3)
1.463(3)
1.491(3)
1.416(4)
1.425(3)
1.420(4)
1.436(3)
1.464(3)
1.420(3)
1.419(3)
1.435(3)
1.461(3)
1.492(3)
1.416(4)
1.418(4)
1.432(3)
1.417(3)
1.431(3)

113.52(9)
95.75(7)
93.80(7)
109.50(18)
120.90(17)
109.59(17)
120.77(17)
109.39(17)
120.13(17)
110.23(18)
124.4(2)
106.3(2)
123.1(2)
108.2(2)
108.1(2)
108.0(2)
107.7(2)
107.8(2)

Angles ()
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N4-B1
N5-N6
N6-B1
C2-C3
C3C4
Ce-C7
C8C9
C10C14
C12C13
Cle6C17
C19C20
ca20C21
C24C28
C26C27
C30C31
C31-C32
C33C34
C34-C35
C36-C37

Bl-FelC1
CkFe:N1
CIFeXIN3
N1-Fe:N3
C2N1-N2
C4N2-B1
C16N3-N4
C18N4-B1
C306N5-N6
C32N6-B1
N6-B1-N2
N2-B1-N4
N1-C2C3
C3C2C14
N2-C4C3
C3C4C15
C7CeC5
CF+C8C9

1.555(3)
1.382(2)
1.546(3)
1.395(3)
1.378(3)
1.421(3)
1.417(4)
1.429(3)
1.418(4)
1.402(3)
1.412(3)
1.413(4)
1.429(3)
1.420(3)
1.399(3)
1.370(3)
1.414(4)
1.409(4)
1.409(4)

170.5(1)
124.39(9)
129.04(10)
92.23(7)
106.54(18)
129.57(19)
106.64(17)
129.22(18)
106.68(17)
130.42(19)
109.46(17)
108.74(18)
109.7(2)
125.8(2)
108.0(2)
129.0(2)
107.6(2)
108.1(2)



C10C14C2  128.4(2) C11C10C14 108.3(2)

N3C16C28  122.74(19) C13C12C11 108.8(2)
N4-C18C29  122.9(2) C10C14C13 107.5(2)
N3C16C17  109.70(19) C13C14C2  123.9(2)
C17C16C28 127.5(2) C25C24C28 108.2(2)
N4-C18C17  107.99(18) C25C26C27 108.1(2)
C17C18C29 129.1(2) C24C28C27 107.28(19)
C19C20C21 107.9(2) C27C28C16 124.3(2)
C31C30C42 128.3(2) N5-C36C31  109.4(2)
N6C32C31  108.2(2) C35C34C33 108.1(3)
C31C32C43  129.2(2) C32C36C35 107.9(2)
C26C25C24 108.3(2) C39C38C42 108.0(2)
C26C27C28 108.1(2) C41C40C39 108.0(2)
C24C28C16 128.42(19) C41C42C38 107.3(2)
N5C30C42  122.3(2) C38C42C30 124.7(2)
C32C31C30 106.3(2) C36C37C33 108.1(2)
N6-C32C43  122.6(2) C38C39C40 108.3(2)
C34C33C37 107.9(3) C40C41C42 108.3(2)
C34C35C36  108.0(3) C41C42C30 128.0(2)

Synthesis ofunivalent dinitrogen complexes Given the difficulties faced in
working withthe carbonyl complexthe focus shifted to usirgj-nitrogen complexes
as synthonsOur initial attempts to reducor 4 with potassium graphite opassium
metal, sodium metal, anagnesium metal all failetd produce the desired dinitrogen
compounds. Instead these reactipreluceda mixture of bidigandcomplexesanda
pyrazolyl pyrazolato complex, such &g MFePzH M9 (PZ M9 (8) when3 was
usedas starting materiaB can be produced through an alternate method shown in
Schemel.8. This compound being present in the product mixinedicative of
ligand decompsitionby cleavage of theitrogerrboron bondsThis issue wapart of
theoriginal impetusfor the synthesis of iodid® in the hopes that a milder reductant
could be used with an iodide as opposed to a chloride or bromid@gRhe course of

acquiring cyclicvoltammetry data for compoundghrough4 it was discovered that
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the ligand decomposed at voltagemve-2.15V vs SHE, as demonstrateg an

irreversible wave at that voltageand3 display Fé/Fe reduction everstat-2.06and

-1.99 V vs SHE respectivelyhile 1 only shows reduction events associated with

ligand decompositiorseeFigure 1.14 below. These values for redox potentials
correspond well with the BDE reported for-Keébonds, those being 400, 339.7, and
279.1kJImol for Fe'-Cl, Fe'-Br, and F&-1 bonds respectivel}?. Given the peak

potentialof these reduction events, and their proximity to reductions that corresponded
to the decomposition of the ligand, it became clear that we needed aa@hemic

reductat with a potential between1*.95 and2.05 V vs SHE. The only readily
accessible chemical reductsufior our purposes werg to 1.5% w/wNa/Hg

amalgans, havingpotentias near-1.96 V vs SHE at 298.15 ¥.

* 19
H
/
‘N N
Q,h KHMDS vl e
Et,0, RT K
‘Feﬁ Fe
PzHFc,Me KPZFC Me
H
é' /( PzHFc,Me KPch,Me
N~
| N7 THF
N \\\N:{
N

Scheme 18: Synthesis of TpcMeFe(PzH™Me)(PZ¢Me) (8)
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2153y | | -2.396V

=

-2.059V

1 0 -0.5 -1 -1.5 -2 -25 -3
3 -1.992V

Figure 1.14: Cyclic voltammograms of1 (blue, top), 2(red, middle), and 3 (green,
bottom), in 0.1 M solutions of [N'Bu4]ClO 4 and (Cp*)2Fe (0.14 V)(used to
reference voltages to SHE = 0 ip THF, (working electrode = GC, reference

electrode= Ag/Ag*, counter electrode= Pt)
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Figure 1.15: Molecular structure of Tp Fe:MeFe(PzHFeMe)(pZ-cMe) (8) represented
as 50% probability thermal ellipsoids Hydrogen atoms (with the exception of the
hydrogens attached to the boron, H1 and to N10, H3, and 1 molecule of E1O

hasbeenomitted for clarity.
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Table 1.9 Selected interatomic distances (A) and angle®) for

FelN7
FeENS5
FeXN3
N1-N2
N2-B1
N3-N4
N4-B1
N5-N6
N6-B1
N7-N8
N9-C59
N10-C57
C3C14
C4C5
CeC7
C39C10
Cl06C11
C12C13
C15C27
C17C28
C18C19
ca06C21
C23C24
C24C25
C26C27
C29C41
C31C42
C34C35
C40C41
C43C55
C46C47
C5XC55
C54C55
C5%C69
C59C70

Tp Fc,MeFe(pZ HFc,Me)(szc,Me) (8)

2.039(2)
2.113(2)
2.271(2)
1.378(3)
1.546(4)
1.381(3)
1.541(4)
1.380(3)
1.562(4)
1.380(3)
1.343(3)
1.345(4)
1.499(4)
1.417(5)
1.405(5)
1.422(4)
1.411(5)
1.428(4)
1.467(4)
1.500(4)
1.417(5)
1.409(6)
1.405(6)
1.386(7)
1.426(5)
1.463(4)
1.495(4)
1.400(5)
1.425(4)
1.472(4)
1.424(5)
1.419(4)
1.429(4)
1.459(4)
1.494(4)

Distances (A)
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FeEN1
FeEN9
N2-C3
N3-C15
N4-C17
N5-C29
N6-C31
N7-C45
N8-C43
N9-N10
c2C3
C4C8
C5C6
CrC8
C9C13
CliC12
C15C16
CleC17
C18C22
C19C20
C21C22
C23C27
C25C26
C239C30
C30C31
C33C34
C35C36
C339C40
C43C44
C44C45
C46C50
C51C52
C5%C58
C58C59
C61C62

2.113(2)
2.208(2)
1.352(4)
1.345(4)
1.357(4)
1.346(4)
1.353(4)
1.353(4)
1.343(3)
1.360(3)
1.373(4)
1.402(5)
1.410(5)
1.422(5)
1.427(4)
1.418(5)
1.394(4)
1.361(4)
1.390(6)
1.422(7)
1.402(6)
1.420(5)
1.431(6)
1.402(4)
1.372(4)
1.414(5)
1.404(6)
1.419(4)
1.391(4)
1.380(4)
1.402(5)
1.425(4)
1.379(4)
1.400(4)
1.409(7)



C60C61
C62C63
C68C69
C2801S
C38C4S

N7-FeEN1
N1-FeEN5
N1-FeEN9
N7-FeEN3
N5-FeEN3
C3N2-N1
N1-N2-B1
C17%N4-N3
N3-N4-B1
C3ENG-N5
N5-N6-B1
C43N8&-N7
C57ZN10N9
N4-B1-N6
N2-C3C2
C2C3C14
CeC5C4
CeC*C8
C10C9C13
C10C11C12
C9C13C12
C12C13C1
N3-C15C16
C1leC15C27
N4-C1#C16
C16C17%C28
C18C19C20
C22C21C20
C24C23C27
C24C25C26
C23C27%C26
C26C2%C15
N5-C29C30

1.420(7)
1.394(6)
1.424(4)
1.300(9)
1.280(10)

146.05(9)
96.14(9)
84.83(9)
98.13(9)
85.33(9)
109.3(2)
119.1(2)
109.8(2)
121.3(2)
109.8(2)
120.1(2)
106.7(2)
111.9(2)
109.5(2)
108.0(3)
129.0(3)
107.5(4)
108.7(4)
108.2(3)
108.4(3)
107.3(3)
126.2(3)
110.3(3)
127.8(3)
108.1(3)
128.7(3)
107.9(4)
107.5(5)
109.3(5)
110.3(4)
107.5(3)
125.1(3)
109.9(3)

Angles ()

5C

C65C69
C67C68
C18C2S
0O1SC3S

N7-FeEN5
N7-FeEN9
N5-FeEN9
N1-FeEN3
N9-Fe:N3
C3N2-B1
C15N3-N4
C17#N4-B1
C29N5-N6
C3INGB1
C59N9-N10
N4-B1-N2
N2-B1-N6
N2-C3C14
C8C4C5
C*CeC5
C4C8C7
C1:C10C9
C11C12C13
C3C13C1
N3-C15C27
C17#C16C15
N4-C1#C28
C22C18C19
C21C20C19
C18C22C21
C25C24C23
C27C26C25
C23C2%C15
N5-C29C41
C31C30C29
N6-C31C42
C35C34C33

1.429(4)
1.420(4)
1.417(11)
1.396(11)

117.75(9)
93.60(9)
95.11(9)
81.72(9)
166.51(9)
131.6(2)
105.6(2)
128.9(2)
106.2(2)
129.9(2)
105.5(2)
109.7(2)
110.0(2)
123.0(3)
109.1(4)
107.9(4)
106.8(4)
108.1(3)
108.1(3)
126.4(3)
121.9(3)
106.2(3)
123.2(3)
107.3(4)
107.6(4)
109.7(4)
107.0(5)
105.8(4)
127.4(3)
123.2(3)
105.9(3)
123.2(3)
108.2(4)



C30C29C41  126.6(3) C39C40C41  108.1(3)

N6-C31C30  108.2(2) C40C41C29  129.5(3)
C30C31C42 128.6(3) N8C43C55  119.4(2)
C34C35C36  107.9(4) C50C46C47  108.0(3)
N8C43C44  110.5(2) C51C55C43  126.7(3)
C44C43C55  130.0(3) N10-C52C69 121.9(2)
C57C58C59  106.1(3) C62C68C69  107.7(3)
N9-C59C70  121.9(3) C68C69C57  126.4(3)
C63C62C61  108.0(4) N10-C57C58 106.5(2)
C55C51C52  107.8(3) C58C52C69  131.5(3)
C51C55C54  107.8(3) NO-C59C58  109.9(2)
C54C55C43  125.4(3) C58C59C70  128.1(3)
C62C61C60  107.5(4) C65C69C57  125.9(3)

C68C69C65  107.7(3)

Having the appropriate redox potential in hand, synthegipdf-MFep(u-
d: ¥gN2) (9) was accomplished through reduction of eitder 3 under different
reaction conditions, both using Na/Hg amalgasreducing agent. The reactior?of
with a large exces®0 equiv.)of 1.2 % by weight Na/Hg amalgamver the course of
6 days resultedn yields of only 6 to 10%f 9, with the remaining mated being
identified as mostly Neonfused versions of the starting material. We attribute this to
theincreased susceptibilitpward borotropic rearrangementdascompared t@, as
well as themore negativeedox potential oR. Because it possessepeak potential
only slightly more negativéhan-1.96 V vs SHE3 will undergp complete reduction
usinga 2 part excess d® w/wNa/Hgamalgam over the course of 7 days stirring in
THF. Thisproducesa mixture of the desired compoufdandsome borotropically
rearrangedis-ligand complexedeingthe result of minor overeduction or possibly
disproportionation to Feand F&. After removing solvent in vacyand then
extractingthe remainingesidue with etheto remove any Na saltsroduce® with a
purity suitable for further reactivity studign yieldsvarying from60 and 9 %.

Analytically pure samples & were prepared bge-dissolving and concentrating in
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THF, layering with pentanes, and cooling-35 °C to prodice small quantities afark

redcrystals
H

2z 20N
Fe Qz Ep |
é Fc \ é(‘/:I]Fc

Fe
\(/J%@N\ —Fc rL

4eq Na/Hg (1% wiw), 7d _ ‘ ‘

2 / THF,RT,-Nal N
N N |

/FGT\ Fc

N

3 O
> N
l

Scheme 19: Synthesis of TpFMeFe](u2-d: HN2) (9).

The structure 09, depicted inFigure 1.16 shows that the complex is a
bridging dinuclear dnitrogen complex, with the Nmoiety bound to the metal centers
in an end on fashion. The structure also shalask of inversion symmetrgbout the
bridging NN bond present itmany othesuchdinitrogen complexes. Bause of this
it displays an IR stretching mode for theN\Nbondat 1970cm®, shown inFigure
1.19. The NN bond distance of the ligatech Was 1.171(5) Ashowing a degree of N
activation thaagrees with théR stretching frequency; both arelicative of only a
weakly activated Bimoietyhaving a bond order somewhere between 2 aidBe

complex was found to be highly paramagnetic, possessieffectivemagnetic
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moment of 5.01) ug (293 K). This magnetic mment meang is not stronglyantr
ferromagneticdy coupled, but either femagnetically coupled as is the case with
some other briging N2 complexes? or that the two metal centers only weakly

interact with one another

Figure 1.16: Molecular structure of [Tp™MeFel(u-dl: HN2) (9) represented as
30% probability thermal ellipsoids Hydrogen atoms (with the exception of the
hydrogens attached toboron, H1 and H2,) and 1 molecule ofTHF and 1.5

molecules of APentanehave beenomitted for clarity.
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Table 110: Selected interatomic distances (A) and angle$) for [Tp FeMeFe]x(u-

d: HN2) (9)
Distances (A)
FeEN1 1.778(4) FeXN5 2.063(4)
FeIN3 2.075(4) FeIN7 2.083(4)
Fe5N2 1.780(4) Fe5N11 2.066(4)
Fe5N9 2.078(4) Fe5N13  2.081(4)
B1-N8 1.538(7) B1-N4 1.546(7)
B1-N6 1.554(7) B2N14 1.533(8)
N1-N2 1.171(5) B2N10 1.545(7)
N3-N4 1.375(5) N3-C1 1.334(6)
N5-C15 1.347(6) N4-C3 1.359(6)
N6-C17 1.363(6) N5-N6 1.372(5)
N7-N8 1.374(5) N7-C29 1.341(6)
N9-C43 1.350(6) N8-C31 1.358(6)
N10-C45 1.367(7) N9-N10 1.373(5)
N13-C57 1.347(7) N11:-C71  1.330(7)
N14-C59 1.353(7) N13N14 1.382(5)
C3C14 1.509(7) c2c3 1.361(7)
C4C5 1.384(11) C5C6 1.364(12)
C9C13 1.425(7) C9C10 1.426(7)
C16C11 1.415(8) C11C12 1.414(7)
C12C13 1.431(7) C15C16  1.412(7)
C15C27 1.459(7) C16C17  1.365(8)
C32C33 1.396(13) C30C31  1.357(8)
C45C56 1.498(8) C46C50  1.398(9)
C46C47 1.416(10) C47C48  1.423(10)
C57C69 1.471(8) C57C58  1.388(8)
C59C70 1.501(8) C58C59  1.385(9)
C60C61 1.396(15) C60C64 1.370(15)
C62C63 1.368(15) C61C62  1.399(15)
C65C66 1.419(9) C63C64 1.372(15)
C66C67 1.413(10) C65C69  1.425(8)
C68C69 1.418(8) C67C68  1.412(8)
C73C84 1.506(7) C72C73  1.364(8)

54



Bl-FeIN1
N1-FeEN5
N5-FeXN3
N5-Fe:N7
N2-Fe5N9
N2-Fe5N13
N9-Fe5N13
N8-B1-N4
N4-B1-N6
N14-B2-N10
CIN3N4
C3N4-B1
C15N5-N6
C17#N6-B1
C29N7-N8
C3IN8B1
C43N9-N10
C45N10-B2
C73N12-B2
C57#N13N14
C59N14B2
N3-C1C2
C2C1C13
N4-C3C2
C2C3C14
CeC5C4
C13C3C10
C12C11C10
C9C13C12
C12C13C1
N5-C15C16
C1e6C15C27
N6-C1#C16
C16C17#C28
C18C19C20
C20C21C22
C27C23C24
C24C25C26

176.6(2)
127.44(16)
89.01(15)
91.25(15)
116.61(17)
126.10(17)
92.43(17)
108.9(4)
109.8(4)
108.9(4)
106.7(4)
130.6(4)
107.2(4)
130.2(4)
107.1(4)
130.3(4)
106.5(4)
130.8(4)
130.9(4)
106.5(4)
129.6(5)
109.7(4)
128.4(5)
107.8(4)
128.9(5)
108.2(7)
107.9(5)
108.2(5)
107.4(4)
125.0(5)
108.3(5)
129.2(5)
107.2(4)
129.3(5)
108.1(6)
107.8(6)
108.3(5)
107.5(5)

Angles ()
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B2Fe5N2
N1-FeEN3
N1-FeXN7
N3-FeEN7
N2-Fe5N11
N11-Fe5SN9
N11-Fe5N13
N8-B1-N6
N14B2N12
N12B2-N10
CIN3Fel
N3-N4-B1
C15N5Fel
N5-N6-B1
C29N7-Fel
N7-N8-B1
C43N9-Fe5
N9-N10-B2
N11-N12-B2
C57#N13Fe5
N13N14B2
N3-C:C13
C3C2C1
N4-C3C14
C3C13C1
N5-C15C27
C17%C16C15
N6-C1#C28
C19C18C22
C23C2%C15
N7-C29C41
C31C306C29
C30C31C42
C36C32C33
C37C41C29
N9-C43C55
C45C44C43
C44C45C56

172.1(2)
124.11(16)
121.65(17)
93.47(16)
128.88(17)
92.85(16)
90.26(16)
109.5(4)
110.3(4)
109.4(4)
138.9(3)
120.1(4)
138.4(3)
119.6(4)
139.3(3)
120.7(4)
138.8(3)
119.8(4)
120.6(4)
141.0(4)
120.7(4)
121.9(4)
106.6(5)
123.3(5)
127.6(5)
122.5(4)
107.3(5)
123.5(5)
107.5(7)
128.5(5)
122.6(5)
106.6(5)
129.0(5)
108.2(8)
129.9(5)
122.7(4)
106.8(5)
129.9(5)



C23C27C26 107.2(5) C50C46C47  106.8(6)

C26C27C15 124.2(5) N13C57C69 122.3(5)
N7-C29C30  109.1(5) C59C58C57  106.2(5)
C30C29C41 128.3(5) N14C59C70 123.2(6)
C30C3IN8  108.3(5) C64C60C61  106.5(12)
N8C31C42 122.6(5) C68C69C57  128.8(5)
C38C37C41 108.3(7) N12C73C84 121.8(5)
C38C39C40 109.6(7) N14C59C58 107.8(5)
C32C41C40 106.1(6) C58C59C70  129.0(6)
C40C41C29 123.9(6) C60C61C62  107.1(11)
NO-C43C44  109.1(4) C62C63C64  106.6(12)
C44C45N10 108.3(5) C66C65C69  108.5(6)
C46C47C48 107.7(6) C68C62C66  108.5(6)
C52C53C54 108.4(5) C68C69C65  107.0(5)
N13C57C58 109.9(5) C65C69C57  124.1(6)
C58C52C69 127.7(5) N12C73C72 108.6(5)

C72C73C84 129.6(5)

Following the siccessful synthesis 8f we usedhe same methodology to
produce [TH*MeCol(u-d%: N2) (10). The process startdy acquiring a cyclic
voltammogram shown inFigure 1.17, which displayec quasireversible redction
event at1.44 V vs SHE, presumed to thee reduction bthe NNNligated cobalt
center. The voltammogram also displagedompanying redox events at more
negative potentiajsndicative of ligand decompositioBecause of these features
similar reaction protocol with the same reductaaswsed. Reduction dfwith 1.5
equivalents ofl% w/w Na/Hg amalganover the course of 2 hours resuliach stark
color change from green to dark orange. Treatment of the mixture by filtration through
celite and removal of solvent in vacuo results in an orange residue, which is then
triturated with ¢her to remove overeduction products. The remaining oramgsidue
was dissolved in THHayered with pentarseandcooled to-35°C. This produced

crystals of the desired complé&®, but withanextraordinary amourdf solvent
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present irthe lattice, so much so that the crystals will lose crystallinity and be reduced
to a powder after only as much as 10 minutes in a glove box environment.
Nonetheless, this matafiwas used to acquire a crystal structah®wn inFigure
1.18, containinglO molecules of THF per asymmetric unit. The remaining material
that dissolved withrituration in ether was also layered with pentaad®r sitting for
24 hours dek orange crystals dfO grew and wereollected with filtration with only
1 molecule oh-pentangyer asymmetric unit, as determinedXyay crystallography.
Both methods produce antibally pure samples dfO, with total yields in excess of
60%. The magnetic moment observed fdrwas surprisingly high, at 4(9) us (298
K), indicating that it behagesimilarly to omplex9, appearingo be a strongly
ferrimagnetically coupled C'eN,?-Cad" corg or twohigh spinCo complexes that do
not communicate electronicallyhe later seems most consistent with tieserved
structural characteristics of the complex, showing an only margiaétilyated bond.
We have not performedal variable temperature collection of the complex magnetic
moment to determine with certainty if the two metal centers are magneticallgaoup
Both structures acquired f@0 lack aninversion center, similar to its iron
analogueand the relative structural parameters (bond lengths and angles) are the same
to within error. The structure dQis further asymmetric in that it has a sigraint
torsion angle, between the two Co centers and the bridging dinitrogen, 0fB0s2
lack of symmetry about the>Nnoiety results in an IR stching frequency being
presenat 2070 crit. This IR frequency matches the bbnd length of 1.138 A in

goad agreement for an only marginally activatedNbond?’
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2eq Na/Hg (1% w/w), 120 min ‘ ~
H—B r -
\ / THF, RT, -NaBr N

Scheme 110: Synthesis of TpFMeCol2(u-d*: #EN-2) (10).
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Cyclic Voltammogram of Tp"<CoBr (4)

3.00E-05

2.00E-05 -1.44 V

1.00E-05

S0)
-0.5 -1 -15 -2 -2.5 -3
-1.00E-05

-2.00E-05

-3.00E-05
Figure 1.17: Cyclic voltammogram of compound (4), in 0.1 M solutiorof
[N"Bu4]ClO 4 and (Cp*)2Fe (0.14 V) (used to reference voltages to SHE = 0 W)

THF, (working electrode = GC, reference electrode Ag/Ag*, Counter electrode

= Pt)
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Figure 1.18: Molecular structure of [Tp "eMeCol2(u-d*: #N2) (10) represented as
50% probability thermal ellipsoids Hydrogen atoms (with the exception of the
hydrogens attached toboron, H1 and H2), and 10 molecules of THF have been

omitted for clarity.
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CoIN1
CoEN3
Co2N2
Co2N13
B1-N8
B1-N4
B2N10
N1-N2
N3-N4
N7-N8
N11-N12
N12-C45
N13N14

B1-CoEN1
N1-CoXN7
N7-CoEN3
N7-CoEN5
N2-Co2N9
N9-Co2N13
N9-Co2N11
N8-B1-N6
N6-B1-N4
N14-B2-N12
N2-N1-Col
N4-N3-Col
N6-N5-Col
N8N7-Col
N10-N9-Co2
N12N11-Co2
N14N13-Co2

d: HN2) (10)

1.815(3)
2.048(3)
1.813(3)
2.062(3)
1.545(4)
1.553(4)
1.543(5)
1.138(4)
1.377(3)
1.378(4)
1.378(4)
1.346(4)
1.379(4)

156.1(1)
148.41(12)
89.29(10)
95.10(10)
146.45(12)
91.85(11)
90.63(11)
107.3(3)
110.1(2)
109.4(3)
172.8(3)
112.46(18)
112.89(19)
114.26(19)
115.2(2)
112.4(2)
111.87(19)

Distances (A)

Angles ()
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CoEN7
CoXN5
Co2N9
Co2N11
B1-N6
B2N14
B2N12
N3-C1
N4-C3
N5-N6
N8-C31
N9-N10

B2Co2N2
N1-CoXN3
N1-CoEN5
N3-CoXN5
N2-Co2N13
N2-Co2N11
N13-Co2N11
N8-B1-N4
N14-B2-N10
N10-B2N12
N1-N2-Co2
N3-N4-B1
N5-N6-B1
N7-N8&-B1
N9-N10-B2
N11-N12-B2
N13N14B2

Table 1.11 Selected interatomic distances (A) and angle$) for [Tp FeMeCo]z(u-

2.025(3)
2.073(3)
2.006(3)
2.077(3)
1.547(4)
1.535(5)
1.540(5)
1.337(4)
1.349(4)
1.373(3)
1.350(4)
1.374(4)

155.5(1)
111.77(11)
107.08(11)
91.52(10)
111.27(12)
111.04(12)
93.31(11)
110.2(3)
110.1(3)
108.7(3)
171.3(3)
120.4(2)
119.1(2)
119.3(2)
118.4(3)
120.1(3)
120.7(3)



Contrasting the twdinitrogen bearing compounddand10, by looking at just
the core of heteroatoms about their respectieéal centersseeFigure 1.20and
Table 1.12 we see that the apparent decreasymmetry for the Co compoundye
to a pronouncettangleof 23.% andalso its increased torsion angle about the N
moiety.'? This difference in symmetry has effect on the IR spectroscopy of the two
compounds. Because the ligands are ngmtiectly isostructural, mosf the
resonances of the complexes #re same to withifour wavenumbergetween the
two spectraand haverery similarintensites,Figure 1.19 The most ntable
exceptions to this atke B-H andN: stretching frequencyhe latter of whichs more

pronounced ir10 thanin 9.
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Figure 1.19: IR spectroscopy of ompounds 9(blue, van=1970 and 10(red, vnn =

2069cmt), with their B-H and N-N stretching frequencies annotated
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Fel

Figure 1.20:C o mp ar i saoghes and MNZ-M torsions of compounds (9) and
(10), atoms displayed as 50% thermal ellipsoids, all other atonmsnitted for

clarity

Table 1.12: Alpha angles and MN2-M torsions of (9) and (10) and their

respective \n stretching frequencies

‘ h () M-N2-M torsion €) s (cmrl)
[TeMFeb(u- 'Y N) Q) | 176.6(2), 172.1(2) 2(4) 1969.63
[TEFeMTop(u-' 1Y =Ny) (10) | 157.7(1), 155.4(1) 50(4) 2068.89
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The N bond lengths mentioned earl@ndtheselR stretching frequencies are
in good agreement with othee fand Co dinitrogen complexes supported by
tris(pyrazoly)borato ligandsas seen ifable 113. The degree to which theN
moiety is activated, when examined by comparing thelodhd lengthappears to
increase with decreasing @& bond lengths, but for the Fe complex the trend is
reversed, with decreasingN bond length coinciding with decreasingRg; bond
lengths. Although the values for these bond lengths are sequetitegafigme to within
error, the extremes are not, indicating this trend is genuine and not an artifact resulting
from measurement error. It must also be noted that the value ®SCB{a['-N.) is
distorted as a result of libratidrf® *H-NMR spectra taken df and10under N gas
and also after multiple FPT cycles reveal no significant changes that could be
interpreted aan equilibrium between monomer and dimer statestigeges 1.21
andl1.22 below. The preference for bridgingo-Momplexes is observed Wwimost TpM
dinitrogen complexes\otableexceptiors include thep®MeCo( HN.) complex
whichis aterminal N complex, andhe TgB“MeFe(N:) complex whichparticipates in

an equilibrium betweeaterminal anddinuclearbridging N> configuration®2°
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Table 113: Comparison of N2 activation and select structural parameters of

[TpR MxN2c o mp |l exes (R= tBu, Fc, Np, iPr, Ph,
Fe; X=1o0r2)
TpCo
NN(A) B-M-N (%) M-No; (A)avg  IR(cnT?)
TPBYCo( :-N,)?° | .956(10% 171 2.062 (5) 2046

[TFMCa (- Y EN,) (10) | 1.138(4) 157.7(1), 155.4(1) 2.049 (3) 2069
[TPPCda(p LY EN,)Y | 1.141(30)  145.3, 142.1 2.032(22) 2056

[TPPMeCdo(p- 1Y :N,)7 | 1.154(9) 156.0(3) 2.024.(7) -
TpFe
NN BM-N M-Npz (A) avg IR (cm)
[THBUMeFd (- 1Y -N,)6 | 1.183(5) 177.3(2) 2.135(4) 1967
[TEPMMeFd(p-' 1Y -Np)2t | 1.181(1) 178.17(4) 2.085(1) 1779
[TEMFda(u- 'Y ™:Np) ) | 1.171(5) 176.6(2), 172.1(2)  2.074(4) 1970
TpMeEe) Np)2 | 1.119(2) 178.58(5) 2.061(1) 1959

*Value shortened by libration, see téxt
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70 6‘5 60 5‘5 5‘0 4‘5 4‘0 3‘5 3‘0 2‘5 flz[uppm] 15 1‘0 é 6 7‘5 71‘0 flIS 72IU 72‘5 73‘0
Figure 1.21: *H-NMR of crystals of 9taken in CsDs under vacuum, co-
crystallized with *THF/p entanes, with some impurities from oxidationbottom),

and that sample when placed under an Natmospherefor 10 minutes(top)
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50 4‘5 4‘0 3‘5 3‘0 a (ppern] 1‘5 1‘0 5 0 ‘5
Figure 1.22: 'H-NMR of crystals of 10in CeDe under vacuum, co-crystallized
with pentanes, with some impurities from oxidation (bottom), and that sample

when placed under an N atmospherefor 10 minutes (top)

Attempts to reduc® and10, in an effort to further activate and possibly split
the No moiety, wereunsuccessfulCyclic voltammetry experiments germed on
samples o revealed no additional reduction eveatser than those observed for
compounddl, 2, and3 at or above2.15 V vs SHE seeFigure 1.23 10displayed 2
reversible reductionseeFigure 1.24 but atempts to isolate compounds through
chemical reductiomwith KCg resulted in only the isolation of byproductssebved
during the synthesis df0. One of those byproducts beiagisligand complex

[TpFeM9,Co (A1.2), which can also be created fgluxing a micture ofLOin THF for
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7 days. This alsproduced the compouripMCoPzH M (PZF M9 (A1.3), likely

through amechanistigpathway of ligand decomposition at theNBoondsof the

ligand
3.00E-05
-2.515
2.00E-05
-2.265
1.00E-05
0.00EF00 —
1 0.5 -0.5 -1 15 -2 2.5 -3

-1.00E-05
-2.00E-05
-3.00E-05
-4.00E-05

Figure 1.23: Cyclic voltammogram of 9, in a solution of 0.1 M [N"Bu4]CIO 4 and
0.1 M (Cp*)2Fe(0.14 V) (used to reference voltages to SHE = 0 W) THF,

(working electrode = GC, reference electrode Ag/Ag*, counter electrode= Pt)
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3.00E-05

-2.034

2.00E-05

1.00E-05

-1.00E-05
-2.00E-05
-3.00E-05
-4.00E-05

-5.00E-05

Figure 1.24: Cyclic voltammogram of 9, in a solution of 0.1 M [N"Bu4]CIO 4 and
0.1 M (Cp*)2Fe(0.14 V) (used to reference voltages to SHE = 0 W) THF,

(working electrode = GC, reference electrode Ag/Ag*, counter electrode= Pt).

Activation of ferrocenyl moiety by way of supposed hydride intermediate.
It was found previously by members of our gral@at metal hydrids can beisedin
the examination of oxygen activation, especialhen cobalt is the metal center being
used® To this end we set abit trying to synthesiz&p™M&CoH, using LiBH; and later
LiB(Et)sH as potential sources ofdiride Unfortunately, in every attempt we found
that the lithium metathesized with the NNN ligated cobalt, producirig™egithium
salt Given theuse ofpotassiunsalts inchemistry published by Hollagtd and the
consistency of lithiation when reacting eitl8or 4 with other lithium saltswe shifted
our focus to the use of reagemtish potassium counter ions. Although the usa of
potassum reagen(KB(Et)sH) prevented transmetallatiai the ancillary ligandthe

isolableproductwas not the intended hydrideeeScheme 1.11Instea the product of
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al bond met at HFekboms ofiomewfdhe pyrarolg arasp™Mi(Me-
pz-CpF€CsHa4))Co (11), was the only product that is obserysdeScheme 111. The
reaction waslone in THF with Jequiv. of 2 M KB(Et)sH in THF, whichresulted in a
subtlechangan color from the forest green of the halide starting material to a darker
shade of geen over the course of 2 houf$e resulting solutiowas filtered, and
layered with etheand then pentanes, aritka sitting at room temperature foidays
small blocky crystals of1formed which were e enough for further use
Analytically pure samples requd@n additional recrystallization using the same
method.The effectivemagnetionoment of the compound was found to bgB).iis
when measured at room temperatuvhichis slightly lower than thaassociatedvith
a high spin Cbd’ metalcenter. The complex display€d symmetry byNMR, with
12 peaks being clearly observyedof the peaks corresponding to thetivated

ferrocene cold not be located~igure 1.26

N_NN\

KB(Et);H (N=

H_B}' JCo—Br THF, RT (1 st); KB ” \}&?N\
\ / , RT, 16 hr, -KBr, Neq

Scheme 1.1: Synthesis ofBp™Mé(Me-pz-CpFe(CsH4))Co (11)
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Figure 1.25: Molecular structure of BpFeMé(Me-pz-CpFe(CsH4))Co (11)

represented as 50% probability thermalellipsoids Hydrogen atoms (with the
exception of the hydrogemattached toboron, H1), and one molecule of fpentane

have beenomitted for clarity.
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Table 114: Selected interatomic distances (A) and angle$) for BpFeMe(Me-pz-

CpFe(GCsH4))Co (11)
Distances (A)
ColC4  1.986(4) CoiN1  2.025(3)
CoIN5  2.033(3) COIN3  2.049(3)
Fe1C10  2.032(4) FerCl2  2.039(4)
FelC7  2.040(4) FelC6 2.043(4)
FetC1l1 2.048(4) FexC13 2.052(4)
FelC8  2.043(4) FelC9 2.050(4)
FelC5  2.062(4) FelC4 2.103(3)
Fe2C21  2.026(4) Fe2C23  2.032(4)
Fe2C24  2.033(4) Fe2C20  2.033(5)
Fe2C22  2.037(4) Fe2C18  2.038(5)
Fe2C25  2.043(4) Fe2C19  2.038(5)
Fe2C26  2.052(4) Fe2C27  2.056(3)
Fe3C32  2.023(6) Fe3C39  2.027(4)
Fe3C33  2.028(5) Fe3C38  2.031(4)
Fe3C40 2.029(4) Fe3C34 2.031(5)
Fe3C35  2.033(6) Fe3C37  2.035(4)
Fe3C36  2.034(5) Fe3C41  2.041(3)
B1-N4 1.544(5) B1-N2 1.557(5)
B1-N6 1.558(5) N1-C1 1.346(5)
N1-N2 1.359(4) N2-C3 1.359(4)
N3C15  1.339(4) N3-N4 1.382(4)
N4C17  1.356(5) N5C29  1.335(4)
N5-N6 1.382(4) N6-C31  1.356(5)
C1C2 1.397(5) C1C13 1.479(5)
c2c3 1.378(6) C3C14  1.499(5)
C4C5 1.430(5) c4C8 1.442(5)
C5C6 1.422(5) C6C7 1.416(6)
C7C8 1.417(5) C9C10 1.409(6)
C9C13  1.421(5) C16C11  1.418(7)
C1iC12  1.415(6) C12C13  1.421(6)
C15C16  1.399(5) C15C27  1.463(5)
C16C17  1.375(5) C17C28  1.495(5)
C18C19  1.366(8) C18C22  1.412(8)
C19C20  1.390(8) C20C21  1.380(7)
C21C22  1.397(7) C23C24  1.420(6)
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C23C27  1.431(5)
C25C26  1.418(5)
C29C30  1.396(5)
C30C31 1.372(5)
C32C36  1.408(9)
C33C34  1.373(9)
C35C36  1.370(9)
C37C41  1.428(5)
C39C40  1.417(5)
C4COIN5 127.84(13)
C4CO1N3 132.91(13)
N5-CoEN3 89.85(12)
ColC4Fel  115.60(16)
N4-B1-N2 108.1(3)
N2-B1-N6 108.8(3)
CEN1-Col 136.6(3)
C3N2:N1 110.0(3)
N1-N2-B1 117.7(3)
C15N3Col  140.2(2)
C17N4-N3 109.2(3)
N3-N4-B1 121.0(3)
C29N5Col  140.8(2)
C31N6-N5 109.1(3)
N5-N6-B1 120.9(3)
N1-C+C13 121.6(3)
c3c2cl 106.8(3)
N2-C3C14 122.5(4)
C5C4C8 104.1(3)
C8C4Col 127.1(3)
C6C5C4 110.5(3)
C6C7C8 107.3(4)
C10C9C13  108.5(4)
C10C11C12  107.3(4)
C12C13C9  106.9(4)
C9C13C1 126.6(4)
N3C15C16  109.6(3)
C16C15C27  129.7(3)
N4-C17ZC16  108.0(3)

Angles ()
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C24C25
C26C27
C29C41
C31C42
C32C33
C34C35
C3#C38
C38C39
C40C41

B1-ColC4
C4CoIN1
N1-CoEN5
N1-CoXN3
N4-B1-N6
CENI1-N2
N2-N1-Col
C3N2-B1
C15N3-N4
N4-N3-Col
C17N4-B1
C29N5-N6
N6-N5-Col
C3INGB1
N1-CE:C2
C2C1C13
N2-C3C2
C2C3C14
C5C4Col
C%CeC5
CrC8C4
C11C10C9
C13C12C11
Cl12C13C1
N3-C15C27
C17C16C15
N4-C1#C28
C19C18C22
C21C20C19

1.408(6)
1.413(5)
1.463(5)
1.496(5)
1.424(8)
1.400(8)
1.413(5)
1.399(6)
1.419(5)

163.7(1)
108.19(13)
93.50(12)
94.33(12)
110.0(3)
107.5(3)
115.9(2)
132.3(3)
106.9(3)
111.6(2)
129.7(3)
106.7(3)
112.1(2)
130.0(3)
108.7(3)
129.7(3)
107.1(3)
130.4(4)
126.8(3)
107.6(3)
110.6(4)
108.3(4)
108.9(4)
126.3(4)
120.8(3)
106.2(3)
121.9(4)
107.5(5)
107.9(5)



C16C17#C28
C18C19C20
C20C21C22
C24C23C27
C24C25C26
C26C27%C23
C23C2%#C15
N5-C29C30

C30C29C41
N6-C3:C30

C30C31C42
C34C33C32
C36C35C34
C38C3%C41
C38C39C40

130.1(4)
109.2(5)
108.1(4)
107.6(4)
108.2(4)
107.6(3)
125.5(3)
109.9(3)
127.9(3)
108.2(3)
128.7(4)
108.1(7)
107.9(7)
108.3(3)
108.4(3)
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C21C22C18
C25C24C23
C27C26C25
C26C2%C15
N5-C29C41

C31C306C29
N6-C31C42

C36C32C33
C33C34C35
C35C36C32
C39C38C37
C39C40C41
C40C41C29
C40C41C37
C37C41C29

107.3(5)
108.3(4)
108.3(4)
126.9(3)
122.1(3)
106.0(3)
123.1(3)
106.0(7)
108.7(6)
109.2(6)
108.2(3)
108.2(3)
125.3(3)
106.9(3)
127.7(3)
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Figure 1.26:'H-NMR spectrum of BpFeMe(Me-pz-CpFe(CsH4))Co (11) recorded
in CeDs at 400MHz, with some *THF/Ether/Pentanes present in crystals used for

collection.

Our interpretation o11 was that it likely comefom theelimination of b gas
from the originally intendethrgetcobalt hydride Tp™MeCoH. This would mean the
desired compounid created as an intermediagggdwere this the case an equilibrium
between that hydride arid might be established in the presence efgds. Wherll
wasput under amtmospheref H> at 300 K no appreciable change wéserved
when monitored byH-NMR. However, upon addition of{as and mild heating at
45 °C for 16hours,the resonances at 56.6 afd3 ppmwereseen to diminish

significantly in their integrations rdiae to the rest of the chemical shifighis
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indicatesincorporation ofdeuterium into the systerithis is further supported by the
appearance ofdditional chemical shiftgorresponohg to H» andHD gas dissolved in
the NMR solventseeFigures 1.27andScheme 1.12The assignment of the peaks as
HD comes from theirnb = 42 Hz, and chemical shift at ~4.5ppm, bodimsistent with
literature precgent?® Furthermore, whethe sample isbserved byH-NMR, it

displays resonances at the same chemical sleifts to dissipate in tHel-NMR, 56.2
and-0.3, giving an additional positive indication of the incorporation of deuterium
into the complexas seen ifrigure 1.28 Figure 1.28also shows resonance at 5.17
ppm, which may correspond to the tiwadrogenson themetallated Cphat could not

be located in théH-NMR of 11, as well as a small peak at 2.6 ppm which may be the

result of some of the ferrocene moieties being only partially deuterated.

F
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< Fe /<)\E> 7) Fe
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Scheme 1.12incorporation of deuterium into the ferrocene moieties of 11,
elimination of HD and equilibrium under deuterium atmosphere

(x=0to 5,y =0to 4).
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Figure 1.27: *H-NMR spectrum of BpF©Me(Me-pz-CpFe(CsH4))Co (11) recorded
in CeDs (bottom), the same sample with 1 atm of £gas added and heated at 45
°C for 16 hours (top), Cp rings effected by deuterium incorporation highlipted

with red arrows, (inset: HD resonances highlighted with red arrows)
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Figure 1.28: °H-NMR spectrum of BpFeMé(Me-pz-CpFe(CsH4))Co (11) after
heating at 45°C under 1 atm of Dy, recorded in GsHs, with residual CsDs Vvisible

at 7.16 ppm, D2 still presentat 4.5 ppm

| sowght to better understand the reactivityldfand heunusual strengtbf its
cobalt cyclopentadienydlond. To that end | placed a sample of twice recrystalliied
dissolved in degassed THiRder ~.9 atm of CO gam an effort to insera carbonyl
into the ferrocenytobalt bondThis mixturewas stirred for several minutegsulting
in a rapid color change from green to orangee mixture was then degassadl the
solventremoved in vacuo. The orange residue was dissolved inattdiltered
throughcelite then layered witlpentanes to afford a novterminalmetalcarbonyl

complex, Bp*M{Me-pz-CpFe(GH4))Co(CO) (12), h a v i BoF 2621 ant
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observable in its IR spectrumn, yieldsranging from 70 to 90%T he identity of the

complex was confirmed by-ray diffraction analysisseeFigure 1.29andScheme

114 Thest ructure shows a 4Fe083 dooydinatigngeometry py r a mi
about the metal centé&twhile remaining a monearbonyl, presumably due to the

cobalt having a total valence electron count of@f7note in the crystal structure is the

long CoxN3 bond, corresponding to the aplgabound pyrazole arnThelH-NMR

of thecomplex display®roadchemicalshifts betweenl and 23 ppmindicating the

compound is still paramagnetithe effective magnetic moment was found to be

2.0(1) us when measuredt room temperatureonsistent with the assignment of the

metal center as a low spin @d'. The lack ofinsertion of the carbonyl intthe CeC

bond is indicatie of its beinganespecially strongnetal to carbon bond

e

;@p

N N 1 atm CO

7 N s\
THF, RT, 20 min "C6,
\

N—N
Fé %

H—

Scheme 1.4: Synthesisof Bp™Me(Me-pz-CpFe(CsH4))Co(CO) (12).
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Figure 1.29: Molecular structure of BpFeMé(Me-pz-CpFe(CsH4))Co(CO) (12)

represented as 50% probability thermalellipsoids Hydrogen atoms (with the

exception of the hydrogerattached toboron, H1) have beeromitted for clarity.

Table 115: Selected interatomic distances (A) and angle8) for
BpFeMe(Me-pz-CpFe(CsH4))Co(CO) (12)

Distances (A)

CotCl  1.766(2) ColC5  1.946(2)
COoIN5  1.9890(18) CoIN1  1.9989(18)
CoIN3  2.1618(19) FetCl4 2.000(2)
FerC10  2.020(2) FelC6  2.033(3)
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FelC5
FeXC9
Fe1C8
FetC12
N1-C2
N2-C4
N3-C16
N4-C18
N5-C30
N6-C32
C2C3
C3C4
C4C15
C5C9
Cloc1l
cleci14
Clici2
cl2Ci1s
C19C20
caaec21
c22C23
CleC1v
Cl17C18
C18C29
C24C25
C25C26
C26C27
C2%C28
C306C42
C33C37
C406C41

CXCo1C5
C5Co0ENS
C5CoIN1
CX:CoEN3
N5-CoXN3
01-CiCol

C1l4FeXC10

2.038(2)
2.042(3)
2.043(3)
2.063(2)
1.350(3)
1.352(3)
1.341(3)
1.351(3)
1.342(3)
1.357(3)
1.389(3)
1.373(4)
1.491(3)
1.442(4)
1.420(4)
1.427(3)
1.417(4)
1.417(4)
1.413(10)
1.427(15)
1.397(15)
1.396(3)
1.367(4)
1.498(4)
1.429(4)
1.402(5)
1.415(4)
1.437(3)
1.461(3)
1.378(8)
1.422(4)

84.76(10)
171.72(9)

92.88(9)
98.94(9)
88.88(7)
177.8(2)

41.58(10)

Angles ()
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FeXC7
FetC13
FelCl1
N1-N2
N2-B1
N3-N4
N4-B1
N5-N6
N6-B1
01C1
Cc2C14
C5C6
CeC7
C7C8
C8C9
C13C14
CleC28
C24C28
C19C23
C21C22
C30C31
C31C32
C32C43
C33C34
C34C35
C35C36
C36C37
C38C42
C339C40
C38C39
C41C42

CLECoXIN5
CX:CoEN1
N5CoXiN1
C5Co0EN3
N1-CoXN3
Cl4FeXC6
Cl4FelXC5

2.041(3)
2.042(3)
2.048(3)
1.374(3)
1.542(3)
1.375(3)
1.542(3)
1.370(3)
1.545(3)
1.137(3)
1.466(3)
1.434(3)
1.430(5)
1.408(6)
1.421(4)
1.432(3)
1.471(3)
1.426(4)
1.440(15)
1.348(16)
1.399(3)
1.375(3)
1.498(3)
1.447(8)
1.357(7)
1.331(6)
1.334(6)
1.427(3)
1.420(4)
1.411(4)
1.427(3)

94.36(9)
167.89(10)

86.27(7)
99.39(9)
93.16(7)
133.93(10)
103.56(9)



C10FeXCo6
C10FeXC5
Cl4FeXC7
C6FeXC7
Cl4FeXC9
C6FeXC9
CrFeXC9
C10FeXC8
C5FelC8
CY9FelC8
Cl4FelCl11
C6FelC11
CrFelCl1
Cl4FelC12
C6FelC12
CrFelCi12
CliFeXC12
C2N1-N2
N2-N1-Col
C16N3-N4
N4-N3-Col
C18N4-B1
N6-N5-Col
C32N6-B1
N2-B1-N4
N4-B1-N6
N1-C2C14
C6C5C9
C39C5Col
CrCeC5
C8C*C6
CrC8C9
C8C38C5
CliCi106C14
C12C11C10
N3-C16C17
C17#C16C28
N4-C18C17
C17#C18C29

108.78(12)
105.61(10)
173.19(11)
41.11(13)
106.03(11)
68.62(13)
68.41(14)
175.04(11)
69.56(11)
40.72(12)
69.51(10)
113.21(12)
115.92(14)
69.24(10)
143.65(11)
117.51(12)
40.33(10)
106.18(18)
117.31(14)
105.68(18)
111.83(13)
129.7(2)
116.98(14)
132.27(19)
107.70(18)
109.50(19)
122.4(2)
106.0(2)
124.27(19)
108.9(3)
107.9(3)
108.5(3)
108.8(3)
108.3(2)
108.1(2)
110.0(2)
124.9(2)
107.4(2)
129.5(2)
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C6Fe1C5h
C10FeXC7
C5Fe1C7
C10FeXC9
C5Fe1C9
Cl4FelC8
C6Fe1Cs8
CTFelCs8
ClGFetC11
C5Fe1Ci11
C9Fe1C11
C8Fe1C11
Cl1GFetC12
C5Fe1Ci12
C9Fe1Ci12
C8Fe1Ci12
C2N1-Col
N1-N2-B1
C16N3-Col
C18N4-N3
N3-N4-B1
C32N6-N5
N5-N6-B1
N2-B1-N6
C6C5Col
C6C5Fel
ColC5Fel
C7C6Fel
C8C*#Fel
C7C8Fel
C8C9Fel
C11C10Fel
C12C11Fel
CliCl2Fel
clgecCi14c2
C106Cl14Fel
C2Cl4Fel
N3-C16C28
C18C1%Cl16

41.25(10)
139.92(16)
69.70(11)
134.71(10)
41.41(10)
137.33(15)
68.51(15)
40.32(16)
40.86(10)
137.17(10)
175.32(11)
143.77(13)
68.46(10)
172.72(10)
140.23(11)
116.26(11)
136.42(16)
119.07(18)
140.03(16)
110.56(18)
119.33(18)
109.38(19)
118.29(17)
107.92(19)
129.5(2)
69.19(14)
121.54(11)
69.75(17)
69.92(18)
69.76(19)
69.70(18)
70.61(15)
70.39(15)
69.28(14)
127.8(2)
69.97(14)
120.70(15)
124.8(2)
106.4(2)



C24C28C16 130.7(2) N4-C18C29  123.0(2)

N6-C32C43  122.4(2) C24C28C27 107.4(2)
C19C20C21  104.8(8) C27C28C16 122.0(2)
C22C21C20 112.6(10) N6-C32C31  108.0(2)

C31C32C43  129.6(2)

Reactions ofl1 with oxygenwere also carried out, with tlieasoninghat an
additional open coordination site and the potentialxidizethe metal center to a o
mayresult inthe formation ofa new superoxo complexh@&rewas a clear reaction
when 1 atm of oxygen gas was added tnixture ofl1in THF, given both a color
change from green to orange as welhatstinct change in th#l-NMR with none of
the startingl1 remaining Although the solutiomemained aange during efforts to
isolate gproduct, the only compound isolated as a crystal wadding mateml 11,
seeming to indicate that oxygen bindtoghe complex is reversibléfter thisinitial
observationan NMRtube containingingly recrystalized 11 dissolved in €Ds was
charged withD, gas and then éeze pump thaw degassed multiple times, arltHits
NMR spectrum recorded after each manipulat&sulting in the reformation dfl,
seeFigure 1.3Q This verifies that oxygen binds to the compilexa reversible
manner, but does not give any indication as to the fate of the oxygen muietit s

incorporated, seScheme 1.14

1N©N/ /
O~ F

Scheme 1.13: reversible binding of &to Bp™Me(Me-pz-CpFe(CsH4))Co (11).
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Figure 1.30:'H-NMR spectrum of BpFeMe(Me-pz-CpFe(CsH4))Co (11) recorded

in CeDs (spectrum A), the same sample with 1 atm of £gas added (spectrum B),
the same sample after 1 FPT degas cycle (spectrum C), the same sample after a

second FPT degas cycle (spectrum D).

Conclusions

The synthesis and characterization of‘T™fMX complexes (M=Fe or Co; X=
Cl, Br, or 1) has been accomplished through a mixture of solid state and solution state
syntheses. TFM¥FeCl and TE*MeFeBr are both susceptible to borotropic
rearrangement in solutipmaking them unacceptable as starting miaefor any
synthess that require a reaction time of longer than 24 hdwwever THMFel
resistance to isomerizationakes it amenable to chemical manipulations over long
time periodsAlkyl complexes of iron supported by tAi@™Meligand systenhave
beenpreparedand found to be similar in their spectroscopic and physical

characteristics to those previously reported in tH8"™5ligand system. A mono
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carbonyl complex on iron supported by theé“Tffligand system has been isolated,
and found® have the same IR stretching frequency as that of tfe™$eCO
complex® to within the error of the measurement devieeiodide complex on iron
and the bromide complex on cobalt wheredut produce univalewi-nitrogen
complexeof their respeate metals the reactivity of which will be discussed in
Chapter 3. Attempts to produce a terminal hydride complex on cobalt supported by
the TFMeligand system where ultimately unsuccessful, with the suggestion being
that such a compound will alwaysminate B gaswith the formation ofL1. All
complexes discussed above and whose structures where characteXzeayby

di ffracti on Hwethrespectdouthe @p ligaond. ¥ the esception of
complexesll and12, dl compounds characterizéxbren were found to display £

symmetry in solution when examined by NMR.

Experimental Section

All reactions were run under a nitrogen atmosphere using standard glovebox
and Schlenk techniguasnless otherwise stated. Diethyl ether, pentane,
tetrahydrduran (THF), and toluene were distilled over idangbenzophenone ketyl
as an indicator whilenderanitrogen atmosphere, or by passing the solvent through
activated alumina columns followed by a nitrogen purge to remove dissolved
oxygen?® Organic chemials were bought from Fischer, Aldrich, or Acros atid
inorganic chemicals wengurchased from StrenCarbon monoxide gas was purchased
from MathesonNMR spectra were oained on Bruker AVIH400 or AV-600
spectrometers and were referenced taésalual protons of the solventds, 7.16

ppm; THFDg, 3.76, 1.85 ppm). FIR spectra were recorded amicolet MagnalR
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560 spectrometewith a resolution of 4 crh Mass spectréLIFDI-MS) were obtained
in theUniversity of Delaware Mass Spectromeltigboratory using a Waters GCT
Premier high resolution timef-flight mass spectrometeX-ray crystallographic
studies were conducted in the University of Delawaimy crystallographic facility
Mol ar magnet i cm) whareacquiped in thaolid stateiaereom ( 6
temperature using a Johnson Matthey magnasceptibility balance, ancbrrected
for diamagnetism using Paconstantgo give effective magnetic moments.£u
Elemental analyses were obtained from Robertson Microlit, Ledgewabd7852.

Tp™MeTl was prepared btheliterature procedurg.

General considerations forX-ray diffraction studies: Single crystalX-ray
diffraction studies were performeshder the conditions listed hef@rystals were
selected, sectioned eecessary and mount e dlastcmediwihe Gen E p
viscous oil, therflash-cooled to the data collection temperat(#80 K). Diffraction
data were collected onBrukerAXS CCD diffractometer with graphite
monochromated M&K U r a d i=#.71078 A). Tle alatasets were treated with
absorption corrections basen redundant mutscan dat&’ The structures were
solved using direct methods and refined with-folitrix, leastsquares procedures on
F2. Unit cell parameters were determined by sampling ttiféerent sections of the
Ewald sphere. Nohydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were treated as idealized contributions with
geometrically calculated positions and witRol@qual to 1.2, or 1.5 for methyleq of
the attached atom. Structure factors and anomalous dispersion coefficients are

contained in the SHELXTL program librafy.
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TpFeMeFeCl (1): 1.500g (1.484 nmol) of Tg®MeTl and .D0g (1.577mmol, 1.06

equiv) of FeCh were placed iran agatenortarand ground to homogeneity for 2

hours. A color change is observed, to dark orange, with the formation of TICI as a fine
colorless salt. The mixture was dissolved in THF and filtered thr@egjte. The

material was then immediately dried in vacuwafford an orange solid. The solid

residue was collected and washed 3 times witttlayl ether to remove borotropically
rearranged products. The remaining orarggedue was collected, giving a yield of

.85g (0.947 mmol, 64 %) of Tp™>M&FeCl.'H-NMR (400 MHz, THFRds): -2.6 (br, 6

H), -1.2 (br,15 H), 2.5 (br, 6 H), 33.3 (br,9H),586r , 3 H) U; I R (KBr)
2964 (m), 2924 (m), 288 (m), 2533 (m, BH), 1554 (s), 1472 (m), BO(m), 14@B (s),

1360 (m), 1184 (s), 1060 (s), mEnN), 996 (m), 88 (s), 8b(s), 784 (s), 78 (m),

717 (w) 669 (W), 62 (m), 502 (s), 490 (w), 47(s)cm®; m.p. 18Gi 182°C; et =

4.9(1) & (295 K); MS (LIFDI, THF): m/z 898.0522 [). Calcd.: 898.0506 [M;

TpFeMeFeBr (2): 1.000 g (0.989mmol) of Tg*MeTl and .2% g (1.577mmol, 1.59

equiv) of FeBp were added to an agate mortar and ground to homogeneity for 2

hours. A color change is observed, to dark orange, with the formation of TIBr as a fine
colorless salt. The mixture was dissolved in THF and filtered through celite. The
material was then immeately dried in vacuo, to afford an orange solid. The solid

residue was collected and washed 3 times witttlayl ether to remove borotropically
rearranged products. The remaining orange residue was collected, and orange crystals
of Tp™>MeFeBr were growrirom a solution of THF layered with pentane, giving a

yield of .700 g (0.742 nmol, 75 %). *H-NMR (400 MHz, THFds): 3.0(br, 15 H), 3.3
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(br,6H),38( br, 6 H), 27.8 (IB(KBr):3097Hm),29638),. 8 ( br ,

2922 (m), 2858 (M), 2536 (B-H), 1557 (s), 1514w), 1474 (m), 1431 (s), 140@),
1361 (m), 1321 (w), 126Qw), 1186 (s), 1107 (s), 1058),1030 (w), 1002 (m), 981
(W), 880 (m), 822 (s), 786m), 757 (M), 715 (W), 650m), 537 (M), 506 (s), 47GV)
cmil; m.p. 184i 187°C; Hert= 5.0(1) 5 (297 K); MS (LIFDI, THF): m/z 945.0001,
947.0026 [M]. Calcd.: 944.9985, 946.9969 [M Anal. Calcd for GaHaoNeB1FesBr1
andoneTHF: C, 54.43; H, 4.7; N, 8.28. Found C, 54.34; H, 5.17; N, 7.88

TpFeMeFeBr (2) (alternate synthesis)4.000g (3.957mmol) of TgSMeTl and 1.@0g

(4.637 nmol) of FeBp were placed in a round bottom flask, to which d80f THF

was added. The mixture was left to $or 90 minutes. It was then filtered through

Celite to remove the TIBr salt, and all volatile tevdal was then removed in vacuo.

The orange residue was collected and washed three times with 30ml portions of ether,
to removed borotropically rearranged products. The remaining orange solid was
collected, and orange crystals of T¥%eBr were grown Bm a solution of THF

layered with pentanand left at35°C, giving a yield of 2530 g (2.690 mmol, 68%).

TpFeMerel (3): 4.0009 (3.957 nmol) of TFMeTl and 1.358y (4.381mmol, 1.1
equiv) of Feb, which had been left for Iifoursin high vacuum to remove any |
impurity, were placed in a round bottom flaskntainingl00ml of THF. The mixture
was let to stir for 50 minuteghenthe mixture was filtered throughefite to remove
the TII salt,and the solvenwas then removed inacuo. The orange residue was
stirred in 70ml of ether and the solid residue collected by filtration to removed

borotropcally rearranged products. The residue was added to THF and layered with
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pentanes before being placed in a freeze3&tC. Orange cystals of TH*MFelgrew
after several daysjiving a yield 0f2.620 g (2.650 mmol, 67 %). *H-NMR (400 MHz,
CsDs) 64.1 (br, 3H), 27.2 (br, 9H), 14 (br, 6H), 95 (br, 15H), 55 (br, 6H),-2313
(br, 21H) G; (m)B74((rH)RO2P (m), 38649(W), 2537 (m;HB, 1557
(s), 1516 (w), 1470 (m), 1426),1402 (s), 1364 (m), 134@n), 122 (w), 1261 (w),
1222(w), 1209 (sh), 1184 (s), 1108), 1058 (s), 1030 (s), 1008), 983 (m), 885 (s),
859(vw), 815 (s), 798 (sh), B(s), 758 (s), 715 (w), 67@v), 648 (m), 639 (sh), 594
(w), 532 (s), 504s), 488 (s), 470 (s), 438) cm*; m.p. 1811 183°C; Herr= 5.0(1) &
(298 K); MS (LIFDI, THF): m/z 989.9854 [M. Calcd.: 989.9861 [M; Anal. Calcd
for Ca2Ha0B1NeFesl: C, 50.96; H, 4.07; N, 8.49. Found C, 50.89; H, 4.12; N, 8.27.

TpFeMeCoBr (4): 5.000 g (4.94mol) of TgMeTl, 1.600g (7.420mmol, 1.5 equiv)

of CoBr, and 400ml of dry dichloromethane waadded to a flame driedLlround
bottom flask, and the mixturefluxed with stirring for 1 hour. The solution color
changed from dark orange to bright green, signaling completion of the reaction. The
soluion was filtered twice throughélite to remove Tl salts, and then concentrated to
~150ml in vacuo. 300ml of dryiethyl ether was then added. Upon cooling3®°C

for 30 hours the desired T@"CoBr crystallizedout of the mixture as forest green
crystalswith a yield 0f3.405 g (3.597mmol, 72.7%). *H-NMR (400 MHz, THFds)
74.0(3H, br), 145 (9H, br), 13.2 (81, br), 10.3 (6H, br)5.0(15H, br),-23.8 (1H, br)

G;: | R (KBr) :(w)32023 {m), 2859 (w), 2339 6n3B), 1555 (vs), 1518
(w), 1470 (m), 1428 (s), 140@ss), 1371 (m), 1363 (m), 1348n), 1322(w), 1263

(w), 1211 (w), 1183vs), 116 (vs), D58 (vs), 1031s), 1001 (s), 985 (m), 886n),

818 (s), 788 (s), 756n), 713 (w), 673 (w), 646sh), 648 (m), 534 (m), 5065), 490
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(m), 472 (s), 438w) cmil; m.p. 2431 246°C; per = 3.9(1) & (293.15 K); MS

(LIFDI, THF): m/z 945.0007, 946.9959 [} Calcd.: 944.9985, 946.9969 [M Anal.
Calcd for G2H40B1NsFesCo1Br1: C, 52.55; H, 4.2; N, 8.88. Found C, 52.02; H, 4.19;
N, 8.53.UV/Vis (emad T H F )330, 1947.7445,792.7:650, 482.5(nm, cni* M).

TpFeMeFeBn (5) 1.000 g (1.061 mmolof Tp™M¥eBr was dissolved in 7@l of 1,4
Dioxane, and stirred for 10 minutes. 1rh#iof 2M BnMgBr (2.280 mmol, 2.15
equiv.)in THF was added drop wise over 15 minutes. The solution was left to stir at
room temperature for an additional 210 minutkesjng whid time a color change
wasobserved to dark brown. The sbtun was then filtered througheGte, and all
volatiles removed in vacuo. The remaining brown residue was dissolved in toluene,
and filtered througiCelite to remove any remaining magnesium s&ltgk orange
crystals of the desired Tp"¥eBnwere gown from a solution of toluenayered

with pentanegiving a yield 0f0.690 g (0.22 mmol, 68 %). *H-NMR (400 MHz,

CsDs) -29.6 (br, 2H);24.5(br, 6H),-3.5 (br, 15H), 35.1 (br, 2H), 3B(br, 9H),50.0
(br, 3H) u; (m) BD6L(W,BO26 (M), 2P48)52857 (w), 2535 (m, B

H), 1705 (m), 1601w), 1558 (s), 1495 (m), 145@), 1425 (s), 1401 (s), 1363),

1319 (m), 1262 (w), 119(br, s), 106 (s), 1065 (s), 1028),1001 (s), 981 (w), 884
(m), 815(s), 787 (s), 755 (s), 698), 647 (m), 583 (w), 524m), 503.99 (s), 490.66

(s), 470.45 (m) crl, m.p. 184i 186°C; et = 3.9(1) & (295 K); MS (LIFDI, THF):

m/z 954.1367 [M]. Calcd.: 954.1407 [M; Anal. Calcd for Go sda7.9dNsB1Fes

(toluene is observed in the crystal asymmetric unit, but partiallyadleates under

vacuum) C, 62.02; H, 5.01; N, 8.71. Found C, 61.66; H, 5.21; N, 8.21.
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TpFeMeFeEt (6). 0.500 g (0.506 rmol) Tp™>M%Fel was put in a flask with 6@l of
1,4-dioxane, and stirrefbr 30 minutes. To this solution was adde83 mlof 2 M

EtMgClI in THF(1.060 mmol2.1e0), added in two increments, the first of which

being 1.1 eq over the course of 5 minutes, the second being 1 eq added dropwise 30
minutes later. After 2.5 hours theaction was ended by removal of solvent in vacuo.
The orange residue was dissolved in toluene and then filtered through celite to remove
magnesium salts. The toluene was removed in vacuo and the resulting orange solid
was pure enough to use without furtkerk up, but analytical samples could be
preparedy recrystallization from THFgntanes solutiowith ayield of 0.392¢g

(0.440 mmol, 87 %). *H-NMR (400 MHz, GDs) 45.5 (br, 3H), 43.3 (br, 9H), 1.24 (br,
6H),-8.21 (br,15H);2 8 . 9 ( br , 63098 (m), 2953 (R), 292¢B),r28B3

(sh), 2854 (m), 252@m, B-H), 1635 (w), 1560 (st), 1516m), 1468 (m), 1428 (st),
1401(st),1370(sh), 13@ (st), 1349 (st), 132@n), 124 (w), 1207 (sh), 1186, br),

1107 (st), 1058 (st), 1026st), 1001 (st), 981r), 886(st), 812 (st), 799 (sh), 78&t),

760 (st), 718 (w), 678w), 649(m), 637 (m), 530 (st), 506t), 491 (st), 472 (st), 442

(m) cmt; m.p. >315°C; petr= 4.0(1) 1 (293.15 K); MS (LIFDI, THF): m/z 892.1265
[M*]. Calcd.: 892.1208 [M; Anal. Calcdfor CasH4sB1NsFesMg.5Cli: C, 56.24; H,

4.83; N, 8.94. Found C, 56.77; H, 5.1; N, 8.97.

TpFeMeFe(CO) (7) 0.500 g (0.24 mmol) of TP MFeBn was dissolved in toluene

and added to &chlenk tube. The mixture was thoroughly degassed and then frozen. 1
atmof CO gas was added over the frozen mixture, which was then allowed to warm to
room temperature with stirring. A color change was observed from dark orange to

bright yellow. All volatiles were removed in vacuo with stirring, to afford a
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yellow/orange soligesidue. The residue was washed with a minimal amount of THF
to remove any starting material or impurities present in the starting maaedal
collectedby filtration. Crystals of the desired Tig"FeCO complex were grown from

a solution of THF layeredith pentanegiving ayield of 0.390 g (0.441 mnol, 84 %).
IH-NMR (400 MHz, THFdg) 395 (br, 9H), 70 (br, 15H),-112( br , 3 H) U;
3097(m), 2961 (m), 2922 (m), 2860 (m), 2533 (mHB, 1891 (vs, GO), 1560 (s),
1517(w), 1466 (m), 1424 (m)1396(m), 1322 (w), 1182 (s), 110&harp), D62 (s),
1034 (w), 1003m), 984 (w), 890 (m), 82(m), 785(m), 762 (m), 641 (m), 53@v),

505 (m), 485 (W), 47Qw) cmrl; m.p. 2911 294°C dec;perr= 4.0(1) 1b (295 K),

TpFeMeFe(PzHFeMe)(PZ<Me) (8): 0.300 g (0.303 mmol) of TP “Mel was added to a
stirring solution of THF, along with 92 nmaf Kpz*M€(0.303 mmol, 1 equiv.3nd81

mg of Hpz™Me(0.303 mmol, 1 equiv.)After stirring for 1 hour the solution became
increasingly dark in color and opaquweéh the formation of potassium salt. The

mixture was left to stir for 24 hours, then filtered to rempetassium saltsThe

solution was concentrated in vacuo and layered with pentanes to afford the desired
complex as orange blocks, with a yielddaf30 g (0.08 mmol, 31 %) *H-NMR (400

MHz, CéDs) 52.8 fr, 2H), 44.4(br, 6H), 32.3 (br, 3H), 16.6k(, 9H), 6.6(br, 10H),

4.7 fr, 4H), 1.9(br, 15H), -3.9(br, 6H),-39.434, br ) U; | R -HKBr ) :
3089 (M), 2968 (M), 2922 (m), 2864 (M), 2555 B¥H), 1594 (w), 1558 (s), 1515

(w), 1485 (m), 1470 (m), 1429 (s), 1403 (s), 1365 (s), 1350 (m), 1319 (w), 1276 (w),
1227 (w), 1204 (sh), 1178 (s), 1117 (sh), 1108 (s), 1084 (m), 1071 (s), 1048 (s), 1037
(s), 1023 (s), 1001 (s), 985 (m), 887 (s), 874 @b, (s), 787 (s), 760 (m), 708 (m),

674 (w), 648 (m), 635 (m), 586 (W), 521 (W), 499 (s), 468 (m), 436 (W) amp. 205
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i 207°C dec; pet = 4.9(1) & (296 K); MS (LIFDI, THF): m/z 1128.1191 [N
Calcd.: 1128.1251 [M- C14H14N2Fel]; Anal. Caled for GoHe7B1N1oFesO2 (This
complex is extremely sensitive to oxygen gas, the elemental analysis matches the

incorporation of @.): C, 58.95; H, 4.73; N, 9.82. Found C, 58.98; H, 4.83; N, 9.60

[TpFeMeFe]2(u2-dY: HN2) (9): 186 mg of sodium metal (80.90 mmalere added to

15.5 g of mercury, to create a 1.2 % w/w Na/Hg amalgam, which was then added t
100ml of THF with stirringand leftfor 10 minutes. To this solution, 20g (2.022

mmol) of TP *MeFel was added. The mixture was stirred vigorously for 1&0sho

over which time a color change from orange to red was observed. The solution was
filtered to remove Nal salt and Hg, and all volatiles removed in vacuo. The red/orange
solid was extracted with ether and filtered to remove all remaining starting ahateri

well as any Nal that remained dissolved in the THF solution. The ether solvent was
removed in vacuo and the resulting red residue was dissolved in THF. The solution
was concentrated, pentane was added as a layer, and the combined solution eooled to
35°C to afford[Tp™MeFe]2(u2-d: *dN2) asbloodred blockswith a yield 0f1.38 g

(0.789 mmol, 78%). *H-NMR (400 MHz, GDs) -23.1(br, 6H),-8.1 (br, 15H), 28

(br, 6H), 533 (br,9H),590 ( br , 3 H) U(m), DM (M), RBR3 (In), 28&L0 9 3
(m), 2525 (m, BH), 1970 (w, N=N), 1560 (s), 151W), 1465 (m), 1429 (s), 1408),

1372 (s), 1361 (s), 1348h), B21 (m), 1262 (vw), 1208 (sh), 1182 (s, br), 1{€6

1059 (s), 1025 (m), 1008), BVO (m), 882s), 815 (s), 776 (s), 754n), 715 (W),675

(w), 644(m), 58 (s, br), 530 (s), 506), 490 (s), 472 (m), 43@n) cni’; m.p. 255

257 °C dec; pr = 5.9(1) 18 (293 K); Anal. Calcd for @2H40B1N7Fes: C, 57.51; H,

4.60; N, 11.18. Found C, 56.91; H, 4.95; N, 9.53. Found C, 57.01; &, M,0.26.
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Found C, 57.82; H, 4.81; N, 9.71. This compound is highly sensttiggygen and
moisture and prone to decomposition by loss of &fter submitting the sample for

three separatanalysesit wasdeemed too fragile for elemental analysis.

[TpFeMeCo'2(p2-dY: EN2) (10): 77 mg (3.043 mmol) of sodium metal was added to
7.800 g of Hg, to create a 1.0 % w/w Na/Hg amalgam, which was then adb@@l to

ml of THF with stirring and leffor 10 minutesTo this solution, 200g (2.116

mmol) of TP *MeCoBr was added. The mixture was stirred vigorously for 130 minutes
at which time a color change from green to dark orange was observed. The solution
was filtered to remove NaBr salt and Hg, and all volatiles were then removed in
vacuo. The orange solid wagurated with 80ml of ether and the suspension filtered.
The remaining solid was +@issolved in THF and crystallized with the addition of
pentanes aB35°C toproduce Tp™MeCao2(12-d%: ‘dN2) as dark orange crystals
having10 molecules of THF peasymmetric unit. The etharsed for trituratiorwas
concentrated and pentane was added as a layer to afford ad@iR&I*Co]2(u2-

d: '&N.) as dark orange crystals, the combined yield of both portions being d..28
(0.073 nmol, 68.8%). H-NMR (400MHz, CsDs) 47.8 (br, 3H), 3G (br, 1H, BH),

18.4 (br, 9H), 5.9 (br, 6H}D.2 (br, 15H);39( br , 6H) U ; (m), 55 KBr ) : 3
(m), 2921 (m), 2868 (w), 2517 (m;1B), 2070(m, N=N), 1561 (s), 1517 (m), 1465

(m), 1428 (s), 1395 (s), 137@n), 1360 (s) 1321 (M), 1262vw), 1221(m), 1185 (vs),
1106 (s), 1059vs), 1023 (m), 1000 (s), 98@n), 882 (s), 815 (s), 78@), 759 (s), 716

(W), 646(m), 673 (sh), 530 (M), 50@), 490 (s), 471 (m), 43(n) cni’; m.p. 226i

228°C dec; if = 4.9(1) 18 (298 K); Anal. Calcd for GsHaeB1N7Fe3C0101 (Crystals

grown from ether were used, they contained 1 ether molecule per molecule of
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[Tp™MCa2(-d": '&N2)): C, 57.90; H, 5.28; N, 10.28. Found C, 58.14; H, 5.14; N,
10.13.Uv/Vis (ama{ T H F )280,686).0:450, 105.5(nm, cni* M.

BpFeMe(Me-pz-CpFe(CsH4))Co (11): 0.500g (0.0563 mmol) of TgSMCoBr was
dissolved with stirring in 18l of THF, to this was added dropwise over 4 minutes
0.55 ml of a IM solution of KB(Et}H in THF (0.550 mmol, 1 equiv.)The solution

was left to stir for 16 hours, during which time the color of the solution changed from
forest green to olive green. The solutiwas filtered through a plug ofelite to

remove potassium salts, and the volatiles removed in vacuo. Théngegudten

residue was washed withndl of ether three timet® remove impurities, and the
remaining green solid +eissolved in 8nl of THF and then filtered througheGte a
second time. The resulting green THF solution was then layered wittoBdiethyl

ether and 4 ml of pentanehich left at room temperature for 3 to 6 dgyse the

product in the form of small green blockish crystelgh ayield of 0.248g, (0.029

mmol, 54 %. *H-NMR (400 MHz, GDs) 62.5(br, 1H), 60.3 (br, 2H), 56.(br, 2H),

21.7 (br, 6H), 13 (br, 2H), 15.6 (br, 3H)5.2(br, 2H),-0.3 (br, 10H),-1.1 (br, H), -

2.8 (br,2H),-148 (br, 2H),-23.4 (br,2HYi ; | R ( KBr ) : (m329B m),( m) ,
2868 (m), 2560 (m, B1), 1561 (s), 151w), 1469 (m), 1431 (m),402(m), 1373

(sh), 1358 (m), 1326w), 1175 (s), 1106 (s), 1063), 1029 (s), 1029 (m), 100¢n),

985 (m), 888 (m), 820m), 796 (m), 757 (m), 716w), 676 (w), 645 (m), 534m), 501

(s), 473 (s), 438m) cm’; m.p. >315°C; pert = 3.7(1) 1& (298 K); MS(LIFDI, THF):

m/z 865.0700 [M]. Calcd.: 865.0720 [M]; Anal. Calcd fof843B1NsFesC010 5

(Ether was present in the crystals sent for elemental analysis, in a ratio of 1:2 ether to
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Bp M&{Me-pz-CpFe(GHa))Co). C, 58.54; H, 4.92; N, 9.32. Found C, 58.36; H, 5.07;
N, 9.05.Uv/Vis (ema{ T H F )450,907)5;715 640.2(nm, cnitM).

BpFeMe(Me-pz-CpFe(CsHa4))Co(CO) (12): 0.400 g 0.046 mmol) of BpFeMiMe-pz-
CpFe(GHa4))Cowas dissolved in 20 ml of THF in a schlenk tube that was charged
with a magnetic stir bar. The mixture svélhoroughly degassed and th@ratmof
carbon monoxide gasere introduced at room temperature, while the mixture was
stirred The solution rapidlghanged color from green to dark orarged after 20
minutes wadreeze pump thaw degassed in three cycles to remove the remaining
carbon monoxide. The mixture was then brought into a glove box and the solvents
removed in vacuo. The remaining orange nesidias redissolved in ether, filtered,
and then layered with pentanes to afford crystals of the depéd'{Me-pz-
CpFe(GH4))Co(CO) complexwith a yield of 0.297g (0.033 mol, 72 %). *H-NMR
(400 MHz, GDe) 215 (br, 1H), 10.6 (br, 2H), 4.1 (br, 4H),53(br, 4H), 3.1 (br, 10H),
1.1 (br,2H)0.87 (br,6H)-0. 29 (br, 2H) U; | R ( BR@)) :
2852 (m), 25T (m, B-H), 202L (vs, C=0), 1558 (s), 1%1(m), 146 (m), 145 (s),

139 (s), 132(s),1350(s), 1317 (m), 122(w), 11& (vs, br), 1106 (s), 1059 (s),
1021 (m), 10@ (m), 977 (w), 891 (m), 88 (m), 864(w), 808 (s), 790 (s), 717 (W),

677 (W), 644 (S), B0 (W), 527(w), 491(s), 47 (s), 44 (W) cnt; m.p. 307 309°C;

Heff = 2.0(1) & (293 K); MS (LIFDI, THF): m/z 865.0822 [M CQ]. Calcd.: 865.0720
[M - CQO]J; Anal. Calcd for GsH39B1NsFesC0,01: C, 57.87; H, 4.@; N, 9.41. Found C,
57.94; H, 4.45; N, 9.18. Uv/Vi@ma{ T H F )320,32P9.3;414.9 1002.6(nm, cnt
M.
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Chapter 3
REACTION SOF LOW VALENT IRON AND COBALT COMPLEXES
SUPPORTED BY HYDROTRIS(3-FERROCENYL -5-METHYL)PYRAZOLYL

BORATO LIGANDS WITH OXO AND IMIDO TRANSFER REAGENTS

INTRODUCTION

Theactivation of dioxygen has gained significant interest to both academia and
industry. The use of first row transition metals to activatai@then transfer single
oxygen atoms to substrates and thus create more valuable compounds has driven a
significantfraction of research in iharea! In the service of furthering knowledge of
oxygen activationwe set aout attempting to produce additional novel oxo complexes
on bdh iron and cobalt, building orork previously done ithis laboratoryWith
regard tocobaltand iron,previous membersf the Theopold Lab have found theto
specief these late transition metadse too reactive to be supported by many of the
Tp ligands we have previously use@ihe most persistent issue isHCbond activation
of the ligand The use of a more robust ligand bearing ferrocenyl substituents &t the 3
position of the pyrazole moiety may overcome this probidiich wasobserved with
O activation on iron by Dr. Fernando Jove, Seeme 2. The first aim of this
chapter is to examine the reactivity of qoounds introduced i€@hapter 2 with
oxygen gas, explore various means to produce novel metal oxo complexes, and to

study the properties of such compounds.
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Scheme 2.1: Suggested miganism for the formation of an Fd!' /F€"" briding oxo

speciessupported by TpBYMe taken from the thesis of Dr. Fernando Jove.

(L =CO, Nz, or C2H4).3

Of similar interest to terminabxo complexes are metal imidé3eing
isoelectronic to terminabxo speciegthey provide an often more easily accessed route
to studying the chemistry of these moiefi@®rminal imidesarealsothe
intermediates of addine synthesis done with transition metal catalyJtee second
aim of this chapter is texplore methods of terminal imideroduction on iron and

cobalt centers supported by the" ™ ligand system.

101



RESULTS AND DISCUSSION

Synthesis oftriphenylmethyl chalcogenideiron complexes supported by
TpFeMe and reactionto form novel bridging sulfide complex In an effortthat ran
concurrent to the production of low valent complexes of iron supported by th¥eTp
ligand systeml set about producinge' chalcogenide comples.This wasinspired
by work donein theHayton group, wherein they used a reductive deprotection of a
Ni'" trityl sulfide to produce a formally Niterminal sulfidecomplex supported bihe
[2,6-'Pr.CsHsNC(Me).CH (NacNac)igand In that work §NacNagNiS(CPh)
complex is reacted withl& contanng reducing agent in the presence of either 18
crown6, 2,2,2cryptand, or other encapsulating ligang formtheanionicNi"
terminal sulfide®. Hoping to findsimilar results on iron, $ynthesized both
Tp™MeFeO(CPB) (13) and THMFeSCPh) (14), by a routeshown in $heme 22.
13is produced in modest yields, by reaction of the sutias salt of
triphenylmetloxide with eitheTp™M&eBr(2) or Tp™MFel (3) in THF. After 30
minutes the solution color had changed between shades of orange and the mixture was
filtered, thenall volatile material was removed in vacbefore the complex was
extracted with ether and theaykered with pentanes to affot® as darkorange bloks.
Thestructure of that complex was determined{ayay crystallography and found to
contain2 molecules o3 per asymmetric unit havingond lengths and angles that are
the same to within error. The complex was tetrahedral, with geometry wadues for
13whe r £=0.07 4 3 s0a 0F@0; &keFigure 2.1andTable 2.1 The procedure for
synthesizingl4 was the same as that fb8, but layering with pentanes was not
necessary to afford-ray quality crystals, which instead grew from conceridagther

solutions The structure of4 was determined b)}{-ray crystallography, and was
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found to have a considerably different unit cell from that3)fseeTable B.1and

Table B.2 which may account for the difference in solubility and propensity for
crystallization from etheiSimilar to13, 14 was tetrahedral with the Tp ligand binding
inmamner, with geomed780a nidn @88’ seerigurea e s o f
2.2andTable 2.2 The structural diffeences betweeh3 and14 wasapparent in the

Fe-E-CPhs bond angles, beings7.4(2y and 108.4()for 13 andl14respectively. The

most unexpectedspect ofl3 and14 were their low effectivenagnetic moments, with
13having a 4 of 2.4(1) us (296K), andcomplex14 displayinga pess of 4.6(1) €

(295K).

KHMDS
Ether, RT

KE(Trityl)
THF, RT, (X=0, S)

Scheme 2.2Synthesis ofKE(CPhs) (E = O, S)and their reactionwith 3, synthesis
of TpFeMeFeE(CPhs), E= O (13), E =S (14).
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Figure 2.1: Molecular structure of Tp FeMeFeQ(CPhz) (13) represented as 50%
probability thermal ellipsoids Hydrogen atoms (with the exception of the
hydrogens attached toboron, H1), and a second molecule df3 present in the

asymmetric unit have beeromitted for clarity.

Table 2.1 Selected interatomic distases (A) and angles® for TpF©MeFeO(CPhs)

(13).
Distances (A)
Fe1O1 1.826(2) FeIN3 2.115(2)
FetN1 2.133(2) FetN5 2.144(2)
N1-C1 1.352(3) N1-N2 1.376(3)
N3-C15 1.351(4) N2-B1 1.547(4)
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N4-C17

N5-C29

N6-C31

01-C43

C29C30
C30C31
C31C42
C32C33
C33C34
C34C35
C35C36
C37%C38
C38C39
C39C40
C40C41
C43C61
C44C45
C59C60
C60C61

Bl-FelO1
O1-FeXN3
N3-Fe:N1
N3-FeXN5
C15N3-N4
C1%#N4-B1
C29N5-N6
C3ING6-B1
N6-B1-N2
N2-B1-N4
C1#C16C15
N4-C1#C28
N5-C29C30
C30C29C41
N6-C3:C30
C30C31C42
C3#C41C29
01-C43C61
C46C45C44

1.346(4)
1.346(3)
1.355(3)
1.393(3)
1.392(4)
1.373(4)
1.496(4)
1.401(5)
1.412(5)
1.395(5)
1.396(5)
1.421(4)
1.412(4)
1.406(4)
1.424(4)
1.544(4)
1.380(4)
1.382(4)
1.388(4)

170.5(2)
134.51(10)
88.90(9)
91.50(9)
106.5(2)
128.2(3)
106.0(2)
129.4(3)
110.4(3)
107.7(2)
106.9(3)
122.4(3)
110.1(3)
128.0(3)
108.0(3)
129.8(3)
128.3(3)
108.4(2)
120.1(3)

Angles ()

10¢

N3-N4

N4-B1

N5-N6

N6-B1

C15C16
Cl1eC17
C17#C28
C29C41
C32C36
C3%C41
C43C49
C44C49
C45C46
C46C47
C47C48
C48C49
C5%C58
C58C59

FetO1-C43
Ol-Fe:N1
N1-N2-B1
C17N4-N3
N3-N4-B1
C3ENG-N5
N5-N6-B1
N6-B1-N4
N3-C15C16
N4-C1#C16
C16C17#C28
N5-C29C41
C31C306C29
N6-C31C42
C36C32C33
C32C33C34
C35C34C33
C36C35C34
C32C36C35

1.377(3)
1.544(4)
1.381(3)
1.539(4)
1.386(4)
1.383(4)
1.492(4)
1.463(4)
1.392(5)
1.421(4)
1.539(4)
1.390(4)
1.374(5)
1.367(5)
1.386(4)
1.378(4)
1.367(5)
1.364(5)

157.4(2)
119.30(9)
120.2(2)
110.2(3)
121.3(2)
109.7(2)
120.8(2)
109.7(2)
109.2(3)
107.2(3)
130.4(3)
121.9(3)
106.1(3)
122.2(3)
107.8(4)
107.6(4)
108.1(4)
107.6(4)
108.9(4)



C46C47C48
C48C49C44
C44C49C43
C58C59C60
C60C61C43
C59C58C57
C59C60C61
C47C46C45
C47C48C49
C48C49C43

120.3(4)
117.2(3)
119.2(3)
120.8(3)
118.4(3)
120.0(3)
120.2(3)
119.4(3)
121.5(3)
123.6(3)

10¢€

C41C3#C38
C39C38C37
C40C39C38
C39C40C41
C37%C41C40
C40C41C29
01-C43C49

C49C43Co61
C45C44C49

108.2(3)
107.5(3)
108.8(3)
108.0(3)
107.4(3)
124.3(3)
109.7(2)
109.5(2)
121.5(3)



Figure 2.2: Molecular structure of Tp FeMeFeSCPhs) (14) represented as 50%

probability thermal ellipsoids Hydrogen atoms (with the exception of the

hydrogens attached toboron, H1) have beeromitted for clarity.

Table 22: Selected interatomic distances (A)rad angles ) for TpF©MeFeSCPhs)

Fe:N5 2.090(3)
FeIN1 2.127(3)
N1-C1 1.354(4)
N2-C3 1.354(4)

(14).

Distances (A)

FeXN3
FelS1
N1-N2
N2-B1

2.114(3)
2.2798(9)
1.381(4)
1.543(4)



N3-C15
N4-C17
N5-C29
N6-C31
S1C43
CixC2
C2C3
C3C14
C4C5
C5C6
CeC7
C*C8
C9C13
Ci10C11
C11C12
C12C13
C43C61
C44C49
C52C53
C53C54
C54C55

Bl-FelS1
N5-FeXN3
N3-Fe:N1
N3-FelS1
CENI-Fel
C3N2-N1
N1-N2-B1
C15N3-Fel
C17ZN4-N3
N3-N4-B1
C29N5Fel
C3ING-N5
N5-N6-B1
N2-B1-N6
N6-B1-N4
N1-C1C13
N1-CE:C2

1.335(4)
1.345(4)
1.346(4)
1.354(4)
1.887(3)
1.383(5)
1.379(6)
1.485(6)
1.409(8)
1.384(7)
1.407(7)
1.393(9)
1.430(7)
1.378(9)
1.410(8)
1.434(5)
1.542(4)
1.389(5)
1.379(6)
1.392(5)
1.394(4)

163.57(7)
84.01(10)
89.57(10)
110.60(7)
140.6(2)
110.0(3)
120.8(2)
140.3(2)
110.5(2)
119.6(2)
141.4(2)
110.0(3)
120.7(2)
110.9(3)
109.1(2)
122.1(3)
109.3(3)

Angles ()

10¢€

N3-N4
N4-B1
N5-N6
N6-B1
CkC13
C4C8
C9C10
C43C55
C43C49
C44C45
C45C46
C46C47
C4%C48
C48C49
C50C55
C56C57
C5%C58
C58C59
C59C60
C60C61
C56C61

FetS1C43
N5FeIN1
N5-FelS1
N1-FetS1
CIN1-N2
N2-N1-Fel
C3N2-B1
C15N3-N4
N4-N3-Fel
C17N4-B1
C29N5-N6
N6-N5-Fel
C3IN6-B1
N2-B1-N4
C3C2C1
N2-C3C14
C8C4C5

1.370(3)
1.552(4)
1.378(4)
1.546(4)
1.467(5)
1.365(9)
1.425(6)
1.532(4)
1.543(4)
1.394(6)
1.359(8)
1.378(8)
1.392(5)
1.389(5)
1.384(4)
1.394(5)
1.372(6)
1.369(6)
1.387(5)
1.385(5)
1.392(5)

108.39(10)
99.40(11)
136.32(7)
120.81(8)
106.3(3)
110.41(18)
129.1(3)
106.6(2)
112.37(18)
129.6(3)
106.2(2)
112.45(18)
128.8(3)
108.8(3)
107.2(3)
122.6(3)
109.6(5)



C2C1C13
N2-C3C2
C2C3C14
N4-C1#C28
C55C43C49
C55C43S1
C49C43851
C46C45C44
C46C47C48
C44C49C48
C48C49C43
C52C51C50
C52C53C54
C506C55C54
C54C55C43
C58C57%C56
C58C59C60
C60C61C56
C56C61C43
C506C55C43
C61C56C57
C59C58C57

128.6(3)
107.1(3)
130.3(3)
123.5(3)
113.8(3)
107.3(2)
109.4(2)
120.8(5)
119.5(5)
117.6(3)
118.8(3)
121.2(4)
120.2(3)
117.7(3)
117.7(3)
120.4(4)
120.2(4)
118.0(3)
121.4(3)
124.6(3)
120.4(4)
119.8(3)

Ce6C5C4
C5C6C7
C8C*C6
C4C8C7
C10C9C13
C11C106C9
Ci10C11C12
C11C12C13
C9C13C12
C12C13C1
N3-C15C16
C55C43C61
C61C43C49
C61C43S1
C49C44CA45
C45C46C47
C44C49C43
C55C50C51
C51C52C53
C53C54C55
C60C61C43
C61C60C59

107.1(5)
107.4(5)
108.6(5)
107.3(5)
107.2(5)
109.0(5)
109.0(4)
107.7(5)
107.0(4)
124.8(4)
109.3(3)
111.8(2)
105.8(2)
108.7(2)
120.6(4)
119.9(4)
123.4(3)
120.6(3)
118.9(3)
121.3(3)
120.3(3)
121.2(4)

Comparing the bond lengths and angles of compoli&dsd14 with other

similar alkyl chalcogenideseveral trends emerg®ther alkyl chalcogen&kon

TpU'MeFeand TP PFe systembave previously been describesgeTable 2.38° For

these compoundbe FeO bond length decreases with increasih® bond lengths,

but

t his

trend

doesnodt

ligand, but does appear to follow a trend withrislative electronegativity of the R

grow. The fluorinatedR group hashe shortest @R bond distace and the CRthas

the longest. This is mirrored in the sulfur analogues of the coegdaxwel| Table

2.3 Oddly, the complex most consistemth both13and14in terms ofFeE-C

and

anglewere two tris(3mesitylpyrrolide) ethane (tpe) complexdsing more sterically

similar to the Tp*Meligand butwith an F&', making thendistinct

foll ow alkgithe t er n

U

I



electronically!® Given this, it appears that the factbatgovernghe FeE-C and U
angleis the steric profile of the land, as electronic factors do raqpear to play a

role.

(NNN)FeOR FeN(avg) (A) FeO(A) OR(A) FeORP) hanglef)

13| 2.131(2) 1.827(2) 1.393(4) 157.4(22)  170.3(1)
TPBuMeFeOM& | 2.095(3)  1.830(3) 1.377(6)  138.9(3)  164.4(1)

TP PFeO(eR)° |  2.059(5)  1.875(5) 1.297(9) 133.2(5)  169.6(2)
(tpe)FeOC(CHH(PhI° | 1.976(3)  1.781(3) 1.397(5) 153.9(2)  174.4(1)

(NNN)FeSR FeN(avg) (A) FeS (A) SR (A) FeSR () h angle f)

14| 2.110(3) 2.2798(9) 1.887(4) 108.4(1)  167.57(7)
TgBuMeFeSM&| 2.093(4)  2.264(2) 1.813(4)  113.8(2)  174.4(1)
TP PFeS(g)° |  2.057(4)  2.288(2) 1.749(5)  107.4(2)  162.7(1)
(tpe)FeSBA | 1.969(3)  2.238(1) 1.835(4) 102.8(1)  177.64(8)

Table 23: Comparison of relevant structural features of (NNN)FeER complexes,

(E =S or O, R= CPhs, CeFs, C(CH3)2Ph or Benzyl)

With both13and14 available, Iset abouteducingthem withKH, hoping that
the resulting triphenyl methaneould be easily seperated from the resulting salt. This
was decided after initial attempts at directly redu¢iregcomplex with K€ produced
an inseperable mixture of products. We also tested the reactivity of ®atid14
with dihydroanthracene in an attempt to prodomtalhydroxo and hydrogesulfide
compoundsl3was found to be entirely unreactive with ylilnoanthracenas well as
KH in the presence of 1 &own-6, even when heated in excess of8for several
hours. In contrast,4 did react withpotassium hydride in the preserafel 8-crown-6
at room temperature, producingpadging sulfide instead of the expected
[TpFeMeFeS][K(18crown6)] compound The aforementioned bridging sulfide
complex, [TpSMFek(u-d*: HS) (15), was immediatelydentifiable from its LIFD}
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MS, seeFigure 2.3 having a mass of 173067 daltons, § the modebf 1758.1375
daltonsfor the most abundant distribution of isotopes for each elerh®&obuld be
isolated by recrystallization, with the reaction mixture being filtered, concentrated
and then layered with pentanes to afford the bridgingdeu#fs dark orange, almost
black, blocks in a triclinic unit celseen inFigure A2.3. The FeS-Fe bond angle was
133.6(1y, wi t h U a n°qidd®t.9(d)for eith@r Besplctivk FeS, see
Table24 Both Tp | i gandsmanremeaviméah irbnatomsdn

a tetrahedral coordination sphere, Begire 2.4

CEIHESBINEFed 31

MOCIE': M+ - C84H8082N12F9351

Reaction Product

TR T T R TR T T T TR TR T T T T T TR TR

Figure 2.3: Predicted isotope modefor the molecular ion of [TpFeMeFe](u-d*: Y
S)(15) [M*: 1758.1375LIFDI -MS, and a sample taken from the crystallization

mother liquer used to produce crystals of 15.
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Figure 2.4: Molecular structure of [ TpFeMeFel(u-dt: HS) (15) represented as
30% probability thermal ellipsoids. Hydrogen atoms (with the exception of the
hydrogens attached toborons, H1 and H2), and one molecule of ethehave been

omitted for clarity.
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Table 24: Selected interatomic distances (A) and angle®) for [TpeMeFe]x(u-

d: HS)(19
Distances (A)

FelS1 2.0366(18) Fe5S1 2.0413(17)
FelN1 2.143(4) Fe1N5 2.131(4)
Fe5N7 2.139(3) FeEtN3 2.148(4)
Fe5N11  2.135(4) Fe5N9 2.113(4)
N1-C1 1.348(5) N1-N2 1.374(5)
N2-C3 1.355(6) N2-B1 1.543(7)
N3-C15 1.344(6) N3-N4 1.378(5)
N4-C17 1.360(7) N4-B1 1.550(8)
N5-C29 1.337(7) N5-N6 1.380(6)
N6-C31 1.358(7) N6-B1 1.534(9)
N7-C43 1.346(5) N7-N8 1.377(5)
N8-C45 1.353(6) N8-B2 1.546(7)
N9-C57 1.352(7) N9-N10 1.379(7)
N10C59  1.354(7) N10-B2 1.551(8)
N11-C71  1.349(6) N11-N12 1.379(5)
N12C73  1.353(6) N12-B2 1.545(7)
C1C2 1.402(7) C1C13 1.463(7)
Cc2C3 1.354(7) C15C16 1.411(7)
C3C14 1.502(8) C16C17 1.357(9)
C15C27  1.469(7) C17C28 1.495(8)
C29C30  1.405(8) C29C41 1.442(8)
C30C31  1.357(9) C32C36 1.370(12)
C31C42  1.507(9) C43C44 1.384(6)
C43C55  1.457(6) C44C45 1.359(7)
Angles @)

Bl-FelS1 174.9(1) B2Fe5S1 173.9(1)
SIFeXIN5 121.43(14) SIFeIN1 130.29(12)
N5-FeEN1 90.31(15) SIFelN3 122.52(12)
N5FetN3  86.03(16) N1-FetN3  94.35(15)
SIFe5N11  119.63(12) SIFe5N9 124.41(15)
SIFe5N7 129.87(11) N9-Fe5N11  85.54(16)
N11-Fe5N7  92.24(14) N9-Fe5N7  93.24(16)
FelSiFe5  133.64(11) CEN1-N2 106.0(4)
CENI1-Fel 138.9(3) N2-N1-Fel  112.3(3)
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C3N2-N1
N1-N2-B1
C15N3Fel
C17N4-N3
N3-N4-B1
C29N5-Fel
C3ENG6-N5
N5-N6-B1
CA3NT7-Fe5
C45N8-N7
N7-N8-B2
CS5EN9S-Fe5
C59N10-N9
N9-N10B2
C7EN11-Feb5
C73N12N11
N11-N12-B2
N6-B1-N4
N12B2-N10
N8-B2N10
N1-C1C13
C3C2C1
N2-C3C14
N3-C15C16
C1eC15C27
C16C17#N4
N4-C1#C28
N5-C29C41
C31C30C29
C30C31C42
N7-C43C44
C44C43C55
N8-C45C44
C44C45C56
C51C55C43

109.8(4)
120.2(4)
140.9(3)
109.7(4)
121.4(4)
138.5(4)
109.5(5)
121.5(4)
139.8(3)
109.9(4)
121.2(4)
140.4(5)
110.1(6)
121.0(4)
140.2(3)
110.4(4)
119.9(4)
110.1(4)
109.7(4)
108.8(4)
123.7(4)
106.2(4)
121.9(5)
108.7(5)
125.5(5)
107.8(5)
124.4(6)
122.8(5)
106.8(5)
129.3(6)
109.8(4)
126.9(4)
107.7(4)
129.6(5)
130.0(4)
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C3N2-B1
C15N3N4
N4-N3-Fel
C17N4-B1
C29N5-N6
N6-N5-Fel
C3IN6-B1
C43N7-N8
N8-N7-Fe5
C45N8B2
C57#N9-N10
N10O-N9-Fe5
C59N10B2
C7EN11-N12
N12-N11-Fe5
C73N12-B2
N6-B1-N2
N2-B1-N4
N8-B2-N12
N1-C1C2
C2C1C13
N2-C3C2
C2C3C14
C17%C16C15
C16C17#C28
N5-C29C30
C306C29C41
C30C3ENG6
N6-C31C42
N7-C43C55
C45C44CA43
N8-C45C56
N11-C7:C83
C73C72C71

130.0(4)
106.8(4)
112.2(3)
128.9(4)
106.7(4)
111.4(3)
129.0(5)
105.8(3)
112.0(2)
128.8(4)
106.4(5)
113.2(3)
128.8(6)
106.3(4)
112.3(3)
129.2(4)
109.8(5)
109.2(4)
110.3(4)
109.6(4)
126.5(4)
108.4(4)
129.5(5)
107.0(5)
127.8(6)
109.1(6)
128.1(5)
107.9(5)
122.8(7)
123.3(4)
106.8(4)
122.7(5)
122.7(4)
107.1(4)



The reaction ofl4 with dihydroanthacene produced a somewhat ambiguous
result.The progress of the reactiosras made obvious bychangean colorto light
orange and th#H-NMR spectrummo longer demonstratirthe chemical shifts
associated with thgtarting material. Despite thisp purecompound could be isolated
from the reaction mixtureeven as the LIFBDMS data wagonsistent with the
expected hydrogen sulfide compjeskown inFigure 2.5. The aspect the data which
remains unclear is the apparent presence of two additional compbawiigy masses

+/- 2 daltons, which we were unable to separate.

C42H41B1NGFedS1

100 896.0616

897.0635

3390638

93 0695 899.0642
b -

99,0520
900.052%
7

8930662
832.0585 901 018 9270251

5050833 g0 0o 921 0736.922 0739 926.0648
5620620553 0370 989 1161.890 0742 9020633 910 0812 .
miz

|
T8as | 870 | 812 | 674 | 876 | 878 | 680 | BA2 | 854 | 86 | 838 | 8O0 | BO2 604 | 606 | 80B | 000 | 002 | 004 | 00 906 | @10 | 912 | 914 916 | 018 | 020 ' @22 | 024 | 86 038 |

rogiaq SR04 BTT0STTg7g 4776

Figure 25: LIFDI -MS of the result of reaction of14 with DHA (bottom), the

calculated isotope pattern of the desired TMeFeSH complex (top).
Reactions of single atom oxygen transfeeagents with [Tp™MeFe](u-

d: #N2) (9). With the setbacks encountered in usdinityl chalcogenidecomplexes to

access terminal oxo or other chemically relevant oxo spéabgtedfocus to

11¢



producing novel oxo complexé®m [Tp ™ MeFeb(u-dt: N2) (9), introduced in
Chapter 2. Attempting first to use single oxygen atom transfer retzgerproduce
terminal oxo complegs | started withiodosdenzeneTEMPO ! pyridine-N-oxide,
andN20 as oxygeratomtransfemreagentsshown inScheme 23. All of these reagents
reacted wit 9 in benzengroduce a quantity qgfyrazole pyrazolate,
Tp eMeFePzH Mo (PZ M) (8), aswell as the bridging oxo compouifitip™MeFeb(u-
d: gO) (16) in yields varying from 60 to 85 %ncel6is produced, it can be
purified by crystallization from mixtures of THF and pentane or lagepentanes
onto a solution ol6in benzeneThe FeO-Fe angle wag43.6(1Y, with FeO bond
lengths being the same to within error at 1.796(2) and 1.798@eiable 2.5 As
with 15, both Tp ligandsreb o u i b the@metal centers it6, seeFigure 26.

16 has only ongrecedent, in the form of a ((NacNac)E€u-dt: g0)
complex, prepaireth the lab of Patrick Hollantf In solution 16 displaysapparent
Cav symmetry in solution, witld resonances betweep and18 ppm corresponding to
the hydrogens on the Tig"¢ligand, with 1 additional resonance being assigned to the
hydrogen on the borgshown inFigure 2.7. The 8" resonance corresponding to
hydrogens on one of either th& and 3" or 39 and 4" positions of the Cp ringsn the
Tp™Meligandwas not observed, presumably being too broad due to the para
magnetism of the compleXhe effectivemagnetic moment df6 was found to be

2.91) ug when measud at 298 K in the solid state.
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Scheme 2.3Reaction of[TpFMeFe]2(u-dt: HN2) (9) with various single oxygen

atom transfer reagents, synthesis ofTp "MeFelx(u-d*: HO) (16).



Figure 2.6 Molecular structure of [TpFeMeFe](u-dt: HO) (16) represented as
50% probability thermal ellipsoids. Hydrogen atoms (with the exception of the
hydrogens attached toboron, H1A and H2A), and 2 molecules of THF have been

omitted for clarity.

Table 2.5 Selected interatomic distances (A) and angle®) (
for [Tp FeMeFel(u-dt: HO) (16)

Distances (A)

FetO1 1.796(2) Fe201  1.798(2)
Fe:N3 2.156(3) FetN1  2.183(3)
Fe2N9 2.145(3) Fe2N7  2.137(3)
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B1-N6
B2N8
N3-N4
N6-C31
N7-N8
N9-C57
N10-C59
Cc2C3
C3C14
C4C8
C5C6
CeC7
C*C8
C39C13
C29C30
C30C31
C31C42
C5%Co64
C43C50
C5%C58
C58C59
C539C70
C60C64
C61C62
C62C63
C63C64
C65C66
C79C80
C71C78
C74C78
C79C83
C806C81
C81C82

FetOl-Fe2
O1-Fe2N7
O1-Fe2N9
N7-Fe2N9
N6-B1-N4

1.539(5)
1.537(5)
1.371(4)
1.359(4)
1.381(4)
1.330(5)
1.347(5)
1.358(6)
1.503(6)
1.433(5)
1.413(6)
1.422(6)
1.438(5)
1.388(7)
1.393(5)
1.368(5)
1.494(5)
1.461(6)
1.459(5)
1.399(6)
1.365(7)
1.502(6)
1.427(5)
1.407(6)
1.420(6)
1.420(6)
1.406(7)
1.414(9)
1.460(5)
1.416(5)
1.420(9)
1.447(9)
1.372(10)

Angles €)

143.59(14)
128.03(11)
123.92(11)
93.70(11)
110.5(3)

B1-N4
B2N10
N3-C15
N4-C17
N7-C43
N8-C45
N9-N10
C4C5
C9C10
Cl0C11
C11C12
C12C13
C15C16
CleC1l7
C1#C28
C18C19
C29C36
C32C36
C38C39
C39C40
C60C61
C65C69
C66C67
C67C68
C68C69
C71C72
C72C73
C73C84
C74C75
C75C76
C76C77
C7#C78
C82C83

O1-FeEN3
Ol-FeXN1
N3-FelN1
C17ZN4-N3
N3-N4-B1

1.540(5)
1.542(6)
1.340(4)
1.354(4)
1.340(4)
1.349(4)
1.370(4)
1.418(5)
1.392(6)
1.407(6)
1.433(7)
1.394(8)
1.399(5)
1.365(5)
1.499(5)
1.421(5)
1.469(5)
1.417(5)
1.400(6)
1.395(6)
1.424(6)
1.412(7)
1.400(7)
1.431(7)
1.400(7)
1.401(5)
1.358(6)
1.493(5)
1.423(5)
1.397(6)
1.418(6)
1.428(5)
1.412(11)

126.91(10)
120.71(11)
93.28(10)
109.6(3)
121.0(3)



N8-B2-N10
CENIl-Fel
CA3NT7-Fe2
N7-N8-B2
C57#N9-Fe2
C59N10-N9
N9-N10-B2
C59N10B2
N1-C:C2
C2C1C8
N1-C1C8
C3C2C1
C2C3C14
C5C4C8
Ce6C5C4
C5CeC7
CeC*C8
C4C8C7
CrC8C1
C13C38C10
C9C106C11
C10C1:1C12
C13C12C11
C9C13C12
C31C306C29
N6-C31C42
C40C39C38
N9-C5%C64
C59C58C57
N10-C59C70
C61C60C64
C62C61C60
C61C62C63
C62C63C64
C63C64C60
C60C64C57
C66C65C69
C67C66C65

110.2(3)
140.4(2)
139.7(2)
121.0(3)
139.3(2)
109.6(3)
120.5(3)
129.8(3)
109.1(3)
126.5(4)
124.3(3)
107.0(4)
130.0(4)
108.5(4)
108.3(4)
108.2(4)
108.2(4)
106.7(3)
125.3(4)
108.8(5)
108.8(4)
106.0(4)
108.4(4)
108.0(5)
106.1(3)
122.8(3)
108.0(4)
123.5(3)
106.1(4)
122.3(4)
107.5(4)
108.3(4)
108.3(4)
107.9(4)
107.9(4)
128.1(4)
108.4(5)
108.3(5)

12C

N4-N3-Fel
C17N4-B1
C3IN6-B1
C43N7-N8
N8-N7-Fe2
C57ZN9-N10
N10-N9-Fe2
C4C8C1
N4-C1#C28
C30C29C36
N6-C3:C30
C30C31C42
C32C36C29
N7-C43C50
N9-C5#C58
C58C5%Co64
N10-C53C58
C58C538C70
C63C64C57
C73C72C71
C72C73C84
C78C74C75
C76C75C74
C75C76CT7
C76CT7#C78
C74C78C77
C7#C78C71
C80C79C83
C79C80C81
C82C81C80
C81C82C83
C82C83C79
C66C6+C68
C69C68C67
C68C69C65
C72C71C78
C74C78C71

111.49(19)
129.4(3)
128.9(3)
105.6(3)
112.0(2)
106.9(3)
113.7(2)
127.6(3)
122.9(3)
127.0(3)
107.8(3)
129.5(3)
128.0(3)
123.8(3)
109.4(4)
126.9(4)
108.0(4)
129.7(5)
124.0(4)
106.7(3)
129.9(4)
108.2(3)
108.2(4)
108.4(3)
107.9(4)
107.3(3)
124.5(4)
109.5(6)
106.3(6)
107.5(7)
111.0(7)
105.7(7)
107.4(5)
108.2(5)
107.7(5)
127.2(3)
128.0(3)
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Figure 2.7: *H-NMR spectrum of [TpFeMeFe]x(u-dt: HO) (16) recorded in CsDs

(+) at 400MHz, with THF (*) present in crystals used for collection

Given the rarity of such briding F&-Fé' complexeg? and thereactivity of
similar complexes havingn oxidation state of (lll) for the iron centdosind in
enzymes* we set about investigatirtge reactivity of 16 with small moleculesThe
complex showed no reactivity with ethylene, carbon monoxidgjmethyl
phosphine. However, the complex did react with oxygen and to a lesser extent it reacts
with moisture. Theeaction ofl6 with oxygenproduces8 andpotentially a complex
resulting from theactivation of the ferrocenyl moiety on one of the pyrazatesaas

indicated by a LIFDIMS of the reaction mixtureseeFigure 2.8.
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Figure 2.8 LIFDI -MS of the result from areaction of 16 with oxygen gas
(Bottom), calculated isotopepattern for Ca2H39B1NeFesO, the apparentactivation

of the ferrocene arms of the ligandtop).

Reactions of[TpFeMeFe](u-d: HN2) (9) with oxygen gas as amxygen
atom transfer reagent. Following up on the formation of the bgithg oxo complex,
[TpFeMeFeb(u-dt: §O) (16), we set about testing the reactivityQolith oxygen gas
Iron complexessupported byhe TgB“Meligand are ablsplit dioxygen but produce
bridging Fd'/F€" complexes with activation of the ligandkCbonds seeScheme
2.13 Initial attempts at room temperature with excess oxygen resultednonly
decomposition and the formation&fandtrace ammountsf the insertion product
discuisedat the end of the previous section, as indicated by L-FABland illustrated

by Figure 2.8 Reactions 0B with single equivalents of fproduced mosth\8 and



accompanying insertion products, but also produced trace ammoustsitiese
compounds were observed when the reaction was monitorféttKi¥R, seen in
Figure 2.9. This suggestthat9 is capable of splitting oxygen, and that the resulting
terminal complex then reacts withe remaining to producel6, this suggested
mechanism is showin Scheme 24. This mechanisris similar to the one presented
by the Smith group, for the thermoly®f an F& TEMPO complex supported by a
tris(3-mesityl)imidazolecarbendigand, which produces a terminalathat then

either decomposes or reacts with other radicals prassotution®!
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Figure 2.9 'H-NMR spectrum of THF extracts from a reaction of 9 with 1Eq of

O2at-78°C in Ether, (8 = red arrows), (16 = blue arrows).
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o, SEq9

THF, -78 °C

Fc

Fe
S ;ﬁ_%\ /N—QL
(8) H—B “Fé H + Other Decomposition
\ / NN~ Products

Scheme 2.4Reaction of 9 with 1 Eq of oxygen gas at low temperature, synthesis

of trace amounts of[TpeMeFel(u-d*: HO) (16).

Reaction of[Tp eMeCol2(u-d*: #N2) (10) with O2 and single oxygen atom
transfer reagents.It was previously observed that reactiongalalt dinitrogen
complexes supported by either®4"® or Tg”"Mewould produce hydroxo complexes
by way of ligandC-H bondactivation, shown ilscheme 2.5, and2.6.2 As previously
stated in théntroduction , the impetus fousing the TF*Meas an ancillary ligand a8

to circumvent decompositigdghrough CH bondactivation of the ligandThe reaction
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of 10 with excesLO, producel Tp MeCo(Qy), aspreviously describedy

Sirianni!® TheH-NMR taken of theeaction mixture from excesd O, with 10

clearly shows the resonances associated TgtAMeCo(Q,) as themain product, but
also showsome amoundf Tp™Me&CoOHhaving been formgdseeFigure 2.1Q This

at first indicated ligand activation, as the source of the hydrogen was unknown. To
investigate the possibility that this would occur through the mechanism shown in
Scheme 2.5pure samples of boffip™MeCo(0p) and10were placed in an NMRube

in CsDe andstirredat room temperature, resulting in no apparent hydroxide formation
In an dfort to force a reaction, a 2rholar quantity offp™MeCo(Q,) and10werethen
dissolved in THF and heatedl 110°C with stirring for 21 days, after which the
supeoxo starting material remained unconsumed Fgere 2.11. All of the starting

10 had disproportionated into €and Cd bis-ligand complexA 1.3, identified by the
unit cell of crystals which grew from the reaction mixture upon cooN@A1.3is
present irFigure 2.11, as the compound is completely insoluble in THRese results
taken together indicate that the"F¥CoOH produced and visible in tHéigure 2.10
werethe result of exogenous water reéiag with the starting materiaghs10 will react

to even trace moisture from glove box atmosphere
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Scheme 2.5Reaction of [TpP"MeCo]2(u-d%: HN2) with oxygen gas
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Scheme 2.6Reaction of TpB"MeCo-N2 with oxygen gas?
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Figure 2.10: *H-NMR spectrum of the starting material, 10 (bottom), for the
reaction with excess02 at RT in CeDs (Top), (Tp™MeCoOH = green arrows, 10 =

red arrows, Tp™©MeCo(Oz2) = blue arrows).
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Figure 2.11: *H-NMR spectrum ofan aliquot taken from the reaction of
TpFeMeCo(0O2) with [TpFeMeCol2(u-d: HN2) (10) at 60°C in THF for 21 days,

(TpFeMeCoOH = green arrows, Tg*MeCo(Oz) = blue arrows).

Reactions of[ TpFeMeFe](u-d%: HN2) (9) and [TpFeMeCo]2(u-dt: §N2) (10)
with organic azides, general considerationssiventheinability to producea stable
terminal oxide complethat are not briding between two metal centers us$iag
TpFeMeligand, the focus was reirectedtowards the synthesis ofganicimides
which areisoelectronido terminal oxomoietiesand demonstrate similar reactivfty
Reactions of eithed or 10 with organic azides, in an attemptgwoducenovelaryl
and alkylimides produced only a mixture of tetrazene and metal azide complexes

Reaction oeven sukstoichiometric quantities @dnNsz with 10 in THF produced
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Tp™MeCo(NsBny) (17), andin good yield (~80%) relative to the amount of azide

used seeScheme 2.7*H-NMR spectroscopindicated that theompound was

diamagnetic, exhibitingeaks between 7.5 and 2 pmaeFigure 2.12 The complex

is easily purified by extraction wittiethyl ether and then layering with pentanes,

producingl7 asdark orangélocks. Crystals generated this way wefsufficient

gualityto determine thstructureof 17 by X-ray diffraction analysis. at structure

showed thatthe TpMél i gand Dbinds to t h¥%mamebalt met al
producing a roughly square pyas0286jsetall coorc
Figure 2.13.1° The crystals contained two molecules of 1ffger asymmetric unit,

with the unit cell beingriclinic. The NN bond distances of the tetrazene were

determined to be 1.308(4), 1.341(4), and 1.317(4) A, which appears to indicate a

distributed 1charge tdhe tetrazene ligand.
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Scheme Z: Reaction of [Tp™MeCol2(u-d*: #N2) (10)with benzyl azideto make

TpFeMeCoN4Bn2 (17) by elimination of Na.
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Figure 2.12 H-NMR spectrum of Tp™>MeCoN4Bn2 (17) recorded in CsDe (7.16
ppm (+)) at 400MHz, with someTHF, ether, and pentane(*) present in the
spectrum, (Inset - left: close up of resonances between 7 and 7.4 ppm; In$et

right: Close up of resonance between 3.74 and 3.86ppm)
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