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ABSTRACT

The reactivity of Fe and Co compounds supported by a bisphosphinoborane (DPB) ligand
([(DPB)Fe]2(N2) and (DPB)Co(N2)) towards E-H bonds (E = C, N, S, O, Si) is reported along with
the catalytic hydrosilylation of ketones and aldehydes. The Fe and Co compounds displayed a mix of
1-electron and 2-electron chemistry. In some cases [(DPB)Fe]»(N2) and (DPB)Co(N) facilitated
oxidative addition of the E-H bond across the M-B interaction, and in others evolution of H; giving a
1-electron oxidized complex of the general form (DPB)M(E) was observed. The reaction of Ph,SiH.
with (DPB)Co(N2) was found to be reversible, similar to the previously reported related nickel
complex (""DPBM)Ni. The reactivity of these Fe and Co compounds is compared to previously
reported Ni compounds supported by a similar ligand which catalyze olefin hydrogenation and
hydrosilylation of substituted benzaldehydes.

The synthesis and metalation with nickel of two new variants of the DPB ligand (DP*B" and
DP*BM*) is described. The primary modification introduced in DP'B™ and DP*BM® is the
incorporation of a tertiary amine moiety into the secondary coordination sphere. This was done with
the hypothesis that the amine moiety might act as a proton shuttle and facilitate proton reduction or
hydrogen oxidation electrocatalysis. The process of screening these compounds for activity as proton
reduction and hydrogen oxidation catalysts is also discussed. Additionally, the stoichiometric
reactivity of [(DP"BP")Ni]2(N2) and (DP"BM*)Ni(N2) with H, was studied. We observed that
[(DP"BPMNi]2(N2) slowly decomposed to an unidentified mixture of products while (DP"BM*)Ni(N.)
dimerized to form a phosphine bridged Ni-borohydride dimer [(DP"BM®*H)Ni].. [(DP"B"")Ni]2(N>)
and (DP"BM*)Ni(N2) were also tested as precatalysts for olefin hydrogenation and found to be less
active that their previously reported counterpart (""DPBM*)Ni. [(DP"B"")Ni](Nz) and
(DP"BM=)Ni(N2) correspondingly showed no activity for hydrogenation of polar substrates such as
ketones, aldehydes, or CO..

Lastly, the synthesis of a new trisphosphinoborane ligand (*'PsB) with bulky aryl substituents
on the phosphines and its metalation with Fe is described. The anionic-N, adduct
[(*"PsB)Fe(N2)][Na(12-C-4),] was observed to react with H* sources to generate the first observed
parent iron-diazenido (~PsB)Fe(NNH) and an iron-hydrazido(2-) [(*'PsB)Fe(NNH)]*.
[(*"PsB)Fe(NNH2)]* was found to have similar spectroscopic properties to the previously reported
[(TPB)Fe(NNH)]*. A thorough characterization of [(*'PsB)Fe(N2)][Na(12-C-4).], (*'PsB)Fe(NNH),
and [(*"PsB)Fe(NNH,)]* by a variety of continuous wave and pulsed ERP techniques is presented

along with 5Fe Mdssbauer data. The new (“'PsB)Fe system was also canvassed for activity as a



vi
catalyst for conversion of N2 to NHz and found to yield substoichiometric amounts of NH;

in the presence of KCs and HBAr +2Et,O while no NHs; was observed using CoCp™ and
[H2NPh,][OTT].
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Chapter 1

INTRODUCTION

11 Motivation

The work detailed in this thesis is united thematically by the manipulation of chemical
and electronic structure in first row transition metal compounds in order to elicit new
reactivity. Although the specific approaches and reactions studied are not necessarily closely
related, each chapter describes a study which was motivated by this core goal. This
introductory chapter will serve to provide some basic background behind the reactions
studied/developed in the context of this overarching theme. The individual chapters will
discuss many of the concepts introduced here in more explicit detail.
1.2 Catalysis with Earth-Abundant Metals

Among the most interesting challenges facing inorganic and organometallic chemistry
is the development of new chemical transformations that employ abundant chemical
feedstocks (N2, CO2, Oz, H20, etc...) and catalyst species (first row transition metals) in
order to facilitate atom efficient and cost effective synthesis of value-added chemical
products.>? Many synthetically and industrially important reactions utilize catalysts based on
2"- and 3™-row transition metals. These metals are often rare, expensive, and in some cases
toxic. Many of these catalysts are sufficiently high-performing to negate the aforementioned
limitations in the short term. However, as the sources for these materials become depleted it

will become increasingly important to develop more sustainable catalyst systems based. One
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strategy for addressing this problem is the development of catalytic reaction using the more

abundant first row transition metals.

Among the most difficult challenges in moving to first row transition metal catalyst
systems lies in the divergent reactivity displayed by these metals relative to the second and
third row metals. The first row metals have a greater propensity towards single electron
reactivity often involving radical intermediates, while the 2"%- and 3™-row metals are more
prone to two-electron reactivity.2® Recent developments in ligand design have been able to
overcome this problem of divergent reactivity in several cases. Some researchers have used
ligands which employ redox-active moieties in the ligand framework. Others have
incorporated Lewis-acidic or —basic functionality into the ligand in order to facilitate the
desired 2-electron reactivity.®1’

1.3  Ligand Design and Metal Reactivity

1.3.1 Metal-Borane Interactions: A common structural feature among the metal
species described in this thesis is presence of a metal-borane interaction. More specifically,
the ligands which support the metal center are in all cases based on the neutral LsZ type
ligands originally reported by Borrisou TPB (also referred to as PsB), and DPB (Chart 1.1).18

PR
00 00

R5P. PR, R5P. PR,

TPB DPB

Chart 1.1: TPB and DPB ligand scaffolds.
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These ligand scaffolds feature phosphine ligands in the primary coordination sphere

which can act as 6-donors and m-acceptors while the borane can act as a g-acceptor. The M-
B interaction in the TPB scaffold can vary from no interaction to a strong interaction and can
even develop an mp-interaction with the phenylene linker between the borane and phosphine
moieties in order to increase the coordination number and electron count at the metal center

(Chart 1.2).

No M-B Weak M-B Strong M-B np-arene
Chart 1.2: TPB binding modes.
The DPB scaffold also features an aryl substituent which can act as both a o-donor and
n-acceptor in addition to two phosphine ligands. The arene ligand additionally may display
hemilability providing a mechanism for modulating the coordination number and electron

count at the metal center (Chart 1.3).

n'-B n?-BCC

Chart 1.3: DPB binding modes.
An additional degree of flexibility of the TPB and DPB ligands introduce is the ability

of the borane to act as a hydride acceptor. Reversible addition of H-H bonds across the M-B
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interaction in (TPB)Fe compounds has been employed by our group to facilitate iron

catalyzed olefin hydrogenation and similar reversible H-H and Si-H bond oxidative addition
in (DPB)Ni has also been used in nickel catalyzed olefin hydrogenation and aldehyde
hydrosilylation.®”1° The ability of the borane to act as a hydride acceptor provides additional
stabilization of the metal hydride species and may help facilitate the desirable 2-electron step

of oxidative addition requisite for these reactions (Chart 1.4).%°

0l
(’Pr)QP;Ee --------- P(Pr), PPr2
i
éli\ ‘e QB/H\N'—S'H%
| PPr2

Chart 1.4: TPB and DPB metal compounds where the borane acts as a hydride acceptor.
1.3.2 Appended Lewis Basic Functionalities as H* Shuttles: An additional strategy
for imparting the desired reactivity at first row transition metal centers is to take inspiration
in ligand design from biological systems which catalyze the desired reaction. These systems
have evolved, over millions of years, a unique and complicated structure which enables
abundant metals to perform extremely difficult and complex reactions with remarkable
efficiency. Reactions of particular interest to me during my studies were reduction of H* to
H>, and its microscopic reverse, Hx oxidation. These reactions are catalyzed in biological
systems by hydrogenase enzymes. Each of the three types of known hydrogenase enzymes
contains a moiety which can act as a H* shuttle (Chart 1.5). Similar moieties have been

incorporated successfully into synthetic systems and enhanced the catalytic activity of the
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transition metal compounds for H* reduction and H. oxidation and we undertook a similar

strategy in our research.'617:2

Cys HN Cys
Cys\ S: \\S
ocC e, SCys S——([Fe4S,]
h; /S\N < L S%N ¢
wre I &7 N~ N'CN
oc' ¢ N,
N?\]C/ \SCys NC/ SCys
[NiFe]H,ase [FeFe]Hyase [FelH,ase

Chart 1.5: Active sites of hydrogenase enzymes. Sites which may act as proton shuttles
are shown in red.
1.4 Chapter Summaries

Chapter 2 discusses the synthesis of (DPB)Co(N2) and the reactivity of (DPB)Co(N2)
and its analog [(DPB)Fe]2(N>) in the context of E-H bond activation and ketone and aldehyde
hydrosilylation. We were interested in determining whether changing the metal center would
open up new reactivity, as our previous studies on (DPB)Ni(N2) and (""DPBM®)Ni had
shown that (DPB)M species were capable of facilitating oxidative addition of E-H substrates
(H2 and Ph2SiHz) across the Ni-B interaction. Furthermore, we had shown that the reversible
nature of these reactions under some conditions led to productive catalytic reactivity for
olefin hydrogenation and hydrosilylation of benzaldehyde substrates. The current study
shows that indeed both the Fe and Co analogs display the desired oxidative addition
chemistry with C-H and N-H bonds which were unreactive in the presence of (DPB)Ni
species. The Fe and Co analogs also displayed net 1-electron chemistry resulting in formation
of H> with PhOH as an O-H bond substrate and differing reactivity with PhSH. Finally,

reversible Si-H bond activation similar to that observed with (""DPBM®)Ni was observed
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with (DPB)Co(N>). This prompted us to investigate [(DPB)Fe]2(N2) and (DPB)Co(Nz) as

precatalysts for hydrosilylation of benzaldehyde substrates similar to (""DPBM®)Ni. We
found that both Fe and Co species served as more active catalysts than the Ni system and
were also able to extend the substrate scope to include alkyl aldehydes as well as aryl and

alkyl ketone substrates (Scheme 1.1).

CEO_Nz 1 atm N2 IID(iPr)Z
%B// + Ph,SiH, =—= @—B’H\Co—SiHth +N,

- \
) Q\P('Pr)z

OSiPh, o
o J\Rz R1J]\R2 + Ph,SiH,
Scheme 1.1: Reversible Si-H bond activation and catalytic hydrosilylation of ketones and
aldehydes by (DPB)Co(N>)

Chapter 3 explores the synthesis of two new DPB ligands which utilize an
azacyclophosphinane moiety to incorporate tertiary amines into the secondary coordination
sphere and the metalation of these ligands with nickel. The reactivity of the N, adducts of
these new ligands [(DP"B"™Ni]2(N2) and (DP"BM&)Ni(N2) with H, was investigated and
compared to the reactivity observed with the previously studied (DPB)Ni(N2) and

(P"DPBM*)Ni. Additionally the new compounds were screened for activity as H* reduction

and H: oxidation catalysts and were found to exhibit little to no catalytic activity towards
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either of these reactions. We had hypothesized that the addition of amines into the secondary

coordination sphere might allow for heterolytic H cleavage with delivery of H* to the amine
moiety and H" to the borane to give a zwitterionic compound with both acidic and hydridic
protons which could be useful in hydrogenation of polar substrates (Scheme 1.2). However,
neither [(DP"B"")Ni]2(N2) nor (DP"BM#)Ni(N2) displayed any observable reactivity towards
hydrogenation of ketones, aldehydes, or CO2 as substrates. (DP"B"")Ni(N2) and (DP"BM*)Ni
were shown to be competent styrene hydrogenation catalysts but underperformed the
previously reported (""DPBM®)Ni system. It is possible that the pKa of the trialkyl amine is
too high and that this is the cause of the poor activity in H reduction and H; oxidation. An
aniline type moiety might have a pKa which is better matched for proton shuttling and this
type of species might display enhanced catalytic activity relative to (DP"B"")Ni(N2) and

(DP"BM*)Nii.

Scheme 1.2: Hypothesized heterolytic H> cleavage to give a zwitterionic Ni species.
Chapter 4 details the synthesis of a new TPB type ligand (“'PsB) with bulky electron
rich aryl substituents on the phosphines and its metalation with iron. The protonation of the
anionic Fe-N, adduct supported by this ligand [(""PsB)Fe(N2)][Na(12-C-4);] led to
observation of the first parent Fe-diazenido (“'PsB)Fe(NNH) (Scheme 1.3) via EPR,

ENDOR, HYSCORE and °'Fe Mdssbauer spectroscopies. Subsequent reaction of
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(""PsB)Fe(NNH) with excess acid led to the generation of [(A'PsB)Fe(NNH2)][BAr 2]

(Scheme 1.3) which showed similar spectroscopic signatures to the previously reported
[(TPB)Fe(NNH.)][BAr4].22 The activity of (“PsB)Fe species as catalysts for the
conversion of N2 to NHs is discussed under different sets of conditions using KCs,
HBAI 4¢2Et,0 and CoCp™2, [H2NPh2][OTf] as the reductant/acid cocktails. An in-depth
characterization  of [(*"PsB)Fe(N2)][Na(12-C-4)], (“P3sB)Fe(NNH) and
[(A"PsB)Fe(NNH2)][BAr 4] by ENDOR, and HYSCORE gave hyperfine couplings to the N,
P, H, and B atoms in the protonation series and dipolar distance estimates for the Fe-Hxg
were consistent with distances predicted by DFT methods. Finally the N-H bond dissociation
free energies (BDFESs) were calculated by DFT methods and compared to the corresponding
BDFEs calculated for the parent (PsB)Fe system.

€] NH NH2

MeO MeO |,
,,:e “““ , 1105 eq. HBAr, ,,:;3 .... 2 2105 eq. HBA HBAI 5, ,,:;3 ....
P > P P
MeO p Af)z -135°C MeO e Ar -78 °C MeO e Ar
$ ‘ ‘ / 2-MeTHF N ‘ ‘ / 2-MeTHF N ‘ ‘ /

Scheme 1.3: Protonation of [(*'PsB)Fe(N2)][Na(12-C-4),] to give (“'P3B)Fe(NNH) and

[(ArP3B) Fe(NNH2)] [BArF24] .
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Chapter 2

E-H BOND ACTIVATIONS BY IRON AND COBALT
METALLOBORANES AND THEIR APPLICATION IN
HYDROSILYLATION CATALY SIS

Reproduced in part with permission from:
Nesbit, M. A.; Suess, D. L. M.; Peters, J. C.; Organometallics, 2015, 34, 4741-4752.
DOI: 10.1021/acs.organomet.5b0053
© 2015 American Chemical Society

2.1 Introduction

The ability of transition metals to mediate multielectron transformations is critical in
organometallic catalysis. Noble metals are prominent in organometallic catalysis due to
their tendency to display well-defined multielectron reactivity.! E-H bond oxidative
additions and reductive eliminations are key steps in many of these catalytic processes,
such as olefin hydrogenation and the hydrosilylation of ketones and aldehydes.?* There
has been increasing interest in developing well-defined complexes featuring earth-
abundant first-row transition metals that can mediate similar two-electron redox steps and
thus serve as viable catalysts for these types of transformations.>®

One promising strategy for imparting nobility to first-row transition metal systems is
the use of ligands that incorporate a pendant borane.”** The weak or labile interaction
between the transition metal center and the boron atom in the ligand can be considered as
an organometallic frustrated Lewis pair wherein the pendant borane formally serves as the

Lewis acid and an electron-rich, low-valent metal center serves as the Lewis base.®® This
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point was highlighted by our lab in recent studies of the reactivity of a nickel metalloborane
(P"DPBM®)Ni (Chart 2.1, A) with hydrogen.® This limiting polarity is inverted from the

more typical case where a Lewis acidic metal is paired with a ligand featuring a Lewis

basic site.>816.17
Ph
2PPh co
Pe S CO
¥ — s
’fB/ tBU\NiN” | )I\ ¢
Bu- NN ;B\N N,Bu
\—/ \—/
A B
. cy by
N ﬁ dipp y\/é\l
m, I .
<[\rl\1'R|h\N =[P
\ “B) i .
N N PP dipp
C D
A~ 72n
N~ N = N I P (dipp = 2,6-diisopropylphenyl)

Chart 2.1: Select metal-borane compounds that facilitate bond activations via cleavage of
the M-B interaction.

Other metalloborane platforms have also been shown to facilitate oxidative additions
across the metal—borane interaction. For instance, Parkin and co-workers showed that Fe
and Ni compounds supported by a trismercaptoimidazolylborane ligand (e.g.,
(B(mim™®Y)3)Fe(CO)., Chart 2.1, B) facilitate 1,2-addition of a variety of E-X bonds across
the transition metal— borane interaction.!®'® Related to our own studies of nickel

metalloboranes, Owen and co-workers demonstrated that the rhodium compound
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Rh[B(azaindolyl)s](nortricyclyl) (Chart 2.1, C) facilitates oxidative addition of H, and
serves as an olefin hydrogenation catalyst.?’ Very recently, Emslie and Figueroa have
independently reported platinum compounds bearing a pendant borane that activate H, and
other E-H bonds (Chart 2.1, D).?1??

Stimulated by these recent advances that show M—B dative interactions can facilitate
well-defined multielectron chemistry at base metal centers, we now describe the reactivity
of the Fe and Co metalloboranes [(DPB)Fe]2(N2), and (DPB)Co(N2) (Scheme 1.1). We
report here a comparative study on the reactivity of [(DPB)Fe]2(N2) and (DPB)Co(N>) in
the context of E—H bond activation and catalytic hydrosilylation of ketones and aldehydes,
and compare their activity to the Ni analogue (Chart 1.1, A), which has been previously
demonstrated to be a competent catalyst for olefin hydrogenation and benzaldehyde
hydrosilylation.®'! Ultimately, we find that [(DPB)Fe]2(N2) and (DPB)Co(N2) display
enhanced reactivity profiles toward E—H bonds by comparison to the aforementioned Ni
system and that (DPB)Co(Ny>) serves as a very active precatalyst for the hydrosilylation of
organic carbonyls. Furthermore, we have independently prepared several efficient
hydrosilylation catalysts reported in the literature?>?° to test them against [(DPB)Fe]2(N2)
and (DPB)Co(N2) and have found (DPB)Co(Nz2) to be the most active cobalt precatalyst

under the conditions described herein.
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B
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Scheme 2.1: M-Nz adducts [(DPB)Fe]2(N2) and (DPB)Co(N>)
2.2 Results and Discussion

We have previously described the synthesis of [(DPB)Fe]2(N2) (Scheme 2.1, top)?
and have reported Si—H and H—H bond activations by related iron compounds derived from
silylation of bound N2 and CO.%:?” A cobalt analogue, (DPB)Co(N2) (Scheme 2.1, middle),
has been synthesized for this study to compare with [(DPB)Fe]2(N2). A solution magnetic
susceptibility measurement of (DPB)Co(N2) (1.8 uB at rt) is consistent with an S = 1/2
ground state. The presence of a terminally bound N> ligand was supported by Xray

crystallographic studies (Figures 2.1, 2.2, and 2.S1), which showed the presence of two
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(DPB)Co(N2) molecules and an Nz-bridged dimer ([(DPB)Co]2(N2)) in the asymmetric
unit; the nickel derivative (DPB)Ni(N2) behaves similarly in the solid state.'® ATR-FTIR
and solution IR spectra showed intense N stretching bands at 2098 cm™?, establishing the

terminal N2 adduct as the major species in solution.

Figure 2.1: ORTEP representation of the N2 bridged dimer generated by inversion symmetry
in the solid-state structure of (DPB)Co(N>). Selected Bond Distances: Co1-P1 2.2754(9) A;
Co1-P22.2890(8) A; Co1-N11.900(2) A; Co1-B1 2.282(3) A; Co1-C25 2.113(3) A. One of

the isopropyl groups on P1 is disordered over two positions.
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Figure 2.2: ORTEP representations of terminal N, adducts from the asymmetric unit of
(DPB)Co(N2) (H atoms and Methyl groups on non-disordered isopropyl substituents
omitted for clarity). Selected bond distances Co2-P102 2.2594(8) A; Co2-P101 2.2616(8)
A; Co02-N101 1.845(2) A; C02-C125 2.099(2) A; Co2-B101 2.240(3) A; Co3-P201
2.2645(8) A; Co3-P202 2.2607(9) A; Co3-N201 1.846(2) A; Co3-C225 2.054(3) A; Co3-

B201 2.225(3) A.
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2.2.1 Reactivity with PhOH and PhSH. Addition of PhOH (2 equiv.) to
[(DPB)Fe]2(Nz2) in CgDs results in formation of an unusual Fe(l) terminal phenolate adduct,
(DPB)Fe(OPh), with concomitant release of H» (detected by GC; Scheme 2.2).
(DPB)Fe(OPh) is an S = 3/2 paramagnet with a solution magnetic moment of 3.9 uB (CsDs,
25 °C). The Fe—Payg and Fe—B distances of 2.38 and 2.340(3) A in (DPB)Fe(OPh)
determined by X-ray crystallographic studies (Figure 2.3) are similar to those observed in
the previously reported S = 3/2 (DPB)FeBr (Fe—Payg = 2.38 A, Fe—B =2.3242(11) A, perr
= 3.8 uB).% This fact further supports the formulation of (DPB)Fe(OPh) as a high-spin

Fe(l) phenolate.

,——\P |§ 'Pr),
F —0O.
2 % \© +H,
(DPB)Fe(OPh)
HO Eh
C H I
2 \© 6He Hs (DPBH)FelFe(DPBH)

(i ) i (IP )2 CGHG

(DPBH)Fe(8-amidoquinoline)

Scheme 2.2: E-H bond activations mediated by [(DPB)Fe]2(Nz>).
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Figure 2.3: ORTEP representation of (DPB)Fe(OPh). Thermal ellipsoids are drawn at
the 50% probability level. Methyl substituents on the isopropyl groups and hydrogen atoms
attached to carbon have been omitted for clarity. Selected bond distances for
(DPB)Fe(OPh): Fe-P1, 2.3736(7) A; Fe-P2, 2.3777(6) A; Fe-B, 2.340(3) A; Fe-O,

1.8665(18) A; Fe-C7, 2.237(2) A; Fe-C8, 2.434(3) A.

In contrast, addition of PhSH to [(DPB)Fe]2(N2) gives the dimeric Fe(ll) borohydride-
phenylthiolate adduct [(DPBH)Fe(SPh)]., resulting from formal S—H bond oxidative
addition. The ATR-FTIR of [(DPBH)Fe(SPh)]. shows a broad absorbance centered at 1949
cm* that is consistent with the presence of a B—H—Fe moiety.?®?” Additionally, the solid-
state structure of [(DPBH)Fe(SPh)]. shows the absence of a metal—arene interaction and
an elongated Fe—B distance of 3.019(2) A (Figure 2.4) versus 2.3739(7) and 2.3136(7) A

in [(DPB)Fe]2(N2) (note: the position of the bridging H atom could not be reliably located
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and refined upon for [(DPBH)Fe(SPh)]2).%®

Figure 2.4: ORTEP representation of [(DPBH)Fe(SPh)]2. Thermal ellipsoids are drawn at
the 50% probability level. Methyl substituents on the isopropyl groups and hydrogen atoms
attached to carbon have been omitted for clarity. Selected distances for [(DPBH)Fe(SPh)]2:
Fe-P1, 2.49770(13) A; Fe-P2, 2.5296(2) A; Fe-B, 3.019(2) A; Fe-S1, 2.42445(18) A Fe-S1',
2.37283(14).

Treatment of (DPB)Co(N2) with PhOH or PhSH gave the isostructural phenolate and
phenylthiolate adducts (DPB)Co(OPh) (pet= 3.2 uB at 25 °C), and (DPB)Co(SPh) (peff =
2.6 uB at 25°C), respectively (Scheme 2.3), accompanied by the release of H2 (detected by

GC).
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Scheme 2.3: E-H bond activations mediated by (DPB)Co(N>).
The solid-state structures of (DPB)Co(OPh) and (DPB)Co(SPh) are shown in Figure

2.5 and Figure 2.6. The Co—O distance 0f1.8904(15) A in (DPB)Co(OPh) (Figure 2.5) is
consistent with the only other structurally characterized Co(l) compound bearing a terminal
phenolate ligand, (PPhs)sCoOPh; the latter species displays a Co—O distance of 1.9 A.%8
Other Co(ll) compounds bearing a terminal phenolate ligand have similar Co—O distances
ranging from 1.85 to 1.91 A.2%% Terminal Co(l) phenylthiolate compounds are more
common, and the observed Co—S distance of 2.2483(3) A in (DPB)Co(SPh) lies within the
reported range 2.24-2.35 A3 Furthermore, the Co—Pay distances of 2.29 A for

(DPB)Co(OPh) and 2.33 A for (DPB)Co(SPh) and the Co—B distances of 2.302(2) A for
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(DPB)Co(OPh) and 2.2828(12) A for (DPB)Co(SPh) closely match the Co—Payq distance
of 2.30 A and Co-B distance of 2.3070(7) A in (DPB)CoBr (Figure 2.52). Additional
confirmation of the identities of compounds (DPB)Fe(OPh), (DPB)Co(OPh), and
(DPB)Co(SPh) was obtained by independent preparation via reaction of (DPB)FeBr or

(DPB)CoBr with NaOPh or NaSPh in THF.

Figure 2.5: ORTEP representation of (DPB)Co(OPh). Thermal ellipsoids are drawn
at the 50% probability level. Methyl groups on the isopropyl substituents and hydrogen
atoms bonded to carbon have been omitted for clarity. Selected distances for
(DPB)Co(OPh): Co-P1, 2.2984(5) A; Co-P2, 2.2813(6) A; Co-B, 2.302(2) A; Co-O,

1.8904(15) A; Co-C1, 2.245(2) A; Co-C6, 2.499(2) A.
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Figure 2.6: ORTEP representation of (DPB)Co(SPh). Thermal ellipsoids are drawn at
the 50% probability level. Methyl groups on the isopropyl substituents and hydrogen atoms
bonded to carbon have been omitted for clarity. Selected distances for (DPB)Co(SPh): Co-
P1, 2.3381(3) A; Co-P2, 2.3203(3) A; Co-B, 2.2828 (12) A; Co-S, 2.2483(3) A; Co-C7,

2.2390(11) A.

2.2.2 Reactivity of 1 and 2 with Benzo[h]quinolone. (DPB)Fe(OPh),
(DPB)Co(OPh), and (DPB)Co(SPh) can be considered as the products of formal one-
electron processes in which [(DPB)Fe]2(N2) or (DPB)Co(N2) acts as a reductant. One
plausible mechanistic scenario that could lead to products such as (DPB)Fe(OPh),
(DPB)Co(OPh), and (DPB)Co(SPh) is where a four-coordinate Fe(ll) or Co(ll)
borohydride-phenolate or a Co(ll) borohydride-phenylthiolate is transiently formed. This
transient could then be followed by a bimolecular reductive elimination step to release H»
and generate the observed monovalent products. While we have not undertaken

mechanistic studies of the reactions that produce (DPB)Fe(OPh), (DPB)Co(OPh), and
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(DPB)Co(SPh), the isolation of [(DPBH)Fe(SPh)]. suggested species of this type might be
more generally accessible. The structure of [(DPBH)Fe(SPh)]2 also indicated that a species
formed by oxidative addition of an E—H bond at [(DPB)Fe]2(N2) or (DPB)Co(N2) might
be stabilized by increasing the coordination number of the metal center to five. With this
in mind, we explored the reactivity of [(DPB)Fe]2(N2) and (DPB)Co(N2) with chelating
substrates that could stabilize the products of E-H bond oxidative addition.
Benzo[h]quinolone has been used previously as a substrate in directed C—H bond
arylation.3¢-3 Heating benzo[h]-quinoline with [(DPB)Fe]2(N2) in benzene to 70 °C for a
period of ca. 3 h cleanly afforded the oxidative addition product
(DPBH)Fe(benzo[h]quinolin-10-yl) (Scheme 2.2). (DPBH)Fe(benzo[h]quinolin-10-yl)
adopts a six-coordinate structure in the solid state and is diamagnetic (Figure 2.7). A broad
singlet appears in its H NMR spectrum located at § = —22.80 ppm, consistent with a
borohydride. The bridging B—H—Fe moiety was confirmed via an XRD study, and the
bridging hydride was successfully located and refined (Figure 2.7). The Co analogue
(DPBH)Co(benzo[h]quinolin-10-yl) (Scheme 2.3), was synthesized under similar
conditions and is an S = 1/2 paramagnetic species with a solution magnetic moment of 1.79
uB (CeDs, 25 °C). Complex (DPBH)Co(benzo[h]quinolin-10-yl) displays a broad M—H-B

stretch at 2047 cm in its thinfilm ATR-FTIR spectrum.



24

Figure 2.7: ORTEP representation of (DPBH)Fe(benzo[h]quinolin-10-yl). Thermal
ellipsoids are drawn at the 50% probability level. Methyl substituents on the isopropyl
groups and hydrogen atoms bonded to carbon have been omitted for clarity. Selected
distances for (DPBH)Fe(benzo[h]quinolin-10-yl): Fe-P1, 2.2189(3) A; Fe-P2 2.2665(3) A;
Fe-H100, 1.591(19) A; Fe-C3, 1.9286(8) A; Fe-N1,1.9682(8) A; Fe-C15, 2.3739(8) A; Fe-

B, 2.3342(9) A.

Interestingly, the Fe center in (DPBH)Fe(benzo[h]quinolin-10-yl) interacts with one
of the ipso carbons on the borane ligand to adopt a distorted octahedral geometry, resulting
in an 18-electron, S = 0 ground state (Figure 2.7). In contrast (DPBH)Co(benzo[h]quinolin-
10-yl) adopts a five-coordinate geometry best described as a distorted square-based
pyramid (ts = 0.386) (Figure 6; ts = O for ideal square-based pyramid, ts = 1 for ideal

trigonal bipyramid)® to give the observed 17-electron, S = 1/2 ground state (Figure 2.8).
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Figure 2.8: ORTEP representation of of (DPBH)Co(benzo[h]quinolin-10-yl).
Thermal ellipsoids are drawn at the 50% probability level. Methyl substituents on the
isopropyl groups and hydrogen atoms bonded to carbon have been omitted for clarity.
Selected distances for (DPBH)Co(benzo[h]quinolin-10-yl): Co-P1, 2.2604(18) A; Co-P2,
2.2331(18) A; Co-H100, 1.59(5) A; Co-N1, 2.040(5) A; Co-C11, 1.931(6) A; Co-B, 2.698

A.

2.2.3 Reactivity of [(DPB)Fe]2(N2) and (DPB)Co(Nz) with 8-Aminoquinoline. N—H
bond activation and functionalization using Fe and Co is less well established than C—H
activation. Reports of N—H bond activation with Fe are primarily limited to relatively
acidic amides,*®**! and N—H bond activation chemistry of amines by Co is similarly
scarce.*”*® The N—H bond in 8-aminoquinoline adds across the M-B unit in

[(DPB)Fe]2(N2) and (DPB)Co(N.) to afford (DPBH)Fe(8-amidoquinoline) and
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(DPBH)Co(8-amidoquinoline) over several hours at room temperature (Schemes 2.2 and
2.3). In the case of (DPB)Co(N2) the reaction reaches completion more quickly by
evacuating the head space via freeze—pump—thaw cycles to remove No.

The 'H NMR spectrum of the reaction mixture producing (DPBH)Fe(8-
amidoquinoline) shows more than 30 paramagnetically broadened and shifted peaks,
suggesting either a single species with C1 symmetry in solution or two different Cs
symmetric species. The distribution of products does not change when the reaction is run
at elevated temperatures (80 °C), and the *H NMR spectrum of the reaction mixture in ds-
toluene does not change significantly over the temperature range of 25 to 75 °C. Cooling
to low temperatures (=90 °C) results in the disappearance of most of the paramagnetically
shifted features with no new diamagnetic signals (Figure 2.S3). Single crystals of the
reaction products were highly twinned in many cases; the least twinned crystal of several
screened was chosen and showed the anticipated N—H oxidative addition product
(DPBH)Fe(8-amidoquinoline) with the major component (~90%) having the amido group
located cis to the borohydride and the minor component (~10%) having the amido group

trans to the borohydride (Figures 2.9 and 2.10).
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Figure 2.9: ORTEP representation of the major component (90%) of a twinned crystal
of (DPBH)Fe(8-amidoquinoline). Ellipsoids are drawn at the 50% probability level.
Methyl substituents on the isopropyl groups and hydrogen atoms bonded to carbon have
been omitted for clarity. Selected distances for the major component of (DPBH)Fe(8-
amidoquinoline): Fe-P1, 2.4324(5) A; Fe-P2, 2.4552(5) A, Fe-H100, 1.77(2)A, Fe-NI,

2.1920(15) A; Fe-N2, 1.9584(19) A, Fe-B, 2.9667(17)A.
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Figure 2.10. ORTEP representation of the minor component (10%) of a twinned
crystal of (DPBH)Fe(8-amidoquinoline). Ellipsoids are drawn at the 50% probability level.
Methyl substituents on the isopropyl groups and hydrogen atoms bonded to carbon have

been omitted for clarity.

The bond metrics of the major component showed a borohydride moiety and elongated
Fe—P distances indicative of an S = 2 species (Figure 2.9). This assignment is supported by
the solution magnetic moment of 5.2 uB (CesDe, 25 °C), which is consistent with the
presence of high-spin Fe(ll) isomers of the appropriate molecular weight. The high-spin
ground state observed for (DPBH)Fe(8-amidoquinoline) is interesting since the similar
C—H activation product (DPBH)Fe(benzo[h]quinolin-10-yl) is diamagnetic. The
difference in spin states is also reflected in the solid-state structure (Figure 2.9) of
(DPBH)Fe(8-amidoquinoline); it adopts a five-coordinate distorted trigonal bipyramid

geometry (ts = 0.82) as opposed to the six-coordinate pseudo-octahedral geometry
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observed in (DPBH)Fe(benzo[h]quinolin-10-yl). This difference in geometry is
presumably due to the weaker ligand field exerted by the amido ligand compared to the
aryl ligand. As a result, the Fe—H distance in (DPBH)Fe(8-amidoquinoline) lengthens
relative to that in (DPBH)Fe(benzo[h]quinolin-10-yl). Evidence in support of this idea can
be found in the IR spectrum of (DPBH)Fe(8-amidoquinoline), which shows intense but
broad absorptions at 2130 and 2000 cm™* corresponding to B—H—Fe stretches in the two
conformational isomers. It remains unclear as to whether formation of the two isomers
observed is due to conversion between the two conformations after the N—H bond
activation step or if their formation results from differing N—H bond activation pathways.

Reaction of (DPB)Co(N2) with 8-aminoquinoline proceeds similarly with formation
of dark purple (DPBH)Co(8-amidoquinoline) after stirring at room temperature for about
16 h. While single crystals of sufficient quality for X-ray diffraction studies could not be
obtained, the proposed connectivity was inferred from the IR spectrum of (DPBH)Co(8-
amidoquinoline), which shows a broad B—H—Co stretch at 1961 cm™ and weaker broad
N—H stretches at 3384 and 3478 cm ™. Additionally, the 77 K frozen solution X-band EPR
spectra of (DPBH)Co(benzo[h]quinolin-10-yl) and (DPBH)Co(8-amidoquinoline) are
very similar and suggest similar geometries and spin states at the cobalt center (see Figures
2.54 and 2.S5 in the Supporting Information). Combustion analysis data are also consistent
with this formulation.

2.2.4 Reactivity of (DPB)Co(N2) with Diphenylsilane. The addition of Ph,SiH> to
[(DPB)Fe]2(N2) gave a mixture of unidentified products. Addition of 1 equiv. of Ph,SiH;
to (DPB)Co(N.) at room temperature under an atmosphere of N2 resulted in partial

consumption of (DPB)Co(N2) and formation of a small amount of a new paramagnetic
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species as judged by *H NMR spectroscopy (Figure 2.11, spectrum A). Upon addition of
excess PhoSiH: (10 equiv.), a new species with paramagnetically shifted resonances can be
clearly observed, although (DPB)Co(N2) is still present (Figure 2.11, spectrum B).
Increasing the amount of Ph,SiH to 100 equiv. shows an increase in the concentration of
the new paramagnet relative to (DPB)Co(N2) (Figure 2.11, spectrum C). Subjecting the
reaction mixture to three freeze—pump—thaw cycles drives complete conversion of
(DPB)Co(Ny) into the new species (Figure 2.11, spectrum D). Reintroduction of N3 to the
J-Young NMR tube followed by stirring overnight regenerates the spectrum shown in
Figure 2.11 spectrum C. These observations suggest that an equilibrium between
(DPB)Co(N.) and the new species observed by *H NMR spectroscopy (formulated as
(DPBH)Co(SiHPhy))  exists, as was observed for (""DPBM*)Ni and
(P"DPBMeH)Ni(SiHPh,) (Scheme 2.4).1! A small amount of an unidentified diamagnetic
Co side-product was also observed in the *H NMR spectrum, which displays a triplet

resonance centered at —17.13 ppm with 2Jp—y = 44.3 Hz.
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Figure 2.11: '"H NMR spectra in C¢Ds of (DPB)Co(N>) in the presence of Ph,SiH> under
N2 (A-C) and vacuum (D). (A) (DPB)Co(N2) + 1 equiv. Ph2SiH». (B) (DPB)Co(Nz) + 10
equiv. PhySiHa. (C) (DPB)Co(N2) + 100 equiv. Ph2SiH». (D) (DPB)Co(Nz) + 100 equiv.
Ph,SiH> under vacuum. Upward arrows indicate the new paramagnetic species growing in

assigned as (DPBH)Co(SiHPhy). Downward arrows indicate consumption of

(DPB)Co(Na).
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Scheme 2.4: Reverisble Si-H Activation at (""DPBM®)Ni and (DPB)Co(N2)

The reaction of (DPB)Co(N2) with 100 equiv. of Ph2SiH, was studied by X-band EPR
spectroscopy at 77 K in benzene under vacuum in order to gain further characterization of
(DPBH)Co(SiHPh2). Upon degassing the reaction mixture with three freeze—pump—thaw
cycles, a slight color change from red-orange to orange was observed and the *H NMR
spectrum of the reaction mixture confirmed complete consumption of (DPB)Co(N2) (Figure
2.11 spectrum D). The EPR spectrum of the reaction mixture (Figure 2.12) showed clean
formation of a new S = 1/2 species, which arises from the new paramagnet species observed
in the 'H NMR: (DPBH)Co(SiHPh,) (Figure 2.11). To support the assignment of
(DPBH)Co(SiHPh2) we conducted solution IR studies of (DPB)Co(Ny) in the presence of
100 equiv. of diphenylsilane under a nitrogen atmosphere. Under these conditions a feature

at 1810 cm* was observed, which can be assigned to a B-H—Co stretching mode.
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Figure 2.12: X-Band EPR Spectrum of (DPBH)Co(SiHPh;) in benzene at 77 K in toluene
glass (9.49 GHz) (top, blue trace) and simulation (bottom, green trace) (g1 = 2.2836, g» =
2.1703, g3 = 2.0098; nuclei = Co, P, P, H; Aco = 255.346 MHz, Ap; = 111 MHz, Ap> = 62
MHz, Au = 39 MHz; HStrain; = 275.565 MHz, HStrain, = 375.565 MHz, HStrain3 = 35

MHz).

2.3 Catalytic Hydrosilylation of Ketones and Aldehydes. We next explored the
activity of [(DPB)Fe]2(N2) and (DPB)Co(N») as precatalysts for the hydrosilylation of
organic carbonyl compounds and compared their activity to that of (""DPBM*)Ni.>!! The
ability of transition metal compounds to facilitate catalytic hydrosilylation of ketones and
aldehydes has been highlighted for synthetic methodological significance relative to
stoichiometric reductants (e.g., LiAlH4), and the hydrosilylation of carbon—oxygen
multiple bonds has been targeted in the context of organic substrate functionalizations and

catalytic CO2 and CO reduction.**>> A number of groups have thus targeted first-row
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transition metal catalysts including iron and cobalt to this end.?*2>4956-64 A selection of the

most efficient reported iron and cobalt hydrosilylation catalysts is shown in Chart 2.2.

o Me3SiH2C%FH23iM93

PMe; Cle—Iéle—i\l Cy
i —H
Co
&1 ~PMe; S
PMes, |
G
(TSA)Co(H)(PMe3)s (PDI)Fe(CH,SiMe3),
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NPT Co(N(SiM
(o] 1vie
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(N-PAD)MN(SiMe 3), Fe(N(SiMes),)

M =Fe, Co
Chart 2.2: Seleted examples of previously reported Fe and Co carbonyl hydrosilylation

catalysts.

Precatalysts [(DPB)Fe]>(N2) and (DPB)Co(N2) were tested under our previously
reported conditions for the catalytic hydrosilylation of benzaldehydes.!! Both
[(DPB)Fe]2(N2) and (DPB)Co(N2) are far more active catalysts than (P"DPBM®)Ni,
consistent with their higher degree of reactivity toward E—H bonds relative to
(P"DPBM*)Ni. Full consumption of benzaldehyde was achieved in under 2 min in both
cases, while the previously reported (""DPBM*)Ni system required several hours to reach

completion (Table 2.1).
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Table 2.1: Comparison of [(DPB)Fe]2(N2) and (DPB)Co(N2) to (P"DPBM®)Ni for

Benzaldehyde Hydrosilylation by Ph,SiH»

5 mol %

0O [Fe] or [Co] OSiHPh,
H + PhSHy ————— ©)EH
CeDs
Entry® Catalyst Conversion; Time Yield®
1% (P"DPBM*)Ni > 98 %; 5.9 hr. 99%
2 [(DPB)Fe]2(N2) >99 %; <2 min. 99%
3 (DPB)Co(N2) >99 %; < 2 min. 99%

21 mmol Ph,SiHz, 1 mmol benzaldehyde, 5 mol % catalyst 500 pL CsDs. "Determined by *H
NMR integration against an internal FeCp> standard. * From Reference 11.

The previously reported (""DPBM®)Ni benzaldehyde hydrosilylation system showed
rate.  enhancement  with  electron-donating  groups, contrasting  Chirik’s
(PDI)Fe(CH2SiMes). system and other carbonyl reduction catalysts, which have shown
rate enhancement with electron-withdrawing substituents.*5255 Curiously, we found that
installing either an electron-withdrawing or electron-donating group led to a dramatic
enhancement in the rate of hydrosilylation by (DPB)Co(N2) with full consumption of the

aldehyde in under 2 min when subjected to our standard conditions (Table 2.2).
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Table 2.2: Substituent Effects on Hydrosilylation of Benzaldehyde by Ph,SiH»
Q 1 mol % [Co] OSiHPh,

/@AH + PhSiH, ————— J@/\EH
X CeDg, RT

(X = CF5, OMe, NMe,)

Entry? X Conversion; Time Yield®
1 CF; >99%; <2 min. 88%
2 OMe >99%; <2 min. 95%
3 NMe; >99%; <2 min. 83%
4 H >08%; 7.5 hr. 98%

41 mmol Ph,SiHz, 1 mmol substrate, 1 mol% (DPB)Co(Nz), 500 pL C¢Ds; *Determined by

'H NMR integration against an internal FeCp; standard

Additional studies showed PhSiHs to be competent for hydrosilylation of
benzaldehyde. The selectivity for a single hydrosilylation product in this reaction was
decreased due to the presence of additional Si—H bonds, which facilitated reduction of
multiple benzaldehyde equivalents by a single PhSiHs molecule. We also found that at
lower catalyst loadings the selectivity for a 1:1 stoichiometry of silane to benzaldehyde
was reduced and additional products from the reduction of multiple benzaldehyde
equivalents were detected in the 'H NMR spectra and GC-MS traces of the reaction

mixtures (Table 2.3, products A—E).
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Table 2.3: Comparison of Primary, Secondary and Tertiary Silanes in Hydrosilylation of

Benzaldehyde
1 mol %
o [Fe] or [Co]
©)LH + PhSiH3 ~ ————3 PhSiH,(0Bn) + PhSiH(OBn), + PhSi(OBn),
CeDe (A) ®) ©)
0 [FL]nZ)?I[?o] , _
H + Ph,SiH, ————3 Ph,SiH(OBn) + Ph,Si(OBn),
©)L CeDs (D) (E)
Entry? Catalyst Silane Conversion (Time) Yield®
1 [(DPB)Fe]a(Na) PhSiH; >98% (5.6 hr.) 0% (A)
63% (B)
24% (C)
2 Ph,SiH, >97% (10 hr.) 70% (D)
19% (E)
3 (DPB)Co(N>) PhSiH; >98% (2 min) 37% (A)
27% (B)
0% (C)
4 PhySiH> >98% (7.5 hr.) 98% (D)
0% (E)

31 mmol silane, 1 mmol benzaldehyde, 1 mol % catalyst, 500 pL CeDe. *Determined by

!H NMR integration against an internal FeCp2 standard.

The marked enhancement in the rate of hydrosilylation of benzaldehyde by
[(DPB)Fe]2(N2) and (DPB)Co(N2) compared to (""DPBM&)Ni prompted us to investigate
whether [(DPB)Fe]2(N2) and (DPB)Co(N.) would display activity for a larger scope of
substrates. While the (""DPBM®)Ni system is limited to benzaldehydes, [(DPB)Fe]2(N2)
and (DPB)Co(N2) are competent precatalysts for the hydrosilylation of benzaldehydes,

alkyl aldehydes, and aryl and alkyl ketones (Tables 2.2, 2.3, 2.4).
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Increasing the steric bulk about the carbonyl resulted in a decrease in rate, as evidenced

on comparing the hydrosilylation of tert-butyl methyl ketone to that of 2-pentanone (Table
2.4, entries 5, 6, 13, 14). We observed rapid hydrosilylation of 2-pentanone by both
[(DPB)Fe]2(N2) and (DPB)Co(N2), whereas hydrosilylation of tertbutyl-methyl ketone was
sluggish even at elevated temperatures, showing little conversion after 30 h at 50 °C. The
hydrosilylation of benzophenone (a highly activated ketone) proceeds much faster than that

of acetophenone despite the increased steric hindrance at the carbonyl.
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Table 2.4: Summary for Hydrosilylation by Ph,SiH> of Various Aldehydes and Ketones by

[(DPB)Fe]2(N2) and (DPB)Co(N2)

0
0 0 0 T 0 0 0
A B C D E F G H

Entry? Catalyst Substrate Conversion (Time) Yield®

1 [Fe] A >99% ;<5 min. 98%

2b B >99%; <10 min. 98%

3 C >99%; <10 min. 98%

4° D 0%; 24 hr. 0%

5 E >98%; 12 min. 99%

6° F <1%; 78 hr. <1%

7 G >97%; 21.4 hr. 97%

8 H >90%; 18.5 hr. 86%

9 [Co] A >99%; < 2 min. 99%

10 B >99%; <7 min. 99%

11° C >98%:; <7 min. 97%

12° D >96%; 99 hr. 97%

13 E >99%; 22.4 hr. 99%

14¢ F 17%; 78 hr. 16%

15 G >08%; 3.4 hr. 86%

16 H >98%; 13 min. 84%

41 mmol substrate, 1 mmol silane, 1 mol % catalyst, 500 uL CsDs. °1 mmol substrate, 1
mmol Ph2SiHz, 1 mol % catalysts, 500 uL 4:1 THF:ds-THF. ‘Determined by 'H NMR
integration against an internal FeCp. standard. *Reactions were allowed to proceed at room

temperature for 48 hours followed by heating to 50 °C for 30 hours and then worked up.
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A plausible mechanistic scenario for the catalytic hydrosilylation of carbonyls by
(DPB)Co(Ny) is outlined in Scheme 2.5. This mechanism is similar to the mechanism we
have proposed for catalytic hydrosilylation of benzaldehydes by (P"DPBM)Ni, where we
were able to spectroscopically observe a borohydridosiloxylalkyl intermediate during
catalytic turnover.!* The structural similarity between (DPB)Co(Nz) and (P""DPBM®)Ni
may allow for a similar mechanism, although because the Co-catalyzed cycle involves
paramagnetic species, it is not as straightforward to identify intermediates as for the
(P"DPBM®)Ni system. We nevertheless speculate that the first step in the catalytic cycle is
replacement of the N: ligand by silane along with Si—H bond activation to
give(DPBH)Co(SiHPhy). Insertion of the ketone into the Co—Si bond would then give a
borohydrido-siloxylalkyl intermediate (Scheme 2.5, A) as demonstrated for (""DPBM&)Ni.

Reductive elimination then releases the hydrosilylation product.

Ph,SiH,
(Pr),

K\P/P(P)

—~N
Co N2 -N;

O/SiHth Q
R1JVR2 B/
H

\Co S|HF’h2

+Ny @/

;H p(pr 1o OSiHPh,
B~ \Co C\ R2

Pr2 R1

A

Scheme 2.5: Possible catalytic cycle for hydrosilylation mediated by (DPB)Co(N2).
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It is interesting to note that in almost all cases (DPB)Co(N>) facilitates the most rapid
conversion of the carbonyl to the hydrosilylated product. This contrasts with other reports,
comparing isostructural Fe and Co compounds as hydrosilylation catalysts. As an example,
Turculet has studied isostructural (N-PAD)M-(N(SiMesz)2) (M = Fe, Co; N-PAD = 2,6-
diisopropyl-N-di-tertbutylphosphinoamidinate) compounds and demonstrated that the Fe
analogues consistently and dramatically outperform the Co system.? Additionally, the
majority of cobalt-catalyzed carbonyl hydrosilylations take place at elevated temperatures
and require longer reaction times and greater catalyst loading than those observed in this
work. 2325566061 \We have prepared and tested several known catalysts under the conditions
used herein to accurately compare their performance against [(DPB)Fe]2(N2) and
(DPB)C0(Nz2). These data are summarized in Table 2.5. Li, Klein, and Florke have reported
a Co(lll) hydride, (TSA)Co(H)(PMes)s (TSA= 2-mercaptobenzoyl) (Table 2.5 entry 4),
which achieves a TOF of ~50 h™* when heated to 40 °C or higher.?**® This compound has
been cited by Trovitch in a recent perspective as the best reported cobalt catalyst for ketone
hydrosilylation.>® When tested under identical conditions, (DPB)Co(N2) significantly
outpaces (TSA)Co(H)(PMes)s; (TSA)Co(H)(PMes)s consumes only a fraction of substrate
over the course of several days under our standard conditions. To our knowledge
(DPB)Co(Nz2) is hence the most active cobalt hydrosilylation catalyst for ketones and
aldehydes reported to date, at least under the conditions studied herein. An Fe-based
catalyst studied by Tilley, however, was also evaluated for comparison under the present
conditions and was found to afford full conversion of substrate slightly more rapidly than

for [(DPB)Fe]2(N2) or (DPB)Co(N.) (Table 2.5, entry 3).2
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Table 2.5: Comparison of Known Catalysts with [(DPB)Fe]2(N2) and (DPB)Co(N2) for

Hydrosilylation of Acetophenone by Ph,SiH»

Entry? Catalyst® Conversion; Time Yield®
1 [(DPB)Fe]o(N2) ~97%; 21.4 hr. 97%
2 (DPB)Co(N2) >98%; 3.4 hr. 86%
3 Fe[N(SiMe3)2]> >96%; 0.8 hr. 100%
4 Co[N(SiMes)]2 26%: 5.2 day 26%
5 (TSA)Co(H)(PMe3)s 15%: 4.1 day 13%

41 mmol acetophenone, 1 mmol Ph2SiH2, 1 mol % catalyst, 500 pL CsDs. "See Chart 2.2.

°Determined by *H NMR integration against an internal FeCp. standard.

2.4 Conclusions

We have shown that the first-row transition metal—borane compounds [(DPB)Fe]2(N2)
and (DPB)Co(N.) are capable of facilitating a variety of E-H bond activations and are
competent precatalysts for the hydrosilylation of ketones and aldehydes. Reactivity with
substrates such as PhOH and PhSH proceeded under mild conditions without use of a
directing group, giving terminal Fe and Co phenolates, a dimeric Fe-phenylthiolate-
borohydride, and a terminal Co phenylthiolate. The reactivity of [(DPB)Fe]2(N2) and
(DPB)Co(N2) with less reactive E—H bonds such as aryl C—H and N—H bonds was
facilitated by the use of substrates capable of chelating the metal center. *H NMR, X-band
EPR, and solution IR studies indicated that reversible activation of the Si—H bonds in
diphenylsilane is mediated by (DPB)Co(N2), prompting us to investigate [(DPB)Fe]2(N2)
and (DPB)Co(Ny) for applications in hydrosilylation catalysis. We found that [(DPB)Fe]-
2(N2) or (DPB)Co(N>) are competent precatalysts for the hydrosilylation of aldehydes and

ketones under mild conditions, and these catalysts outperform our previously reported and



43
structurally related Ni system. Additionally, when tested under identical conditions against
other reported cobalt hydrosilylation catalysts, we found (DPB)Co(N.) exhibited the
highest catalytic activity. The current study thus highlights the applicability of
metalloboranes as precatalysts for hydrosilylation of ketones and aldehydes.

2.5 Supporting Information
2.5.1: Experimental Section

General Considerations: All manipulations were performed using standard Schlenk
or glovebox techniques under an atmosphere of N2.Solvents were degassed and dried by
sparging with N> gas and passage through an activated alumina column. Deuterated
solvents were purchased from Cambridge Isotopes Laboratories, Inc., and were degassed
and stored over activated 3 A molecular sieves prior to use. Reagents were purchased from
commercial vendors and used without further purification unless otherwise noted.
Propanal, butanal, pentanal, and cyclohexanone were dried over CaSOs, distilled under
nitrogen or vacuum, and stored over 3 A molecular sieves prior to use. All reagents were
checked for purity by *H NMR spectroscopy prior to use. DPB® and [(DPB)Fe]2(N2)?
were synthesized according to literature procedures. Combustion analyses were performed
by Midwest Microlab (Indianapolis, IN, USA) or Robertson Microlit Laboratories
(Ledgewood, NJ, USA).

Spectroscopic Measurements. *H, 3C, 3P, and !B NMR spectra were collected at
room temperature on a Varian 400 MHz spectrometer or a Varian 300 MHz spectrometer.
'H and *3C spectra were referenced to residual solvent resonances. 3P NMR spectra were
referenced to external 85% phosphoric acid (5 = 0 ppm). 1B NMR spectra were referenced

to BF3-Et,0 (6 = 0 ppm). UV—vis measurements were performed with a Cary 50 instrument
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with Cary WinUV software. IR spectra were obtained as thin films formed by evaporation
or as a solution using a cell with KBr windows using a Bruker Alpha Platinum ATR
spectrometer with OPUS software. EPR spectra were recorded on a Bruker EMS
spectrometer in frozen solutions at 77 K. EPR simulations used the EasySpin software
package.®’

X-ray Crystallography. X-ray diffraction studies were carried out at the Caltech Division
of Chemistry and Chemical Engineering X-ray Crystallography Facility on a Bruker three-
circle SMART diffractometer with a SMART 1K CCD detector, APEX CCD detector, or
Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS detector. Data were collected at
100 K using Mo Ka radiation (A = 0.710 73 A) or Cu Ko radiation (A = 1.541 78 A).
Structures were solved by direct or Patterson methods using SHELXS and refined against
F2 on all data by full-matrix least-squares with SHELXL-2000.% All non-hydrogen atoms
were refined anisotropically. With the exception of any p-B—H—-M hydrides that were
located on the difference map, all hydrogen atoms were placed at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed at 1.2 (1.5 for methyl groups) times the Ueq of the atoms to
which they are bonded. An A level alert is generated by Checkcif for the structure of
(DPBH)Fe(8-amidoquinoline) because of a close H—H contact between H20C (a calculated
isopropyl methyl hydrogen) and H108 (a calculated aryl H atom on the minor part of the
disordered 8-amidoquinolinyl ligand). Because the close H—H contact is between a
calculated methyl H atom and a partially occupied calculated H atom on a highly
disordered ligand, we do not anticipate that this is cause for concern or indicative of missing

symmetry or a false solution.
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Preparation of (DPB)FeOPh: 62.7 mg (0.058 mmol) amount of [(DPB)Fe]2(N2) was
dissolved in ca. 10 mL of benzene to form a dark red-brown solution. 10.8 mg (0.115
mmol) PhOH dissolved in ca. 5 mL of benzene was added to the solution of
[(DPB)Fe]2(N2). Over the course of ~1.5 h the solution turned from dark red-brown to dark
yellow-brown. The solution was allowed to stir overnight (~16 h). GC analysis of the
headspace of the reaction mixture showed formation of H>. The reaction mixture was
Iyophilized, leaving a dark residue. Crystals suitable for X-ray diffraction studies were
grown by cooling a concentrated solution in Et2O to —30 °C in a freezer. Yield: 71.1 mg
(0.114 mmol), 99.1%. *H NMR (400 MHz, CsDs): & 142.34, 109.34, 91.02, 70.19, 5.63,
39.49, 28.01, 21.49, 21.15, 12.18, 11.02, 5.20, —0.14, —0.26, —5.69, —6.69, —11.02, —13.75,
—16.56, —18.12, —28.44, —36.17, —52.16. Solution magnetic moment (25 °C, CsDs): 3.9 us.
UV-vis [toluene, Anm){e(M! cm™)}: 318(sh){5723}, 393{3434}, 877{219}.
Combustion analysis for C3sHssBFeOP2: calcd. C 69.36, H 7.44; found C 69.25, H 7.03
Alternative Synthesis of (DPB)Fe(OPh): 17.9 mg (0.03 mmol) of (DPB)FeBr was
dissolved in 10 mL of Et,O, and the mixture was added to a solution of 3.7 mg (0.03 mmol)
of NaOPh in 5 mL of Et,O and stirred for 16 h. The resulting yellow-brown solution was
filtered through Celite and evaporated to dryness, leaving a brown residue. This residue
was extracted in benzene and lyophilized, giving a fine brown powder, which showed
identical spectroscopic features to the product (DPB)Fe(OPh) prepared by the previously
described method. Yield: 17.4 mg (0.028 mmol), 93.3%.
Preparation of [(DPBH)Fe(SPh)]: 16.3 mg (0.107 mmol) of [(DPB)Fe]2(N.) was

dissolved in ca. 10 mL of benzene to form a dark red brown solution. Then 23.6 mg
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(0.0.214 mmol) of PhSH dissolved in ca. 5 mL of benzene was added to the solution of
[(DPB)Fe]2(N2). Over the course of ~1.5 h the solution turned from dark red-brown to red-
orange. The solution was allowed to stir overnight and lyophilized, leaving a fine pale
orange powder. Yield: 105.2 mg (0.0821 mmol), 76.7%. *H NMR (400 MHz, C¢De): &
117.20, 52.99, 48.53, 42.05, 24.28, 13.75, 13.53, 9.11, —7.71, —8.62, —15.94, —21.91,
—24.23, —25.02, —27.25, —44.97. Solution magnetic moment (25 °C, toluene-dg): 4.77 pus
per Fe center. IR (thin film from C¢Ds, cm™?): 1961 (br, B-H-Fe). UV-vis [toluene,
Mnm){eM?* cm™)}]: 324(sh){9600}, 418(sh){3200}. Combustion analysis for
Cr2HosB2Fe2SoP4: caled. C 67.52, H 7.40; found C 66.85, H 6.95.

Preparation of (DPBH)Fe(benzo[h]quinolin-10-yl): A solution of [(DPB)Fe]2(N>)
(19.1 mg, 0.0176 mmol) and benzo[h]quinoline (6.3 mg, 0.035 mmol) in 0.7 mL of CeDs
was heated at 70 °C until all of [(DPB)Fe]2(N2) was consumed (3 h). Solvent was removed
in vacuo, and the resulting solids were washed with cold pentane (3 x 1 mL) and dissolved
in minimal Et2O. Evaporation of the saturated Et,O solution into HMDSO gave single
crystals of (DPBH)Fe(benzo[h]quinolin-10-yl), which were lyophilized from CgHs to give
magenta solids. Yield: 14.0 mg (0.0197 mmol), 56%. *H NMR (500 MHz, CsDs): &
9.02-8.86 (m, 1H), 7.56 (d, 3Jun = 8.7 Hz, 1H), 7.47 (d, 3Jun = 7.9 Hz, 2H), 7.46 (s, 1H),
7.45-7.41 (m, 4H), 7.39 (d, 33 = 6.6 Hz, 2H), 7.33-7.28 (m, 4H), 7.25-7.19 (m, 4H),
7.12 (s, 1H), 6.70 (d, 3Jun = 5.3 Hz, 1H), 6.41 (dd, 3Jun = 7.8, 5.4 Hz, 1H), 1.78-1.50 (m,
4H), 0.87 (d, 3Jun = 7.0 Hz, 6H), 0.73 (d, 3Jnn = 6.3 Hz, 6H), 0.18 (s, 6H), 0.11 (d, 3Jum =
6.4 Hz, 6H), —22.80 (s, 1H). !B NMR (160 MHz, CsDe): 5 —7.29. 13C NMR (126 MHz,

CeDs): 6 160.71, 153.81, 153.63, 147.23, 146.58, 144.03, 135.36, 132.95, 129.87, 129.67,
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128.44, 126.20, 125.03, 124.62, 124.41, 122.23, 119.20, 116.80, 26.57, 23.35, 20.97,
18.75, 18.49, 18.36. 3P NMR (202 MHz, CgDs): § 41.26. IR (thin film from CsDs, cm™):
2279, 2270 (B—H—Fe). UV— vis [toluene, A(nm){e(M * cm™1)}]: 287(sh){26,608}, 346(sh)
{5765}, 366{7761}, 421(sh){3548}, 498{5543}, 537(sh){5211}. Combustion analysis for
Ca3HsoBFeNP2: calcd. C 72.80, H 7.10, N 1.97; found C 72.51, H 6.84, N 1.84.
Preparation of (DPBH)Fe(8-amidoquinline) (Mixture of Two Isomers): A solution of
[(DPB)Fe]2(N2) (17.4 mg, 0.0160 mmol) and 8- aminoquinoline (4.6 mg, 0.032 mmol) in
0.7 mL of CeDs was allowed to stand at RT until all [(DPB)Fe]2(N2) was consumed (~1
h). Volatiles were removed in vacuo, and the resulting solids were washed with cold
pentane (3 x 1 mL) and dissolved in minimal Et,O. Evaporation of the saturated Et.O
solution into hexamethyldisiloxane (HMDSO) furnished crystals of (DPBH)Fe(8-
amidoquinline), which were lyophilized to give a red powder. Yield: 18.0 mg (0.027
mmol), 83%. *H NMR (300 MHz, CeDs): & 141.88, 103.99, 85.33, 83.94, 77.91, 72.22,
68.70, 58.27, 57.69, 51.90, 24.40, 22.51, 19.91, 17.52, 17.18, 15.04, 14.47, 12.77, 11.31,
217, 0.74, —1.81, —3.85, —7.08, —9.09, —9.45, —12.79, —15.24, —20.90, 25.02, —33.79,
—81.35, —83.00, —84.84, —103.43. Solution magnetic moment (25 °C, CeDs): 5.2 us. IR
(thin film from CeDes, cm™1): 3373 (N-H), 2130 (br, s, B-H—Fe for isomer A), 2000
(B—H—Fe for isomer B). UV—vis [toluene, AM(nm) {e(L mol* cm™)}]: 297{14 527}, 368(sh)
{5188}, 415(sh){3761}, 514{2931}. Combustion analysis for CzsHasBFeN2P,: calcd. C
69.45, H 7.32, N 4.15; found C 68.55, H 7.09, N 3.94.
Preparation of (DPB)Co(N2): A solution of 0.8483 g (1.79 mmol) of DPB and 0.2316

g (1.78 mmol) of CoCl; in tetrahydrofuran (ca. 80 mL) was stirred until no solids remained,
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leaving a deep blue solution. Solvent was removed in vacuo, and the remaining blue residue
was triturated in Et2O for 15 min. Solvent was removed in vacuo, and the blue residue was
dissolved in benzene (80 mL). Freshly prepared 1% sodium mercury amalgam (0.0864 g
of Na, 3.76 mmol) was added to the dark blue solution and stirred vigorously for 24 h. The
resulting dark red-orange solution was decanted and filtered through Celite. Lyophilization
afforded a fine dark brown powder. This powder was dissolved in minimal Et2O and cooled
in a freezer to —30 °C, affording red-orange crystals of (DPB)Co(N>). Yield: 0.850 g (1.51
mmol), 84%. *H NMR (400 MHz, C¢De): § 17.79, 14.77, 4.04, 2.42, —2.74, —4.04. Solution
magnetic moment (25 °C, Ce¢De): 1.8 ps. IR (thin film from CsDs, cm—1): 2098 (N>).
UV—vis [toluene A(nm){eM* cm™)}]: 288{9346}. Combustion analysis for
CaoH41BCoN2P2 was consistently low in nitrogen and high in carbon and hydrogen,
consistent with the labile N2 ligand; a representative analysis is shown: calcd. C 64.19, H
7.36, N 4.99; found C 64.52, H 7.57, N 4.13.

Preparation of (DPB)CoBr: 57.1 mg (0.12 mmol) of DPB was dissolved in 10 mL of
THF with 26.4 mg (0.12 mmol) of CoBr», giving a clear blue solution. A dark red-orange
solution of (DPB)Co(N2), 67.6 mg (0.12 mmol), dissolved in 10 mL of THF was added to
the stirring solution of DPB and CoBr» via pipet, resulting in darkening of the reaction
mixture. After stirring for 16 h the solution was yellow-brown. The reaction mixture was
filtered through Celite, and volatiles were removed in vacuo, leaving a dark brown residue.
The residue was extracted in pentane and filtered through Celite, removing some blue and
green solids. The brown pentane extract was evaporated to dryness and dissolved in
minimal THF. Large brown crystals of (DPB)CoBr were grown by vapor diffusion of a

concentrated THF solution into HMDSO. Crystals of suitable quality for X-ray diffraction
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were grown by vapor diffusion of Et2O into HMDSO. Yield: 134.8 mg (0.22 mmol),
91.7%. *H NMR (400 MHz, CsDs): & 21.61, 19.58, 16.11, 6.45, 3.82, 2.80, —1.51, —2.09,
—6.81, —9.61, —16.16, —40.72. Solution magnetic moment (25 °C, C¢Ds): 3.0 us. UV—-vis
[toluene, M(nm){e(M* cm™1)}]: 353{5713}, 404(sh){2863}. Combustion analysis for
C3oH41BCoP2Br: calcd. C 58.57, H 6.61; found C 58.76, H 6.74.

Preparation of (DPB)CoOPh: A Schlenk tube was charged with 62.4 mg (0.111
mmol) of (DPB)Co(N2), 10.5 mg (0.112 mmol) of PhOH, and C¢Hs (15 mL), and the
mixture was stirred for 16 h at room temperature. A color change from red-orange to
orange-brown was observed after overnight stirring. GC analysis of the headspace of the
reaction mixture showed formation of Hz. The solution was lyophilized, leaving a fine
orange-brown powder. Yield: 63.0 mg (0.1 mmol), 90%. *H NMR (400 MHz, CsD¢): &
58.44, 34.48, 20.37, 19.82, 18.26, 16.38, 15.53, 5.76, 5.39, —3.26, —4.22, —5.48, —6.83,
—7.71, —16.92, —18.67, —19.09, —21.05, —21.44, —46.23, —193.33. Solution magnetic
moment (25 °C, C¢De): 3.2 ug. UV—vis [toluene, A(nm){e(M* cm™1)}]: 287(sh){13 046},
425{3346}. Combustion analysis for CzsHssBCoP-: calcd. C 69.02, H 7.40; found C 68.14,
H 7.46.

Alternative Synthesis of (DPB)Co(OPh): 21.9 mg (0.036 mmol) of (DPB)CoBr was
combined with 4.2 mg (0.036 mmol) of NaOPh in ~10 mL of THF, and the mixture was
stirred for 16 h. The resulting orange-brown solution was filtered through Celite, and
volatiles were removed in vacuo. The resulting residue was extracted in benzene and

lyophilized, giving a fine orange-brown powder with spectroscopic features identical to
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(DPB)Co(OPh) prepared by the previously described method. Yield: 20.9 mg (0.033
mmol), 91.7%.

Preparation of (DPB)CoSPh: 64.2 mg (0.114 mmol) of (DPB)Co(N2) and 12.6 mg
(0.114 mmol) of PhSH were dissolved in benzene (15 mL) in a Schlenk tube, and the
mixture was stirred for 16 h at room temperature. The solution color changed from dark
red-orange to deep red. GC analysis of the headspace of the reaction mixture showed
formation of H,. The reaction mixture was lyophilized, leaving a dark red powder, which
was then dissolved in minimal Et2O. Crystals suitable for X-ray diffraction studies were
obtained by vapor diffusion of an Et.O solution into HMDSO. Yield: 73.5 mg (0.114
mmol), 100%. 'H NMR (400 MHz, CsDs): § 184.19, 25.53, 20.79, 15.72, 15.16, 14.22,
13.39, 10.08, 9.77, 5.66, 4.67, 3.05, 1.67, —0.92, —1.09, —1.96, —2.45, —12.17, —17.10,
—19.90, —46.22. Solution magnetic moment (25 °C, toluene-ds): 2.6 us. UV—vis [toluene,
Mnm){e(Mt cm™)}]: 283(sh){18 858}, 355(sh){3705}, 478{3821}. Combustion analysis
for CasH4sBCONP: calcd. C 67.19, H 7.36; found C 66.97, H 7.09.

Alternative Synthesis of (DPB)Co(SPh): 19.6 mg (0.032 mmol) of (DPB)CoBr was
combined with 4.2 mg (0.032 mmol) of NaSPh in 10 mL of THF, and the mixture was
stirred for 16 h. The resulting deep red solution was filtered through Celite, and the volatiles
were removed in vacuo, giving a dark red residue. This residue was extracted in benzene
and lyophilized, giving a fine red powder with spectroscopic features identical to
(DPB)Co(SPh) prepared by the previously described method. Yield: 19.4 mg (0.030
mmol), 90.9%.

Preparation of (DPBH)Co(benzo[h]quinolin-10-yl): 200.0 mg (0.356 mmol) amount

of (DPB)Co(Nz2) and 64.1 mg (0.357 mmol) of benzo[h]quinoline were dissolved in ca. 25
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mL of benzene in a Schlenk tube. The solution was freeze—pump—thawed for 3 x 15 min
cycles to remove N2 and heated to 60 °C for 24 h, turning from dark red-orange to bright
red-orange. The solution was lyophilized, leaving a red-orange solid. Dissolving this solid
in minimal Et2O and cooling to —30 °C afforded crystals of (DPBH)Co(benzo[h]quinolin-
10-yl) suitable for X-ray diffraction studies. Yield: 123.5 mg (0.173 mmol), 48.6%. 'H
NMR (300 MHz, CsDs): 6 19.05, 15.79, 10.47, 8.91, 5.49, 3.36, —1.38. Solution magnetic
moment (25 °C, CeDs): 1.8 us. IR (thin film, CeDs): 2047 cm™* (B—H—-Co). UV-vis
[toluene, Mnm){e(ML cm ™)} 378{3913}, 406{3563}, 431{3682}, 454{3800}.
Combustion analysis for C43HsoBCoNP2: calcd. C 72.48, H 7.07, N 1.97; found C 72.23,
H 6.78, N 1.94.

Preparation of (DPBH)Co(8-amidoquinline): 16.1 mg (0.029 mmol) of (DPB)Co(N>)
and 4.2 mg (0.029 mmol) of 8-aminoquinoline were dissolved in benzene (ca. 15 mL), and
the mixture was freeze—pump—thawed for 3 x 15 min cycles to remove N». The solution
turned from deep red-orange to deep purple after stirring for 24 h. The reaction mixture
was lyophilized, giving a dark purple solid, which was dissolved in minimal Et,O and
cooled in a freezer to —30 °C, affording purple crystals of (DPBH)Co(8-amidoquinline).
Yield: 17.2 mg (0.025 mmol), 86.2%. *H NMR (300 MHz, CeDs): & 37.30, 18.47, 8.99,
8.29, 7.60, 6.52, 5.43, 3.49, 1.86, —0.87. Solution magnetic moment (25 °C, CeDs): 2.4 us.
IR (thin film, CsDg): 1961 cm™ (B—H—Co0), 3384 cm ™ (N-H), 3478 cm™* (N—H). UV-vis
[toluene, A(nm){e(M~t cm™)}]: 342(sh) {3874}, 409(sh){2325}, 545{3390}. Combustion
analysis for CagHs9BCON2P,: calcd C 69.14, H 7.29, N 4.13; found C 68.82, H 7.14, N

4.04.
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Generation of (DPBH)Co(SiHPh2): 6.7 mg (0.012 mmol) of (DPB)Co(N2) was
dissolved in 0.5 mL of C¢Ds, and this was combined with neat Ph2SiH2 (220 mg, 1.2 mmol).
The solution was divided into two aliquots (0.35 and 0.15 mL) and loaded into an EPR
tube and an NMR tube equipped with J-Young gas addition fittings. The EPR and NMR
tubes were subjected to three freeze—pump—thaw cycles on a Schlenk line to generate a
mixture of the S = 1/2 species (DPBH)Co(SiHPh,) observed by *H NMR and X-band EPR
and some unidentified diamagnetic impurities. For (DPBH)Co(SiHPh,): *H NMR (400
MHz, Ce¢Ds): 6 22.44,20.43, 16.24, 16.12, 16.00, —0.63, —2.10, —3.90, —5.57, —7.76, —9.69,
—11.56, —12.47, —15.76, —40.35, —40.84, —41.11. IR (solution in CsHe with 100 equiv. of
Ph2SiH2): 1810 cm™ (B—H—Co). For impurities: *H NMR (400 MHz, CsDs): 8 —17.13 (1)
(Jpn = 44.3 Hz). 3P NMR (162 MHz, CsDs): & 77.96, 58.73, 57.66.

Hydrosilylation Catalytic Protocol: In a typical experiment a J-Young NMR tube was
loaded with a 0.005 mmol (100 pL, 0.05 M) solution of [(DPB)Fe]2(N2) in C¢Ds or a 0.01
mmol (100 pL, 0.1 M) solution of (DPB)Co(N2) in CeDs, a 100 uL FeCp2 solution in C¢Ds
(0.355 M), and 300 pL of CeDs (total volume 500 pL). The tube was then frozen in a cold
well cooled by liquid nitrogen. The frozen tube was loaded with 185.8 puL of Ph2SiH: (1.0
mmol) and 1.0 mmol of aldehyde or ketone, sealed, and kept frozen. The frozen tube was
rapidly thawed at the NMR spectrometer, shaken vigorously, and monitored by *H NMR
spectroscopy until all starting materials had been consumed. After completion the reaction
mixture was exposed to air, diluted with CH2Cl_, filtered through a plug of silica, and
analyzed by GC-MS. Hydrosilylation products were identified by comparison of the *H
NMR spectra and GC-MS traces to those reported in the literature.!:22638970 To ajd

characterization, (1-(4- trifluoromethylphenyl)methoxy)diphenylsilane was converted to
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4A-(trifluoromethyl)phenyl methanol by treatment with 1 M HCI; the *H NMR and GC-MS
data obtained agree with the literature data.’* Reactions run in the absence of FeCp2 showed
the same distribution of products by *H NMR and GC-MS and reached completion in the
same amount of time. Control experiments showed little to no reaction of PhSiH3 or
Ph,SiH, with substrates in the absence of [(DPB)Fe]2(N2) or (DPB)Co(N>) in the time
frame in which the catalyzed reaction occurs.

Mercury Drop Test for Homogeneity: A solution of either 0.005 mmol of
[(DPB)Fe]2(N2) or 0.01 mmol of (DPB)Co(Nz2) in benzene (500 uL) was stirred over excess
Hg metal (173-200 equiv.) for 15 min at 25 °C. Benzaldehyde (102 pL, 1.0 mmol) was
added to the stirring solution followed by Ph2SiH2 (185.8 pL, 1.0 mmol), and the mixture
was stirred. *H NMR and GC-MS analysis of the reaction mixtures showed full conversion

of starting materials into products in the expected time.
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Table 2.S1: XRD experimental parameters for (DPB)Fe(OPh), [(DPBH)Fe(SPh)].,

(DPBH)Fe(benzo[h]quinolin-10-yl), (DPBH)Fe(8-amidoquinline).

Compound (DPB)Fe(OPh) [(DPBH)Fe(SPh)]. (DPBH)Fe(CisHsN) (DPBH)Fe(CoH7N>)
Chemical CssHisBP2OFe  C7oHesBoP4SoFe Cu3Hso0BNP,Fe C3gH19BN,P2Fe
Formula

Formula 623.37 1280.87 709.48 674.44

Weight

T (K) 100(2)K 100(2)K 100(2)K 100(2)K

L (A) 0.71073 0.71073 0.71073 0.71073

Space Cslc P2i/n P2i/n P2i/n

Group

a 17.9786(7) 11.5444(9) 11.1418(5) 11.9514(10)

b 10.8974(4) 19.5804(15) 12.7713(6) 22.7818(15)

c 33.4789(14) 16.0331(13) 30.2507(13) 13.2520(11)

o 90.00 90.00 90.00 90.00

B 90.6720(11) 110.525(5) 96.033(2) 102.923(5)

Y 90.00 90.00 90.00 90.00

Volume 6558.7(5) 3394.1(5) 4280.7(3) 3516.8(5)

Z 8 4 4 4

Density 1.2625 1.2532 1.126 1.272

(calc)

R1, wr2 0.0412, 0.1001 0.0475, 0.1230 0.0522, 0.1565 0.0537, 0.1729

R1 =Y |[Fo| - |[Fe|l/X|Fol, WR2 = {3 [W(Fo® - Fe? )21/ 3. w(Fo?)*}"2
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Table 2.52: XRD experimental parameters for (DPB)Co(Nz), (DPB)Co(OPh),

(DPB)Co(SPh), (DPBH)Co(benzo[h]quinolin-10-yl), (DPB)CoBr

Compou (DPB)Co(N.) (DPB)Co(OP (DPB)Co(SP (DPBH)Co(CisHs (DPB)CoBr

nd h) h) N)
C30H4635N2P2 C36H4sBP20 C36H4GBP28 C43HsoBNP2CO C30H4przBr
Co Co Co Co

Formula 561.33 626.45 642.51 712.57 613.25

Weight

T (K) 100(2)K 100(2)K 100(2)K 100(2)K 100(2)K

L (A) 0.71073 1.54178 0.71073 0.71073 .071073

Space P-1 P2/c P2:/n Pca2; C2/c

Group

a 10.7517(7) 18.2759(14)  10.0753(4) 19.581(2) 18.8235(11)

b 18.0184(12) 8.9584(6) 19.0012(7) 11.1417(13) 9.9502(6)

c 24.6119(15) 21.2277(15)  17.8659(6) 16.9012(12) 31.4070(19)

o 69.741(5) 90.00 90.00 90.00 90.00

B 81.149(4) 107.184(4) 104.7216(16  90.00 104.505(3)

)

Y 74.584(3) 90.00 90.00 90.00 90.00

Volume  4302.0(5) 3320.3(4) 3308.0(2) 3687.2(6) 5695.0(6)

Z 6 4 4 4 8

Density 1.300 1.252 1.290 1.2835 1.430

(calc)

R1, wr2 0.0537, 0.1088, 0.0513, 0.0614, 0.1693 0.0293,
0.1455 0.2698 0.1276 0.0658

R1 =Y |[Fo| - |[Fe|l/X|Fol, WR2 = {3 [W(Fo® - Fc? )21/ 3. w(Fo?)?}"2
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Figure 2.51: ORTEP representation of the Asymmetric unit for (DPB)Co(N2) (H atoms
omitted for clarity). Color Scheme: blue = nitrogen, purple = phosphorus, gold = boron,
green = cobalt, black = carbon.
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Figure 2.52. ORTEP Representation of (DPB)CoBr (H atoms omitted for clarity).

Selected Bond distances Co1-P1 2.3088(2) A; Co1-P2 2.2895(2) A; Co1-C25 2.2485(6)

A; Co1-C30 2.5286(7) A; Co1-B1 2.3070(7) A; Col-Brl 2.36636(16) A.
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{de-toluene} {ds-toluene}

7
71 {ipom)

Figure 2.S3. Variable temperature *H NMR of the reaction mixture of (DPBH)Fe(8-
amidoquinoline) in ds-toluene. Red trace is at -90 °C, green trace is at 25 °C, and blue

trace is at 75 °C. "Et,0, ¥ THF.
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Figure 2.54: 77 K X-Band EPR spectrum of (DPBH)Co(benzo[h]quinolin-10-yl) in 2-
MeTHF (top trace, blue) and simulation (bottom trace, green). Simulation Parameters: g1:
2.017, g2: 2.199, g3: 2.3142. HStraini: 27.00 MHz, HStrain,: 222.74 MHz, HStrains:
36.20 MHz. Ap; = 63 MHz, 1 MHz, 62.7 MHz; Arz: 63 MHz, 1 MHz, 30.1 MHz; An:
30.0 MHz, 1 MHz, 1 MHz; An: 30.0 MHz, 160.05 MHz, 141.9 MHz; Aco: 215.1 MHz,

19.7 MHz, 1.0 MHz. Microwave Frequency: 9.398 GHz, Range: 2770 G - 3770 G.
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Figure 2.S5: 77 K X-band EPR spectrum of (DPBH)Co(8-amidoquinoline) in 2-MeTHF
(top trace, blue) and simulation (bottom trace, green). Simulation Parameters: g1: 2.0181,
g2: 2.1801, g3: 2.2679. HStrainy: 142.23 MHz, HStrainy: 384.24 MHz, HStraingz: 226.13
MHz. Aco: 232.51 MHz, 145.42 MHz, 23.80 MHz. Microwave Frequency: 9.412 GHz,

Range: 2800 G - 3800 G.
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Figure 2.56: Thin film IR spectrum of (DPBH)Co(8-amidoquinoline) from evaporated

CsDe.
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Figure 2.57: *H NMR spectrum of (DPB)Fe(OPh) in CsDe. "Et20, * residual silicone

grease.
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Figure 2.58: *H NMR of (DPBH)Fe(8-amidoquinoline) in ds-toluene (mixture of

isomers). “ds-toluene.
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Figure 2.59: *H NMR spectrum of(DPB)Co(Nz) in CsDe.
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Figure 2.510: *H NMR Spectrum of (DPB)Co(OPh) in CsDs.
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Figure 2.511: *H NMR Spectrum of the reaction mixture of Ph,SiH, with propanal in 5:1

THF:ds-THF catalyzed by (DPB)Co(Ny). “FeCp; internal standard.
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Figure 2.512: *H NMR Spectrum of the reaction mixture of Ph,SiH with butanal in 4:1

THF:dsTHF catalyzed by (DPB)Co(N>).
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Figure 2.513: *H NMR spectrum of the reaction mixture of Ph,SiH, with pentanal in 4:1

THF:ds-THF catalyzed by (DPB)Co(Ny). “FeCp internal standard.
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Figure 2.514: *H NMR spectrum of the reaction mixture of Ph,SiH, with cyclohexanone

in 5:1 THF:ds-THF catalyzed by(DPB)Co(N2). “FeCp; internal standard, Ph,SiH,,

#cyclohexanone.
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Figure 2.515: *H NMR spectrum of the reaction mixture of 2-pentanone with Ph,SiH; in

CeDs catalyzed by (DPB)Co(Ny). "FeCpz internal standard.
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Figure 2.516: *H NMR spectrum of the reaction mixture of acetophenone with Ph,SiH;

in C¢Ds catalyzed by (DPB)Co(N2)."FeCp; internal standard.
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Figure 2.517: *H NMR spectrum of the reaction mixture of benzophenone and Ph;SiH;

in CeDs catalyzed by (DPB)Co(N2). “FeCpz internal standard. Ph,SiH..
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Figure 2.518: *H NMR spectrum of the reaction mixture of benzaldehyde and PhzSiH; in

CeDs catalyzed by (DPB)Co(N.). “FeCp internal standard, ¥Ph,SiH,, *benzaldehyde.
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Chapter 3

SYNTHESIS AND REACTIVITY OF NICKEL METALLOBORANES
WITH AMINE GROUPS IN THE SECONDARY COORDINATION
SPHERE

3.1 Introduction

The efficient and inexpensive reduction of protons to hydrogen gas is key to
development of clean alternative energy sources. One strategy which has led to
development of highly active molecular catalysts for proton reduction and H oxidation is
to incorporate appended moieties in the secondary coordination sphere of transition metal
compounds which can act as proton shuttles and help facilitate the reaction of interest. This
strategy takes some inspiration from the active sites of enzymes referred to as hydrogenases
(Hzase) which catalyze hydrogen evolution and oxidation reactions in biological systems
(Chart 3.1). Each of the known Hase enzymes contains moieties thought to act as proton
shuttles, in [NiFe]H.ase the cysteine residues have been proposed to act as H* shuttles. In
[FeFe]H.ase the pendant amine moiety bridging the two metal centers serves this role and
in [Fe]Hzase the hydroxypyridine moiety of the guanosyl-phosphate ligand can act as a

proton shuttle.

Cys HN=/ Cys
Cys\§ \S
ocC N7, SCys B S [FesS4]
N\ 25 S Y 5% S
v € ! o7 N N/CN
oc? ¢ N
N%C/ \SCys NC/ o] SCys
[NiFe]H,ase [FeFe]H,ase [Fe]H,ase

Chart 3.1: Active sites of hydrogenase enzymes. Sites which may act as proton shuttles

are shown in red.
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A wide variety of synthetic compounds and H»ase analogs have incorporated these or
similar functionalities into their design, some with great success.° Recent work from our
lab on the related reaction, heterolytic H> cleavage, used the Ni-bisphosphino borane
compounds (DPB)Ni(N2) and (""DPBMe)Ni . (DPB)Ni(N2) was shown to first bind an
intact H> molecule followed by heterolytic cleavage of the H-H bond across the Ni-B
interaction and a related analog (""DPBM®)Ni was shown to reversibly activate Hz.??? The
reversible H» activation was further utilized in catalytic hydrogenation of olefins (Scheme
3.1). 222 Inspired by the work done on other nickel diphosphine systems pioneer by
Bullock, Dubois, and others (Chart 3.2) as well as the presence of proton relays in Hoase
enzymes we sought to synthesize analogs of DPB bearing appended amine functionality
and utilize the reactivity of H2 with the Ni-B moiety present in the compounds in order to

facilitate catalytic H* reduction or Hz oxidation on a (DPB)Ni platform.

2 2 S
PPF p
( I')

//‘\P / F‘\\
N|—H2 typ=1.4 hrs

(// N|—N_N Vacuum g =1.
_— = — > P
; + H, CgDg, 298 K

(Pr

\v

H
h—| B/ \NI—H

\\

P(Pr),

th PPh2 ©\
PPh,

/\ L. O

Mes—B~
Pth

/\R /\R

R = Bu, Ph
Scheme 3.1: Top: Heterolytic cleavage of H. by (DPB)Ni. Bottom: Reversible H cleavage

and catalytic olefin hydrogenation by (""DPBMe)Ni.
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[Ni(P2N)I* Ni(PS), M(hangman)
Chart 3.2: Examples of synthetic Ni-based H* reduction catalysts which incorporate
potential H* relays.®1"19
3.2 Results and Discussion
Our lab has previously prepared trisphosphino-silyl ligands which have an appended
amine moiety in the context of modelling secondary sphere interaction relevant to nitrogen

fixation at iron and we sought to incorporate this functionality into our DPB platform

“”“%Qif

Ar = Ph, Mes

(Scheme 3.2).2

NMe

MeN\/\

Scheme 3.2: Left: Previously reported trisphosphino-silyl ligand with pendant amines.

Right: New DPB type ligand target with pendant amines.
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The new ligands were synthesized from 4-(2-bromophenyl)-1-methyl-1,4-
azaphosphinane and either PhB(OMe)2 or MesB(OMe).. Synthesis of these new ligands
was achieved via lithiation of the asaphosphinane at -78 °C followed by addition of the
appropriate arylboronic ester. The resultant borate salt was then isolated by filtration and
washed with pentane and suspended in Et,O followed by addition of [HNEt'Pr2][CI] to
yield the desired borane ligand which can be filtered away from lithium chloride and

purified by crystallization from a concentrated pentane solution at -35 °C (Scheme 3.3).

N/ N/
N
% EtzO -78°C @: [HNEt’PrZ]CI O:
P MeO”
Br 1."BulLi stir 2 hrs Et,0, -78 c’C
2. ArB(OMe), -LiCl
Ar = Ph, Mes N DP BAr

N
| |
Scheme 3.3: Synthesis of DP*BP" and DP"BM® ligands.

Metallation of the DP"BA" with 0.5 equiv. Ni(COD), and 0.5 equiv. NiBr; afforded the
corresponding S = 1/2 (DP"BA")NiBr. Reduction of the (DP"B)NiBr species with Na/Hg in
THF yielded [(DP"BP™Ni]2(N2) similar to the dimeric iron species [(DPB)Fe]2(N2) (see
chapter 1) we had previously reported and (DP"BM®)Ni(N2) (Scheme 3.4).2* The IR
spectrum of [(DP"B"MNi]2(N2) similar to that of [(DPB)Fe]2(N2) does not show an N-N
stretching frequency and the dimeric structure was confirmed by single crystal X-ray
crystallography (Figure 3.1). We were unable to obtain crystals of (DP"BM®)Ni(N2) of

suitable quality for single crystal X-ray diffraction studies but the appearance of vn2 = 2160
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cm™ in the solid state and solution IR spectra of the compound led us to believe that the

species exists with at least a significant component in as a terminal N2 adduct of Ni.

-

N | /

N N
1) 0.5 NiBr,, THF % ES

B —_— = 7 Y-

NG
| R 2)0.5Ni(COD)2 ; Ni—Br
Ar \ Ar = Ph, Mes 877

DP'BAY (DP"BANNIBr

(DP'BPMNiBr [(DP"BP")Nily(N2)

| / /
N

S, N
g ,,’B>I\:li—Br B ,,’B>I\:li—NEN
£\ S\

VN2 = 2160 cm™!

(DP'BMes)NiBr (DP'BMe$)Ni(N,)

Scheme 3.4: Synthesis of (DP"B”")Ni species.
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Figure 3.1: ORTEP representation of [(DP"B""NiJ2(N2), H atoms have been omitted for
clarity.

3.2.1 Electrochemical screening for H* reduction and H2 oxidation activity. In
order to determine whether these (DP*B”")Ni species had promise as H* reduction
electrocatalysts, we screened them for catalytic activity in THF (0.1 M [TBA][PF¢])
solution using 2,6-dichloroanilinium tetrafluoroborate [(2,6-CloCeH3)NH3][BF4] as the
acid. We found that neither (DP"BP")NiBr nor (DP*"BM*)NiBr exhibited a catalytic current
response in the presence of 1-105 equiv. of [(2,6-Cl2CeH3)NH3s][BF4]. In fact the only
current response which increased upon addition of acid equivalents was located at roughly
the same potential that pure [(2,6-Cl.CsH3)NHz3][BF4] was reduced at the glassy carbon
electrode (approx. -1.1 V vs FeCp2/[FeCp2]*) (Figures 3.2 and 3.3). We similarly screened
(DP'BPMNIiBr and (DP'BM®)NiBr as precatalysts for H, oxidation in THF (0.1 M

[TBA][PF¢]) in the presence of NEt'Pr, and saw no change in the current response under
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an atmosphere of H; relative to cyclic voltammograms recorded under an atmosphere of
N2 (Figures 3.4 and 3.5).

(DP*BPMNIBr + [(2,6-Cl,C¢H;)NH,][BF,]

0.1
0.05

-0.05

-0.1

Current (mA)

-0.2
-0.25

-0.3
-3.6 -3.1 -2.6 -2.1 -1.6 -1.1 -0.6 -0.1 0.4 0.9

Potential (V) vs FeCp,/[FeCp,]*

0 equivacid =—1equivacid ——15equiv acid

— 55 equiv acid =106 equiv acid

5 equiv acid

Figure 3.2: Cyclic voltammograms of (DP'B"NiBr in the presence of 2,6-

dichloroanilinium tetrafluoroborate in THF (0.1 M [TBA][PF¢]). * = FeCp2/[FeCp2]".
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(DP*BMe)NIBr + [(2,6-Cl,CqHs)NH,][BF,]
0.10
0.05
0.00
-0.05

-0.10

Current (mA)

-0.20
-0.25

-0.30
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Potential (V) vs FeCp,/[FeCp,]*

0 equiv acid 1equiv acid =5 equiv acid

— 15 equiv acid =55 equiv acid =105 equiv acid

Figure 3.3: Cyclic voltammograms of (DP'BM®)NiBr in the presence of 2,6-

dichloroanilinium tetrafluoroborate in THF (0.1 M [TBA][PF¢]). * = FeCp2/[FeCp2]".
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(DP"BPMNIBr + 11.3 equiv. NEtiPr,

0.03
0.02

0.01

Current (mA)

-0.01
-0.02

-0.03
-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

Potential (V) vs FeCp,/[FeCp,]*

=] atm N2 =1 atm H2

Figure 3.4: Cyclic voltammograms of (DP"B"NiBr in the presence of 11.3 equiv.

NEtPr, under N2 and Hz atmospheres. * = FeCpz/[FeCpz]".

(DP*BMes)NIBr + 11.8 equiv. NEt'Pr,

0.03

0.02

0.02

0.01 *

0.01

0.00

-0.01

-0.01

-0.02

-0.02
-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

Potential (V) vs FeCp,/[FeCp,]*

Current (mA)

1 atm N2

1 atm H2

Figure 3.5: Cyclic voltammograms of (DP"BM®)NiBr in the presence of 11.8 equiv.

NEt'Pr2 under N2 and H atmospheres. * = FeCpa/[FeCp2]"*.
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3.2.2 Reactivity with H2 and catalytic hydrogenation of styrene. Despite the

unfortunate lack of electrocatalytic activity towards H* reduction and H. oxidation

determined by our screening attempts we thought that (DP"B”")Ni species might still

display interesting and novel reactivity. We hoped that with the introduction of Lewis basic

moieties would lead to new reactivity that would complement our previous studies on

reversible Hy activation and hydrogenation by (""DPBM¢)Ni and the unique Hz binding and

heterolytic cleavage by (DPB)Ni(N2).23?2 More explicitly we hoped that we might be able

to bind an H> ligand that would then become deprotonated by a pendant amine, giving a

zwitterionic nickel complex with both acidic and hydridic moieties which could be useful

in the hydrogenation of polar substrates such as aldehydes, ketones, or even CO; or CO

(Scheme 3.5).

NMe B p“

d (R .
\ | H H
\ \ :

\ / Ni----H -

\
)
; P
V) P\§
/ Ni—H,
B

c@

NMe

Scheme 3.5: Hypothesized reactivity with Hz for (DP"BA)Ni compounds [(DP"B™)

pictured]. Top path: Deprotonation of an intact Hz ligand to give a zwitterionic Ni complex.

Bottom path: H. cleavage across the Ni-B interaction analogous to that observed for

(DPB)Ni(H2).%
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Exposure of [(DP"BP")Ni]2(N2) to an atmosphere of H, for a period of 16 hours
resulted in slow decomposition of the starting material to a mixture of benzene (presumably
from clipping of the B-C bond on the ligand) and other unidentified diamagnetic materials

and a dark insoluble precipitate (Figure 3.6).

T T T T T T T T T T T
115 11.0 10.5 10,0 95 9.0 8.5 &0 75 0 6.5 60 55 S0 4.5 40
f1 (pom)

Figure 3.6: *H NMR spectra of the reaction between [(DP"B"")Ni]2(N2) and Hz in ds-THF.
Bottom: under 1 atm of N2. Middle: under 1 atm of Hy for 1 hour. Top: under 1 atm of H»
for 16 hours. * = CeHe.

Similar exposure of (DP"BM®)Ni(N,) to an atmosphere of H, lead to a slow color
change from purple to emerald green. The product remained diamagnetic and a new broad
resonance in the hydridic region of the *H NMR spectrum was observed at -5.8 ppm.
Crystallization of the green compound by vapor diffusion of Et,O into HMDSO vyielded
crystals suitable for single crystal X-ray diffraction studies which revealed the resulting

compound to be the dimeric species shown in Scheme 3.6 and Figure 3.7.
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| N
A SN
7D <I? Hy \Nfe_ BH\@\N—
Ni-N=N - NI P
B, I N
Q)
Mes
[(DP 'BMeSH)Ni],

Scheme 3.6: Reaction of (DP"BM®)Ni(N2) with H, forms [(DP"BM®H)Ni]..

Figure 3.7: ORTEP representation of [(DP"BM®H)Ni].. Ni is shown in magenta, P is
shown in purple, N is shown in blue, B is shown in yellow, and C is shown in black. All
non-borohydride H atoms have been omitted for clarity. An Et,O solvent molecule has

been omitted for clarity.
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In neither case were able to observe formation of a Ni-H, adduct like as observed for
(DPB)NIi(H2) nor did we see evidence for reversibility of the reactions with H,. The dimeric
species [(DP"BM®H)Ni]. appeared to be inert towards delivery of the hydride moieties to
ketones or aldehydes such as acetophenone and benzophenone nor did it react with styrene.
This is somewhat curious because (DP"BM®)Ni(N.) is a competent precatalyst for the
hydrogenation of styrene but becomes deactivated upon complete consumption of styrene
as [(DP"BM®H)Ni],. This suggests that some intermediate species between
(DP"BM*)Ni(N2) and [(DP"BM®H)Ni], exists. Unfortunately, we have not been able to
observe or characterize such a species. Both [(DP"BP")Ni]2(N2) and (DP"BM®)Ni(N2) were
capable of facilitating hydrogenation of styrene although both significantly
underperformed when compared to the parent (""DPBM®*)Ni system we have previously
reported. Additionally neither [(DP"B"")Ni]2(N2) and (DP"BM*)Ni(N) was competent at

hydrogenation of polar substrates such as acetophenone or benzaldehyde (Table 3.1).



86

Table 3.1: Catalytic Hydrogenation of Styrene by (DP"BA")Ni Compounds and Related
Activity Screening Data

Precatalyst? Substrate Conversion(time)
(DP"BM®)Ni(Ny) Styrene 100 % (24 hrs)
[(DP"BPMNi]2(N2)° Styrene 10 % (16 hrs)
(P"DPBMe)Nj2t Styrene 100 % (1 hrs)
(DP"BM)Ni(N2) Acetophenone 0 % (24 hrs)
[(DP"BP")Ni]2(N2)¢ Acetophenone 0 % (24 hrs)
(DP"BME)NIi(N2) Benzaldehyde 0 % (24 hrs)
[(DP"BPM)Ni]2(N2)¢ Benzaldehyde 0 % (24 hrs)

2Unless otherwise noted reactions were run with 5 mol % precatalyst (per Ni) in C¢Ds under 1 atm Hz in a J-
Young NMR tube at room temperature. ® After 16 hours under 1 atm H, no apparent reaction had taken place
so the pressure of Hy was increased to ~ 4 atm for 16 hours with minimal conversion of styrene to
ethylbenzene observed. Further heating to 40 °C for 16 hours resulted in ~ 10 % conversion to ethylbenzene.
¢ Reactions were run under 4 atm H.

3.3 Conclusions

We have shown that appended amine moieties can be incorporated into the DPB ligand
framework in order to generate the new ligands DP"BP" and DP"BM® and have metallated
these ligands with nickel. We found that the resultant (DP"BP")NiBr and (DP"BM*)NiBr
were not effective precatalysts for electrocatalytic H* reduction or Hy oxidation.
Furthermore we identified that [(DP"B"")Ni]2(N2) slowly decomposes under an atmosphere
of Hz and that (DP"BM®)Ni(N2) reacts with Hz to form the relatively unreactive dimeric
species [(DP'BM®H)Ni]. in the absence of styrene. We further found that
[(DP"BPMNi]2(N2) and (DP'BM®)Ni(N,) are less active catalysts for hydrogenation of

styrene to ethylbenzene relative to the parent (""DPBM)Ni system and did not appear to
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facilitate hydrogenation of polar substrates such as ketones or aldehydes in the reaction
screened. The lack of H* reduction activity may possibly be attributed to the basicity of the
pendant amines which may be too basic to effectively act as H* shuttles (i.e., pKa is too
high) and development of a DP*B”" platform which has aniline moieties rather than trialkyl
amines as the appended functionality may see improvement in either H* reduction or H»
oxidation. The structural and reactivity differences between [(DP*'B""Ni]2(N2) and
(DP"BM®)Ni(N2) highlight the role in which the steric bulk of the aryl group plays in
determining the structure and reactivity of metallated species. Finally, we can correlate the
poorer catalytic activity for styrene hydrogenation to the irreversible reactivity of both
[(DP"BPMNI]2(N2) and (DP"BMe)Ni(N2) with Hz. This highlights the importance of having
reversible oxidative addition and reductive elimination of the reductant (Hz or Si-H) that
our group has observed in the DPB compounds that perform well at hydrogenation of
olefins [(""DPBM*)Ni] and hydrosilylation of aldehydes and ketones [(*"DPBM*)Ni and
(DPB)Co(N)] (see Chapter 2).21?2253 4 Supporting Information
3.4.1 Experimental Section:

General Considerations: All manipulations were performed using standard Schlenk
or glovebox techniques under an atmosphere of N>. Solvents were degassed and dried by
sparging with N> gas and passage through an activated alumina column. Deuterated
solvents were purchased from Cambridge Isotopes Laboratories, Inc., and were degassed
and stored over activated 3 A molecular sieves prior to use. Reagents were purchased from
commercial vendors and used without further purification unless otherwise noted. All

reagents were checked for purity by H NMR spectroscopy prior to use. 4-(2-
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bromophenyl)-1-methyl-1,4-azaphosphinane, PhB(OMe),, and MesB(OMe). were

synthesized according to a literature procedures.?2627

Spectroscopic Measurements. *H, 3C, 3P, and !B NMR spectra were collected at
room temperature on a Varian 400 MHz spectrometer or a Varian 300 MHz spectrometer.
'H and *3C spectra were referenced to residual solvent resonances. *'P NMR spectra were
referenced to external 85% phosphoric acid (8 = 0 ppm). 1'B NMR spectra were referenced
to BF3-Et20 (6 =0 ppm). UV—Vis measurements were performed with a Cary 50 instrument
with Cary WinUV software. IR spectra were obtained as thin films formed by evaporation
or as a solution using a cell with KBr windows using a Bruker Alpha Platinum ATR
spectrometer with OPUS software. EPR spectra were recorded on a Bruker EMS
spectrometer in frozen solutions at 77 K. EPR simulations used the EasySpin software
package.?®

X-ray Crystallography. X-ray diffraction studies were carried out at the Caltech
Division of Chemistry and Chemical Engineering X-ray Crystallography Facility on a
Bruker three-circle SMART diffractometer with a SMART 1K CCD detector, APEX CCD
detector, or Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS detector. Data were
collected at 100 K using Mo Ko radiation (A = 0.710 73 A) or Cu Ko radiation (A = 1.541
78 A). Structures were solved by direct or Patterson methods using SHELXS and refined
against F? on all data by full-matrix least-squares with SHELXL-2000. All non-hydrogen
atoms were refined anisotropically. With the exception of any u-B—H—M hydrides that
were located on the difference map, all hydrogen atoms were placed at geometrically

calculated positions and refined using a riding model. The isotropic displacement
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parameters of all hydrogen atoms were fixed at 1.2 (1.5 for methyl groups) times the Ueq
of the atoms to which they are bonded.

DP*BP": 1.4914 g (5.48 mmol) of 4-(2-bromophenyl)-1-methyl-1,4-azaphosphinane
was dissolved in Et,O (15 mL) and cooled to -78 “C. "BuLi (3.8 mL, 1.6 M in hexanes) was
added dropwise to the stirring solution and allowed to stir for 2 hours at -78 °C, giving a
cloudy white suspension. A chilled solution of PhB(OMe)2 (411.1 mg, 2.74 mmol) in 5 mL
Et,O was added to the stirring solution dropwise and allowed to slowly warm to room
temperature overnight (~ 14 hours). The solution was then cooled to -78 °C again and solid
[HNEt'Pr2][C1] (1.0 g, 6.03 mmol) was added to the stirring solution and stirred cold for 2
hours followed by stirring at room temperature for ~ 12 hours, giving a cloudy white
suspension. The suspension was filtered through Celite and volatiles were removed in
vacuo to give a clear tacky residue which was extracted in pentane. Crystals of DP*B"
were grown from a concentrated Et,0 solution at -35 °C. *H NMR (300 MHz, CsDs) & 7.86
(d, 3Jum = 7.4 Hz, 2H), 7.62-7.55 (m, 2H), 7.44 (d, 3Jun = 7.3 Hz, 2H), 7.40-7.33 (m, 2H),
7.27-7.09 (m, 5H), 2.62-2.45 (m, 4H), 2.43-2.28 (m, 4H), 2.02 (s, 6H), 1.94-1.78 (m, 8H).
3P NMR (162 MHz, C¢Dg): & -55.63

DP*BMes: 1,51 g (5.55 mmol) of 4-(2-bromophenyl)-1-methyl-1,4-azaphosphinane
was dissolved in Et,O (30 mL) and cooled to -78 “C. "BuLi (3.8 mL, 1.6 M in hexanes) was
added dropwise to the stirring solution and allowed to stir for 2 hours at -78 °C, giving a
cloudy white suspension. A chilled solution of PhB(OMe). (532.8 mg, 2.77 mmol) in 5 mL
Et.O was added to the stirring solution dropwise and allowed to slowly warm to room
temperature overnight (~ 14 hours), giving a cloudy pale yellow solution. The solution was

then cooled to -78 °C again and solid [HNEt'Pr2][CI] (1.0073 g, 6.08 mmol) was added to
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the stirring solution and stirred cold for 2 hours followed by stirring at room temperature
for ~ 12 hours, giving a cloudy pale yellow suspension. The suspension was filtered
through Celite and volatiles were removed in vacuo to give a yellow residue which was
extracted in Et2O. Crystals of DP"BM® were grown from a concentrated Et,O solution at -
35°C. ESI-MS 515 (M + 1). *H NMR (300 MHz, CeDs) & 7.64 (d, 3Jun = 6.7 Hz, 2H), 7.30
(d, J = 6.9 Hz, 2H), 7.19-7.14 (m, 2H), 7.05 (t, J = 7.3 Hz, 2H), 6.79 (s, 2H), 2.81-2.68 (m,
8H), 2.25 (s, 6H), 2.19 (s, 3H), 2.14 — 2.05 (m, 8H), 1.56 (s, 6H). 3P NMR (162 MHz,
CsDe): 0 -43.8.

(DP"BPMNIBr: 247.4 mg of DP"B™ (0.58 mmol) was stirred in THF (~3 mL) with
NiBr; (63.5 mg, 0.29 mmol) for 20 minutes giving a cloudy orange suspension. Ni(COD);
(79.8 mg, 0.29 mmol) in THF (3 mL) was added dropwise via pipette to the stirring solution
causing an immediate color change to dark blood red-orange. The mixture was stirred for
16 hours and filtered through Celite. Removal of all volatiles in vacuo left a dark red glaze.
The solids were washed with Et,O (3 x 2 mL). Yield: 128.7 mg, 0.21 mmol (36.2 %) H
NMR (300 MHz, CeDe) 6 19.85 (s, br), 11.82 (s, br), 3.73 (s, br), 2.75 (s, br), -4.51 (s, br).

(DP*BM®)NiBr: 258.3 mg of DP"BM® (0.50 mmol) was stirred in THF (~8 mL) with
NiBr2 (55.0 mg, 0.25 mmol) for 20 minutes giving a cloudy orange-brown suspension.
Ni(COD). (69.1 mg, 0.25 mmol) in THF (3 mL) was added dropwise via pipette to the
stirring solution causing an immediate color change to deep green. After stirring for 2 hours
the solution turns red-brown and after stirring overnight (~16 hours) the solution is deep
red-orange. The mixture was filtered through Celite and removal of all volatiles in vacuo

left a dark red glaze. The solids were washed with Et2O (3 x 2 mL). Yield: 128.7 mg, 0.21
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mmol (36.2 %) *H NMR (300 MHz, CsDs) & 17.88 (s, br), 11.06 (s, br), 4.60 (s, br), 2.98 (s,
br), 2.54 (s, br), -4.30 (s, br).

[(DP"BPMNi]2(N2): 128.7 mg of (DP"B""NiBr was dissolved in THF (10 mL) was
stirred over freshly prepared 1 % sodium/mercury amalgam (2.52 equiv.) vigorously for
three hours. The resulting red-brown solution was filtered through Celite and volatiles were
removed in vacuo leaving a dark brown glaze in the vial. The solids were dissolved in
benzene and lyophilized giving a dark red powder. The red powder was triturated in
pentane three times, and lyophilized one additional time. Crystals of [(DP"B""Ni]2(N2)
were grown from a concentrated Et,0 solution at -35 °C. *H NMR (300 MHz, CsDs) & 8.07
(d, 334 = 7.2 Hz, 2H), 7.70 (s, 2H), 7.32-7.2 (m, 5H), 6.95 (s, 2H), 6.86 (d, 3JuH = 6.9 Hz,
2H), 2.90 (s, 2H), 2.69 (s, 2H), 2.52 (s, 2H), 2.40-1.90 (m, 14 H) , 1.71 (s, 2H). 3P NMR
(121 MHz, CeDs) 5 1.65.

(DP"BM)NIi(N2): 73.2 mg of (DP'BM®)NiBr was dissolved in THF (10 mL) was
stirred over freshly prepared 1 % sodium/mercury amalgam (1.09 equiv.) vigorously for
16 hours. The resulting dark solution was filtered through Celite and concentrated to ca. 2
mL and layered with ca. 15 mL pentane and allowed to stand for 16 hours. A green powder
crashed out that was later identified [(DP"BM®H)Ni].. The mother liquor was decanted and
volatiles were removed in vacuo, leaving a dark solid. The solids were washed with pentane
(3x1mL) leaving a purple residue. This residue was extracted in Et2O and filtered through
Celite and pumped down to give (DP"BM®)Ni(N>) as a dark black-purple solid. Yield: 21
mg (0.035 mmol, 31 %). IR (thin film from CsDg) 2160 cm™ (N-N). *H NMR (300 MHz,
CeDs) 6 7.98 (s, br, 4H), 7.39 (s, br, 4H), 5.99 (s, br, 2H), 2.92 (s, br, 2H), 2.73 (s, br, 2H),

2.5-1.5 (m, 27H).3P NMR (121 MHz, C4Ds) & -3.37.
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[(DP"BM®H)Ni]2: 3.0 mg (DP"BM®)Ni(N2) (0.005 mmol) was dissolved in 400 pL
CeDs, degassed with 3 freeze-pump-thaw cycles and exposed to 1 atm Hz. The solution
turned green after ca. 1 hour stirring at room temperature and was allowed to continue stirring
overnight. Crystals suitable for single crystal X-ray diffraction studies were grown by slow
evaporation of an Et;O solution into HMDSO. *H NMR (400 MHz, CsDs) & 8.13 (s, br, 4H),
7.44 (d, J = 7.1 Hz, 4H), 7.11-7.06 (m, 8H), 6.97 (m, 4H), 6.85 (s, 4H), 2.93 (s, 6H), 2.68-
2.40 (m, 14H), 2.37 (s, 6H), 2.31-2.17 (m, 6H), 1.99 (s, 12H), 1.93-1.84 (m, 6H), 1.82 (s,
6H), 1.73-1.59 (m, 6H)., -5.73 (s, br 1H), -5.80 (s, br, 1H). 3P NMR (121 MHz, CsDs) & -

19.17 (d, 2Jpp = 32.9 Hz, 2P), -29.80 (d, 2Jpp = 33.4 Hz, 2P).



Table 3.51: XRD experimental parameters for [(DP"B"")Ni]2(N2), [(DP"BM&H)Ni].
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Compound

[(DP"BPM)Ni]2(N2)

[(DP"BM®H)Ni]2*Et.0O

Formula Weight

T (K)
A (A)

Space Group

Y

Volume
Z
Density (calc)

R1, wr2

CsoH70B2NePaNi
1030.42
100(2)K
0.71073
P-1
11.172(12)
13.516(14)
19.79(2)
95.35(2)
98.705(18)
111.104(17)
2720(5)

2

1.601

0.1198, 0.3481

CesHg2B2N4P4ONi
1222.36
100(2)K
0.71073
P2i/n
13.2739(5)
26.3904(10)
17.7751(6)
90
90.4250(10)
90
6226.5(4)

4

1.305

0.062, 0.1126

R1 =Y |[Fo| - |[Fe|l/X|Fol, WR2 = {3 [W(Fo® - Fe? )21/ 3. w(Fo?)*}"2
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Figure 3.51: CW X-band EPR spectra of (DP"B"")NiBr (blue trace) and (DP"BM*)NiBr

(red trace) in toluene (77 K).
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Chapter 4

SYNTHESIS AND CHARACTERIZATION OF THE FIRST PARENT IRON

DIAZENIDO COMPLEX

4.1 Introduction

The mechanism of nitrogen fixation in nitrogenase enzymes has been of substantial
interest since the discovery and characterization of the iron-molybdenum-cofactor which
is the active site in FeMo-nitrogenase enzymes.? Hypotheses surrounding the
mechanism of N fixation are often framed in the context of two limiting pathways, a
distal path where successive protonation occurs at Ng prior to N-N bond cleavage and an
alternating path wherein protonation events alternate between Ng and N, (Scheme 4.1).
Early model chemistry from Chatt, Hidai, and others on group VI metals seemed to favor
the distal mechanism and studies on the first catalytically active model system from
Schrock also showed the viability of a distal pathway on a molybdenum based system.*
® Recent work on the biological system has suggested that Fe may be the initial site for
N2 binding, and several Fe based synthetic model systems have shown catalytic activity
for N2 fixation as well as suggesting a potential crossover point between the two limiting
paths.”'* Furthermore, recent studies from our lab on the reactivity of [(PsB)Fe(N2)] and
[(PsB)Fe(N2)]* with excess acid showed generation of a cationic iron-nitride species
[(PsB)FeN]" and NHs, a key intermediate in the distal mechanism for N fixation at a

single metal site.*
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Scheme 4.1: Limiting mechanistic pathways for N> fixation at a single metal site.

Transition metal diazenido (M(NNH)) and hydrazido(2-) (M(NNH2)) species are of
particular interest in mechanistic studies of N fixation since both are early intermediates in
the distal pathway. M(NNH) species are especially interesting since these species sit at a
branching point between the limiting distal and alternating pathways.>®!>1® Direct
observation of these species has been challenging, and M(NNH) and M(NNH>) species have
often proven to be unstable and difficult to observe or isolate. The alkylated and silylated and
analogs of metal diazenido and hydrazido(2-) species are fairly well established on a variety
of transition metals.!” Additionally, Lewis acids such as boranes have been used to stabilize
the M(NNH) moiety via formation of M(NN(H)(BR3)) adducts.'®!°® Despite the precedence
for alkyl, aryl, and silyl-diazenido species, only three instances of reliably characterized
M(NNH) species have been reported, all on group VI metal centers (Mo, W) (Scheme
4.2) 515172022 The Mo- and W-diazenido reported by Schrock and Yandulov were prepared
by protonation of anionic M-N> adducts supported by a bulky hexaisopropylterphenyl-
substituted triamidoamine ligand using the weak acid [HNEts][BAr™24].?? These species been

unambiguously identified based on 'H NMR, N NMR, IR and X-ray crystallographic
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data.?® The only other reported W-diazenido species was originally reported by Chatt et al.,
but was not reliably identified until later IR and Raman spectroscopic investigations by
Lehnert and Tuczek.'®?! Lehnert and Tuczek’s studies identified that many of the compounds
originally assigned as M(NNH) species by Chatt et al. were more appropriately assigned as
metal-hydride species and that in some cases an equilibrium between a M(NNH) and M-H
species existed in solution.?* Instances of well characterized and isolable M(NNH2) species
are more numerous and have been characterized on several group V1 systems as well as on

iron and other transition metals,>1015-18,20.23-32

N(HIPT) [HNEtIBAIF ]

(HIPT) M =Mo, W

EhZT Ph, NaOMe EhzT Ph,

.... P N

CP/W\P MeOH [Cozowed

Ph2| Ph, Ph2| Ph,
F

Scheme 4.2: Synthetic routes to previously reported Mo-, and W-diazenido species.>20:22
Due to the rarity of these species there is substantial interest in characterization of
reference compounds whose spectroscopic fingerprints can be used as a point of comparison
to guide hypotheses about the identity of potential intermediates in biological nitrogen
fixation systems. Herein we report the EPR, ENDOR, HYSCORE, and °’Fe Mdssbauer

spectroscopic characterization of the first directly observed Fe(NNH) species and its
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subsequent reaction with H* to generate a cationic [Fe(NNH2)]*. Geometric constraints
derived from the spectroscopic data are supported by Density Functional Theory optimized
geometries of the proposed Fe(NNH) and [Fe(NNH.)]".

4.2 Results and Discussion

Recent theoretical and experimental investigations from our lab have established that
the N-H bonds in (PsE)Fe(NNH) and (PsE)Fe(NNHz) (E = Si, B) (PsSi = tris(o-
diisopropylphosphinophenyl)silyl, PsB = tris(o-diisopropylphosphinophenyl)borane)
species are very weak (N-H bond dissociation free energy (BDFE) 31.2 kcal/mol for
(PsB)Fe(NNH) and 49.7 kcal/mol for [(PsB)Fe(NNH2)]*).® The group VI systems have
much stronger N-H bonds and seem less prone to deleterious reactivity (for example the
predicted N-H bond dissociation enthalpy for (HIPT)Mo(NNH) is ~49 kcal/mol).2 Model
studies from our lab on (P3Si)Fe and (PsB)Fe systems capable of performing catalytic
fixation of N2 suggest that initial functionalization of N2 with electrophilic reagents such as
MesSiCl, 1,2-bis-(chlorodimethylsilyl)ethane, and MeOTTf takes place at the B-nitrogen
generating alkylated and silylated diazenido and hydrazido(2-) species (Scheme 4.3).10:1634-
87 Additionally, our ability to characterize [(PsE)Fe(NNH2)]%* (E = Si, B) species generated
by the reaction of anionic Fe-N, adducts with excesses of acid suggested that a transiently
generated (PsE)Fe(NNH) species was being trapped as the cationic iron hydrazido

[PsEFe(NNH2)]* (Scheme 4.3).
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Scheme 4.3: Previously reported Ng-functionalization with electrophilic reagents on
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(PsSi)Fe and (PsB)Fe platforms.

Unfortunately, previous attempts to synthesize the hypothesized Fe(NNH) species
using stoichiometric amounts of acid resulted primarily in one electron oxidation of the
[FeN2] starting material to the FeN. or oxidation of the FeN> to a cationic species with a
vacant coordination site along with evolution of 0.5 equivalents of Hz (Scheme 4.4).

N, © N,

(Prp—Fe

P =S i P =P i
(IPr)ZP/Fle\ P( Pr)Z HBAFF24 (:pr)zp/Fle\ P( Pr)Z

P(Pr), >

@ -135;2;-;8 °C @E \

Scheme 4.4: Reactions of (PsE)Fe(N2)]% with HBAr 4+2Et,0.

m----

Taking these observations from reactions with alkyl and silyl electrophiles, as well as

with protic acids, we hypothesized that an Fe(NNH) species might be observed en route to
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an [Fe(NNH.)]". Furthermore we supposed that introduction of sufficient steric bulk around
the NNH ligand would slow undesirable side reactions such as H formation via a potential
bimolecular coupling pathway thereby stabilizing any species with reactive N-H bonds. We
targeted an electron rich tris(diarylphosphino)borane system (“'PsB) (where Ar = 3,5-
diisopropyl-4-methoxyphenyl) as an attractive ligand framework with sufficient vertical
steric bulk to create a protective binding pocket for N2, and with electron donating properties
more similar to the isopropyl substituted phosphines in the catalytically competent (PsB)Fe
system.

The new APsB ligand was assembled from previously reported
orthobromophenyldichlorophosphine, 4-bromo-2,6-diisopropyl-1-methoxybenzene, and
B(OMe)s (Scheme 4.5).38:3

'Pr

OMe
1. Mg (reflux in THF) _ M?Pczj)\\\wp
2.-78°C, 0.5 eq. PCl /pr’ Br
Br :( MeO

Br ipr
75.4 % Yield

l\/IeO

iPr
Mgro\'/‘w
- ’,,,,P 1. "BuLi, -78 °C, Et,0 ’F’r
:
MeO —_— / ",
. Br 2. 1/3eq. B(OMe)s, 78 °C to 25 °C MeO- ( Ar ZP}\)

3. [HNEtPr,][CI], -78 °C to 25 °C

61.7 % Y|eId

Scheme 4.5: Synthesis of A'P3B.
Metalation of the ligand was achieved by complexation of the ligand with FeBr; in THF
followed by trituration in Et2O and reduction in benzene with 1 equiv. of sodium-mercury

amalgam to afford the S = 3/2 (A'PsB)FeBr which was isolated as a dark brown
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microcrystalline solid in 58.9 % vyield (Figure 4.S1). Further reduction of (*'PsB)FeBr by
stirring over an excess of sodium-mercury amalgam in benzene afforded diamagnetic
(“"PsB)Fe(N2) which was isolated as a dark green solid in 79.5 % yield (Figure 4.S2). Stirring
over an excess of sodium-mercury amalgam in THF yielded [(*'PsB)Fe(N2)][Na(12-C-4)]
upon treatment with two equivalents of 12-crown-4 (Scheme 4.6). While we were unable to
grow crystals of sufficient quality for X-ray diffraction studies, a DFT optimized geometry
for [(""PsB)Fe(N2)]” shows a sterically protected N2 binding pocket that should still be
accessible by small electrophiles such as H* (Figure 4.1) (TPSS, def2-TZVP on Fe, def2-
SVPon C, H, P, B, O, N). The N stretching frequency observed for (*'PsB)Fe(N.) of 2014
cm? is very similar to the 2011 cm™ N stretching frequency observed in the parent
(PsB)Fe(N2) system with isopropyl substituents on the phosphines.*° This indicates that the
electron rich arylphosphines coupled with the n?-arene interaction with the phenylene linker
are able to engender a similar degree of N2 activation as the isopropyl phosphine substituents.
However, upon comparison of the N, stretching frequencies of [(“"PsB)Fe(N2)][Na(12-C-
4);] and [(PsB)Fe(N2)][Na(12-C-4)2] (1937 cm™ and 1905 cm™ respectively) it becomes
apparent that the bulky arylphosphine ligand does not facilitate activation of the N2 ligand to
the extent that the parent ligand does.*® However, the significant activation of the N, as
judged by the N-N stretching frequencies observed in neutral and anionic (A'PsB)Fe(Ny)
complexes suggests that they might display similar reactivity to their analogous (P3B)Fe(N2)

counterparts.
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Figure 4.1: Left: DFT optimized structure of [(*'PsB)Fe(N2)] using the full #PsB ligand

(TPSS, def2-TZVP on Fe, def2-SVP on all else). Right: Space filling model generated from

DFT coordinates.

We investigated the reactivity of [(“'PsB)Fe(N2)][Na(12-C-4);] with HBAIr 4+2Et,0

(BArF,, = tetra-(3,5-bistrifluoromethylphenyl)borate) by continuous wave X-band electron

paramagnetic resonance spectroscopy (CW-EPR) (Scheme 4.7). Reactions between

[(*"PsB)Fe(N2)][Na(12-C-4);] and HBAr 24+2Et,0 were performed in EPR tubes in thawing
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2-MeTHF solutions and mechanically mixed with a stainless steel needle. Mixing of
[(*"PsB)Fe(N2)][Na(12-C-4)2] with one equivalent of HBAr 4+2Et,0 in thawing 2-MeTHF
for 30 minutes lead to observation of a new near-axial S = % species by CW X-band EPR
(Figure 4.2, C) assigned as (“'PsB)Fe(NNH). This species decays rapidly upon warming to -
78 °C to generate a mixture of species of which the major product is (~'PsB)Fe(Ny).
(“"PsB)Fe(NNH) was also generated in the presence of excess acid (2-5 eq.) mixing for only
15 minutes in thawing 2-MeTHF. Warming (~'PsB)Fe(NNH) to -78 °C for 5 minutes in the
presence of excess acid resulted in generation of a signal corresponding to a rhombic S = %2
species (Figure 4.2, E) assigned as [(“"PsB)Fe(NNH2)][BAr 24]. Furthermore, warming a
solution of (A'P3B)Fe(NNH) in the presence of excess HBAr 4 to -78 °C for 30 seconds
followed by rapid freeze quenching gave a mixture of (“PsB)Fe(NNH) and
[(A"PsB)Fe(NNH2)][BArT24] (Figure 4.2, D) which converted completely to

[(*"P3B)Fe(NNH2)][BAr 24] upon further warming at -78 °C (Figure 4.2).

NH NHZ@

MeO MeO MeO ’l\f
P,Fe ---- , 1105 eq. HBAT, P,F'e ‘‘‘‘ 2 2105 eq. HBAry, ,, P,F'e ““““
MeO p A")z 135 °C MeO ~p Ar 78 OC MeO P A"
“““ ( 2-MeTHF \‘ 2-MeTHF (

Scheme 4.7: Reactivity of [(*'PsB)Fe(N2)][Na(12-C-4),] with HBAI 4.
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Figure 4.2: Reaction progress of [(“'PsB)Fe(N2)][Na(12-C-4);] with excess HBAr 4
monitored by CW X-band EPR (77 K, 9.44 GHz, MW power: 6.44 mW, Mod Amp: 0.01
mT, Conversion time: 5.12 ms). A: [(*"PsB)Fe(N2)][Na(12-C-4).]. B: Reaction mixture after
mixing for only 15 minutes with 1 eq. HBAr24+2Et,O at -135 °C showing components of
[(*"PsB)Fe(N2)][Na(12-C-4).] and (*"PsB)Fe(NNH). C: Reaction mixture after mixing for 15
minutes with 2.3 eq. HBAr 4+2Et,0 at -135 °C showing full conversion to (*'PsB)Fe(NNH)
(identical spectra were obtained mixing for 30 minutes in the presence of 1 eq.
HBAr 4+2Et,0 ). D: Reaction mixture from previous trace after warming to -78 °C for 30
seconds and rapidly freeze quenching in liquid N2 showing a mixture of (*'P3B)Fe(NNH)
and [(*"P3B)Fe(NNH>)][BAr™2]. E: Reaction mixture from previous trace after warming to
-78 °C for 90 seconds showing complete conversion to [(“'PsB)Fe(NNH2)][BAr 4]
(reactions with up to 5 eq. HBArT24+2Et,0 showed identical spectra).

To further corroborate our assignments electron nuclear double resonance (ENDOR)
and hyperfine sub-level correlation spectroscopies (HYSCORE) were employed on samples
of [(APsB)Fe(N2)],, (AP3sB)Fe(NNH), and [("“"PsB)Fe(NNH)]" as well as isotopically
enriched analogs generated using DBAr4+2Et,0 or [(“'PsB)Fe(**N2)] to gain additional

structural information on the observed species.
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For the sake of comparison to the protonated species we first studied
[(""PsB)Fe(N2)][Na(12-C-4);] by ENDOR and HYSCORE spectroscopies. The Q-band
ENDOR spectra are well modeled with hyperfine coupling to !B and three different 3!P
environments, with two more strongly coupled than the third (Figure 4.3, Table 4.1). Isotopic
labelling with N, aided in determination of the hyperfine coupling constants and
quadrupole parameters for N and °N via HYSCORE spectroscopy at X-band (Figures 4.4

and 4.54).

Field-Dependent Q-band 11B Davies ENDOR Field-Dependent Q-band 31P Davies ENDOR 2p Field Sweeep, 34.13 GHz, 2-MeTHF, 15K
T T T T T T T T T
22 E

g value
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Figure 4.3: Left: Field Dependent Q-Band ENDOR spectra of [(“"PsB)Fe(N2)][Na(12-C-
4),] with simulation of 1B hyperfine couplings. Middle: Field Dependent Q-Band ENDOR
spectra of [(A'P3B)Fe(N2)][Na(12-C-4),] with simulation of individual 3P hyperfine
couplings. Right: 2 pulse field sweep with ENDOR field positions marked in red.
(Experimental Parameters: Temperature = 15 K; MW Frequency = 34.13 GHz; MW Pulse
Length (r/2, m) = 40 ns, 80 ns; RF Pulse Length = 40 us; Shot Rep Time = 5000 ps; t= 300
ns).
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Figure 4.4: Left: Field Dependent X-Band HYSCORE Spectra of [(*'P3B)Fe(N2)][Na(12-
C-4)7] (left) and [(“"PsB)Fe(**N2)][Na(12-C-4),] (right) (20 K, 9.76 GHz) (see Figure 4.54
for simulations). (9.414 GHz, 20 K).
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Table 4.1: Nuclear hyperfine couplings derived from ENDOR and HYSCORE for

[(*"PsB)Fe(N2)][Na(12-C-4)2].

Nucleus A1 (MHz) A2 (MHz) Az (MHz) Aiso (MHz)
ip 15.3 15.3 15.2 15.27
31pyy 45 48 50 47.67
31p 96 97 112 101.67
31P3 110 111 123 114.67
1N, 0.7 -3.2 -1.4 -1.3
BN, -1.0 4.5 2.0 1.8

The X-band ENDOR spectrum of the putative Fe(NNH) is well modelled with hyperfine
coupling to !B, two different 3P environments (one more strongly coupled and two
equivalent weakly coupled) and a single *H hyperfine (Figure 4.5 and Table 4.2). Isotopic
labelling using DBAr 24+2Et,0 as the acid gave (“"PsB)Fe(NND) which appears identical to
(A"PsB)Fe(NNH) by CW X-band EPR. However, comparison of the ENDOR spectrum of
(“"PsB)Fe(NND) to that of (*"P3sB)Fe(NNH) clearly reveals the single *H hyperfine coupling
(Figure 4.6). Note that the small gyromagnetic ratio of D (and by extension Larmor frequency
for the D nuclei) causes signals from D coupling to appear at the low frequency end of the
ENDOR spectrum where the RF pulses are weak and the peaks resulting from D coupling

do not appear in the spectrum.
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Figure 4.5: Left: Field Dependent X-Band ENDOR spectra of (“'P3B)Fe(NNH) with
simulation of individual hyperfine couplings. Right: 2 pulse field sweep with ENDOR field
positions marked in red. (Experimental Parameters: Temperature = 10 K; MW Frequency =
9.72 GHz; MW Pulse Length (n/2, ©) = 20 ns, 40 ns; RF Pulse Length = 15 ps; Shot Rep
Time = 5000 ps; T = 240 ns).
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Figure 4.6: Comparison of (*'PsB)Fe(NNH) and (“"PsB)Fe(NND) X-Band ENDOR spectra
(Experimental Parameters: Temperature = 10 K; MW Frequency = 9.72 GHz; MW Pulse
Length (n/2, m) = 20 ns, 40 ns; RF Pulse Length = 15 ps; Shot Rep Time 5000 = pus; © = 240
ns).
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Figure 4.7: X-band HYSCORE spectra (left) and simulations (right) for (*'PsB)Fe(NNH).
(Experimental data is in black, ¥*N in red, 1B is in green).
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Table 4.2: Nuclear Hyperfine Couplings Derived from ENDOR and HYSCORE for

(A"P3B)Fe(NNH).
A1 (MHz) A2 (MHz) Az (MHz) Aiso (MHz)
H 12 18.25 19.25 16.5
g 15.3 15.3 15.5 15.37
P2 17 17 22 18.67
1P, 71 65 85 73.67
YN, -1.4 3.8 2 1.47

The *H couplings derived from ENDOR spectroscopy can be decomposed into the
anisotropic and isotropic components of the hyperfine giving Aiso = 16.8 MHz (see equations
4.51 and 4.S2 for [Aaniso]). The minimum distance of the *H from the unpaired spin can be
estimated using equation 1 and solving for r by taking the largest value of Aaniso as the twice
dipolar component of the *H hyperfine (2T). The result places the lower limit for the distance
of the H from the metal center at 3.31 A (i.e. r > 3.31 A). In order to evaluate whether this
distance was consistent for our assignment of (“'PsB)Fe(NNH) we performed a DFT
geometry optimization on a model structure of (*"PsB)Fe(NNH) using the TPSS functional,
the def2-TZVP basis set for Fe and def2-SVP for all other atoms (this combination of
functional and basis set have been previously used by our group in the study of the related
(P3B)Fe system with good results).® The distance between Fe and a proton on the B-nitrogen
measured from the DFT optimized structure of (*P3sB)Fe(NNH) is ~3.52 A, which is

consistent with this estimated r > 3.31 A.
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_ Ko YavgdnHBUN
T = Ko . JavgInlBEN
4T hr3

Equation 4.1: T is the dipolar component of the hyperfine coupling, W is the magnetic
vacuum permeability constant, gavyg iS the average of g value for the compound, gn is the
nuclear gyromagnetic ratio (for *H in this case), ps is the Bohr magneton, p is the nuclear
magneton, and h is Plank’s constant.

To further support our assignment of (“'PsB)Fe(NNH) we undertook synthesis of the
silyl-diazenido analog (*'P3sB)Fe(NNSiMes) (Scheme 4.8). Previous work from our lab has
shown that such species can be more thermally stable and we hoped to generate a species
with a similar molecular and electronic structure that would be more thermally stable and
amenable to spectroscopic characterization by methods other than low temperature EPR.
Vigorously stirring (*"PsB)FeBr in the presence of MesSiCl (1 equiv.) with 3 equiv. Na/Hg
amalgam in THF for 3 hours followed by removal of all volatiles in vacuo and subsequent
stirring over Hg in benzene for an additional 3 hours gave a dark yellow-brown solution

containing (“"PsB)Fe(NNSiMes). A thin film IR spectrum of the crude reaction mixture

shows an intense stretch at van = 1717 cm™.

v NSiMeg
Pr Pr //
MeO Br 3 equiv. Na/Hg MeO N
/ / 1
Pr T/H | 1. THF, 3hrs, RT Pr | |
. . —Fe" P(AI’)Z . .p—Fe P(AI’)Z
iPr7 P Npia +MesSiCl ———— iPr P ~pla
MeO P PAD 2.CgHg, 3hrs RT  MeO AL
) Bring . Byiig
Pr \ Pr \

Scheme 4.8: Synthesis of (*"PsB)Fe(NNSiMes).

The CW X-band EPR spectrum is also very similar to that of (“'PsB)Fe(NNH) with a
near axial signal with well resolved hyperfine coupling to a single 3!P atom at the highest
field g value (Figure 4.S10). ENDOR and HYSCORE measurements confirmed that a

similar trend in the 3P, 'B and *N hyperfine coupling tensors. (“'P3B)Fe(NNSiMes) has
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two similar more weakly coupling 3P nuclei and one significantly stronger coupled 3P
nucleus, a fairly isotropic 1B hyperfine coupling tensor, and fairly anisotropic N hyperfine
coupling tensor. Additionally the nuclear quadrupole coupling constant and asymmetry
parameters for (“PsB)Fe(NNSiMes) and (A'PsB)Fe(NNH) for “N, are identical. This
indicates that the silyl-diazenido analog is an appropriate model for (*'PsB)Fe(NNH) (Table

4.3, Figures 4.8 and 4.9).

Field-Dependent Q-band Davies ENDOR 5 32p Field Sweeep, 34.04 GHz, 2-MeTHF, 15 K
T T T T B

2.25
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21
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| | ! . 195
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=0 —31py
—— simulation —3'p3
31py —11g

Figure 4.8: Left: Field Dependent Q-Band ENDOR spectra of (“'PsB)Fe(NNSiMes) with
simulation of individual hyperfine couplings. Right: 2 pulse field sweep with ENDOR field
positions marked in red. (Experimental Parameters: Temperature = 15 K; MW Frequency =
34.04 GHz; MW Pulse Length (n/2, w) = 20 ns, 40 ns; RF Pulse Length = 15 ps; Shot Rep
Time = 5000 ps; T =132 ns).
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Figure 4.9: X-band HYSCORE spectra and
(Experimental data is in black, N is in red, B is in green).

simulations for (AP3B)Fe(NNSiMe).
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Table 4.3: Nuclear Hyperfine Couplings Derived from ENDOR and HYSCORE for

(AP3B)Fe(NNSiMes).

Nucleus A1 (MHz) Az (MHz) Az (MHz) Aiso (MHz)
g 13.50 12.70 12.4 12.87
3Py 26 16 25 18.67
3Py 26 26 36 29.33
3P 92 90 111 97.67
1N, -1.0 7.6 5.5 4.7

Similarly the Q-Band ENDOR spectrum of [(*PsB)Fe(NNH2)][BArf24] is well
modelled with hyperfine coupling to !B, three 3P environments, and two H environments
(one more strongly coupled and one more weakly coupled) (Figures 4.10, 4.11, and 4.12 and
Table 4.4). Decomposition of the *H hyperfine couplings into their isotropic and anisotropic
components gives Aiso = 19.2 MHz for the more strongly coupled proton and Aiso = 12.7 MHz
for the weaker *H coupling (see equations 4.S1, 4.53, 4.54). Using equation 1 the estimated
minimum r for the two *H’s is r(1) > 3.08 A for the more strongly coupled *H and r;) > 3.88
A for the more weakly coupled *H. This is fairly consistent with the predicted Fe-H distances

from a DFT optimized structure of [(*"PsB)Fe(NNH2)][BAr24] of 3.20 A and 3.73 A.
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Figure 4.10: Left: Field Dependent Q-Band ENDOR spectra of [(*'PsB)Fe(NNH2)][BAr 2]
with simulation of individual hyperfine couplings. Right: 2 pulse field sweep with ENDOR
field positions marked in red. (Experimental Parameters: Temperature = 10 K; MW
Frequency = 33. 60 GHz; MW Pulse Length (/2, ©) = 20 ns, 40 ns; RF Pulse Length = 15
ps; Shot Rep Time = 5000 ps, T =240 ns).
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Figure 4.11: Field Dependent Q-Band ENDOR Comparing Spectra of
[(A"PsB)Fe(NNH2)][BAr 4] and [(“"PsB)Fe(NND2)][BAr4]. (Experimental Parameters:
Temperature = 10 K; MW Frequency = 33. 60 GHz; MW Pulse Length (n/2, ) = 20 ns, 40
ns; RF Pulse Length = 15 ps; Shot Rep Time = 5000 ps; t = 240 ns).
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Figure 4.12: Comparison of Field Dependent X-Band HYSCORE Spectra of
[(“"P3B)Fe(NNH2)][BAr 2] (left) and [(“P3B)Fe(*>N'SNH2)][BAr 4] (right) (20 K, 9.76

GHz) (see Figure 4.S5 for simulations).
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Table 4.4: Nuclear hyperfine couplings derived from ENDOR and HYSCORE for

[("P3B)Fe(NNH)]".

Nucleus A1 (MHz) A2 (MHz) Az (MHz) Aiso (MHz)
Hy 27 21 16 21.33
He 15 135 10 12.83
i 6.0 8.0 9.0 7.67
3Py 67 46 55 56
1Py, 66 64 64 64.67
31p 26.50 20 37 27.53
N, 0.07 -7.13 -0.92 2.71
BN, -0.1 10 1.3 3.80

A great deal of information about the electronic structure of the NNHx(x =0 1, 2) can
be gleaned from examination of the nuclear hyperfine couplings, nuclear quadrupole
couplings (e?Qg/h) and asymmetry parameters () for N, and Ng across the series of
[(“PsB)Fe(N2)], (APsB)Fe(NNH) and [(“PsB)Fe(NNH.)]*. These parameters are
particularly of interest because of the scarcity of data on these types of iron compounds and
their potential worth in the identification of catalytically relevant intermediates in synthetic
and biological nitrogen fixation systems. In order to determine the hyperfine couplings to

nitrogen as well as the e2Qg/h and # for the N atoms in the N2, NNH, and NNH: ligands we
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relied on comparison of the X-Band HYSCORE spectra of samples of
[(A"P3B)Fe(N2)][Na(12-C-4),], (“"PsB)Fe(NNH), and [(*PsB)Fe(NNH2)][BArF24] with the
X-Band HYSCORE spectra of °N labelled samples (Figures 4.4, 4.7, and 4.12 , Table 4.5).
One would expect the magnitude of the hyperfine coupling to N, to increase with protonation
of N with [(*PsB)Fe(N2)][Na(12-C-4);]  having the smallest  Ax,,
[(*"PsB)Fe(NNH2)][BArT24] having the largest Axa and Anq for (A'P3B)Fe(NNH) being
distributed somewhere between [(*'PsB)Fe(N2)] and [(*"PsB)Fe(NNH.)]*. This is in fact the
case as Aiso = 1.8 MHz for [(*'PsB)Fe(N2)][Na(12-C-4),], and this value increases by a factor
of 1.5 to Aiss = 2.7 MHz for [(*'PsB)Fe(NNH2)][BAr24] with Ais, = 2.4 MHz for
(A"PsB)Fe(NNH) lying intermediate between the two. We were unable to prepare samples of
(A"PsB)Fe(**N>NH) with sufficient isotopic enrichment to show significant differences in
the X-band HYSCORE spectra when compared to the **N analog and prepared samples of
the silylated diazenido analog (“"PsB)Fe(NNSiMes) for use as a point of comparison. The
simulations for the X-band HYSCORE of both species gave e?Qq/h = 2.0 and # = 0.6 for N,
indicating that the bonding environment at N,, for these species is very similar. Additionally,
the similarity of e2Qqg/h = 1.7 MHz and 5 = 0.7 for [(*'PsB)Fe(NNH>)][BAr24] to the
previously reported values of €’Qg/h = 174 MHz and 4 = 064 for N, in
[(PsB)Fe(NNH,)][BAr 4], indicating that the bonding character/electronic structure of N is
comparable in both compounds and provides further support for the assignment of

[(“"P3B)Fe(NNH2)][BAI24] (Table 4.5), 164142
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Table 4.5: N nuclear quadrupole couplings and asymmetry parameters derived from

ENDOR and HYSCORE for Nq.

Compound e2Qqg/h (MHz) n

[(A"PsB)Fe(N2)][Na(12-C-4)] 3.0 0.1
("PsB)Fe(NNH) 2.0 0.6
(“"P3B)Fe(NNSiMes) 2.0 0.6
[(A"PsB)Fe(NNH2)][BAr 2] 1.7 0.7
[(P3sB)Fe(NNH.)][BArT24] 1.74 0.64

4.2.1 Possible Alternative Structures: In assigning the structures of the
(""PsB)Fe(NNH) and [(*PsB)Fe(NNH2)]* we considered several alternative structures
(Chart 4.1). Alternative structures for (*"PsB)Fe(NNH) where the proton has been delivered
to N, a phosphine or the metal center to form an iron hydride or borohydride species were
considered. DFT geometry optimizations were performed on several of these structures (A,
B, G, H, 1) in order to evaluate their agreement with the ENDOR derived geometric
constraints (TPSS, def2-TZVP on Fe, def2-SVP on C, H, O, P, B; notes: The geometry
optimizations were performed using a truncated version of ~'P3B where 'Pr was replaced with
Me; we do not believe these substitutions should cause the core geometry about Fe to differ
in ameaningful way since the DFT predicts a singlet ground state for truncated (“"PsB)Fe(Ny)
consistent with the experimentally observed diamagnetism of (“"PsB)Fe(N2. Furthermore the
DFT optimized structure for the truncated (*'PsB)Fe(N2) agrees well with the structure from

XRD studies (Figures 4.52 and 4.521 ) and the DFT optimized structures for [(“"PsB)Fe(N2)]
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and its truncated variant are isostructural (Figures 4.1 and 4.S20)). A structure with the
starting connectivity shown in Chart 4.1 A optimized to the structure shown in Chart 4.1 B
and alternative structure A was ruled out on this basis. Structure B was ruled out because the
DFT predicted Fe-H distance of 2.70 A is inconsistent with the distance estimated by the
dipolar contribution to the *H hyperfine of ~3.31 A observed for the acid derived proton (vide
supra). A phosphine protonated species such as shown in Chart 4.1 C would likely have an
extremely small Ais, for hyperfine coupling to the acid derived *H which is inconsistent with
the magnitude of the observed H hyperfine coupling with Ais, = 16.5 MHz. The iron hydride
or borohydride structures (Chart 4.1 D, E, F) in which the acid derived H atom is directly
bonded to the metal center were easily ruled out based on the metal-hydride or metal-
borohydride bond distances observed in (PsBH)Fe(H)(N2) of ~1.47 A for dres and ~1.5 A
for dre-vs Which are much shorter than the distances estimated from the dipolar contributions
to the hyperfine for both compounds (3.52 A for (*'PsB)Fe(NNH), 3.08 A and 4.13 A for
[(A"PsB)Fe(NNH2)]").*® Alternative structures for [(*'P3sB)Fe(NNH2)]* where both Ny and Np
had been protonated to give either trans or cis-diazene as a ligand were also considered and
ruled out due to the fact that the Fe-H distances for protons on N, and N predicted by DFT
are too short for both n'-trans-diazene (2.51 A, 3.00 A; Chart 4.1, G) and n?-cis-diazene
(2.65 A, 2.68 A; Chart 4.1, 1) isomers compared to the estimated values of 3.08 A and 4.13
A from the dipolar contribution to hyperfine couplings). Additionally, DFT geometry
optimization starting from the n!-cis-diazene structure shown in Chart 4.1 H minimized to

the n?-cis-diazene structure shown in Chart 4.1 | and was ruled out on this basis.
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Chart 4.1: Selected alternative structures considered for (A'PsB)Fe(NNH) (A-E) and

[(""P3sB)Fe(NNH2)]* (F-1). (See SI for DFT optimized structures and coordinates).

4.2.2 5"Fe Mossbauer Spectroscopic Studies: >'Fe Mossbauer spectroscopy was also

used to characterize the iron speciation of the reactions. Reactions of [(*"PsB)Fe(N2)][Na(12-

C-4);] and HBAr™,4 were mixed in thawing 2-MeTHF in a Delrin Mdssbauer cup with a

stainless steel spatula in the glovebox coldvwell (chilled with an external liquid nitrogen

bath) and then frozen and quickly transferred to a liquid N2 bath and loaded into the

spectrometer. The 80 K >’Fe Mdssbauer solution phase (2-MeTHF) spectrum of (*'P3B)FeBr
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in the presence of a 50 mT magnetic field oriented parallel to the y-radiation shows a broad,
asymmetric quadrupole doublet that is well fit with 6 = 0.61 mm/s and AEq = 2.4 mm/s
(Figure S11, Table 4). (*'PsB)Fe(N2) (80 K, 2-MeTHF, 50 mT ||) appears as a sharp
quadrupole doublet centered at & = 0.42 mm/s with AEq = 1.9 mm/s (Figure S12, Table 4).
The 80 K 5'Fe Mosshauer spectrum (2-MeTHF) of [(A'P3B)Fe(N2)][Na(12-C-4);] is more
complicated and does not appear as a well-defined quadrupole doublet due to unresolved
magnetic splitting. Simultaneous fitting of spectra collected in the presence of a 50 mT
magnetic field in || and L orientations yields 6 =0.32 mm/s with AEq = 0.75 mm/s (Figure
4.13, Table 4.7). The >Fe Mdossbauer spectra (50 mT, || and L orientations) of a reaction
mixture using the same conditions used to generate (A'PsB)Fe(NNH) in the previously
described EPR experiments is well fit with a minor component of similar isomer shift and
quadrupole splitting to (*'PsB)Fe(Nz), a major component with & = 0.24, AEq = 0.94 which
we assign as (“'PsB)Fe(NNH) (Figure 4.14, Tables 4.6, 4.8). The >'Fe Mdssbauer spectrum
of (*"PsB)Fe(NNSiMes) was also collected for comparison. A freshly prepared sample of
(“"P3B)Fe(NNSiMes) was loaded into a Mosshauer cup as a frozen solution in benzene after
being analyzed for purity by *H and 3'P NMR as well as IR spectroscopies to ensure purity.
The species appears as a broad asymmetric quadrupole doublet with 6 = 0.16, AEq = 1.54 at
80 K in the presence of a 50 mT magnetic field aligned || to the y-radiation (Figure 4.15,
Table 4.9). The 80 K >’Fe Mdossbauer (50 mT, ||) solution of a reaction mixture prepared
using the same conditions used to generate [(“'PsB)Fe(NNH)][BAr 2] is well fit as a
mixture of two species (an aliquot of the reaction mixture was checked by CW X-band EPR

to verify the presence of [(“"PsB)*’Fe(NNH2)][BArF24] in the sample). The major component
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is well fit as (A"PsB)Fe(N2) and the minor species is fit as a quadrupole doublet with § = 0.06
mm/s and AEq = 1.32 mm/s which is assigned as [(“"PsB)Fe(NNH2)][BArF24] (Figure 4.15,
Table 4.9). These parameters are very different from those observed for the isoelectronic
analog (PsSi)Fe(NNH2), which has 6 = 0.31 mm/s and AEq = 0.86, as well as the previously
reported [(PsB)Fe(NNH2)][BAr 4] with & = 0.35 mm/s and AEq = 1.02 mm/s.}%!® The
significant contrast in the >’Fe Mossbauer parameters between [(“P3B)Fe(NNH2)]* and its
isoelectronic analogs is perhaps explained by significant structural differences between
[(*"PsB)Fe(NNH2)]* and its isoelectronic analogs. The DFT predicted structure of
[(*"PsB)Fe(NNH2)]* using the truncated ~'PsB ligand predicts an interaction with one of the
arene rings on the borane ligand resulting in a T-shaped arrangement of the phosphine ligands
around the Fe center (Figure 4.523) similar to the structure observed crystallographically for
("PsB)Fe(N2) (Figure 4.52). The isoelectronic analogs [(PsB)Fe(NNH2)]* and
(PsSi)Fe(NNH>) do not display such an interaction in their DFT predicted geometries.3103
While the >’Fe Mdssbauer spectroscopy does not directly provide any structural information,
it provides excellent quantification of the Fe containing reaction products and establishes that
these reactions proceed fairly cleanly and in moderate to high vyield even though
(""PsB)Fe(NNH) and [(“"PsB)Fe(NNH2)][BArF24] could not be isolated due to thermal

instability.



129

Table 4.6: >"Fe Mossbauer Parameters

Compound d (mm/s) AEq (mm/s) Spin State
("'PsB)FeBr 0.61 2.40 15
(“"PsB)Fe(OTH) 0.71 2.58 15
(“"P3B)Fe(N2) 0.42 1.90 0
[(*"P3B)Fe(N2)][Na(12-C-4)] 0.32 0.75 0.5
(“"P3B)Fe(NNH) 0.24 0.94 0.5
(“"P3B)Fe(NNSiMes) 0.16 1.54 0.5
[(A"P3B)Fe(NNH2)][BAr 2] 0.06 1.32 0.5
(P3Si)Fe(NNH)? 0.31 0.86 0.5

[(P3B)Fe(NNH,)][BAr 4] 0.35 1.02 0.5
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[("P3B)Fe(N2)][Na(12-C-4),]
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— Fit Parallel
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Figure 4.13: °'Fe Mdossbauer spectra of [(A"PsB)Fe(N2)][Na(12-C-4),] in the presence of a

50 mT applied field in || and L orientations and difference spectrum with fits (80 K, 2-

MeTHF).

Table 4.7: °"Fe Mosshauer fit parameters for [(*'PsB)Fe(N2)][Na(12-C-4),]

Compound o (mm/s) AEq(mms/) Are(A1, A2, A3) (T) n

[("PsB)Fe(N)][Na(12-C-4)]° 0.32 0.75 0,20,07 063

a g-values for [(*'P3B)Fe(N2)][Na(12-C-4),] taken from EPR simulations
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Figure 4.14: >'Fe Mossbauer spectra of (“'PsB)Fe(NNH) reaction mixture (80 K, 2-

MeTHF,) in the presence of a 50 mT field applied in || and L orientations and difference
spectrum with fits).

Table 4.8: °"Fe Mossbauer fit parameters for Generation of (“'PsB)Fe(NNH)

Compound o (mm/s) AEq(mms/)  Are(A1, A2, A3) (T) n % Area
(“"PsB)Fe(N2) 0.39 2.06 N/A N/A 18
(“"P3B)Fe(NNH)? 0.24 0.94 1.9,20.1,0.6 -0.46 82

a g-values for (*"PsB)Fe(NNH) taken from CW EPR simulations
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Figure 4.15: 'Fe Mossbauer spectrum of (“'PsB)Fe(NNSiMes). (80 K, 2-MeTHF, 50 mT
D

Table 4.9: °'Fe Mosshauer fit parameters for Generation of (“'PsB)Fe(NNSiMes)

Compound & (mm/s) AEq (mms/)

(A"P3B)Fe(NNSiMes) 0.16 1.54
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Figure 4.16: °>"Fe Mosshauer spectrum of [(“"PsB)Fe(NNH2)][BArF24] reaction mixture (80

K, 2-MeTHF, 50 mT ).

Table 4.10: >'Fe Mosshauer Fit components for Generation of [(“"PsB)Fe(NNH2)][BAr 4]

Compound o (mm/s) AEq (mms/) % Area
(ArPsB)Fe(Nz) 0.42 1.90 53.6
[(A"PsB)Fe(NNH2)][BAr 2] 0.07 1.32 46.4

4.2.3 DFT Estimation of N-H Bond Strengths (BDFE) for (A"PsB)Fe(NNH) and
[(A"PsB)Fe(NNH2)][BArt24]: We were interested to see how the DFT predicted N-H bond
strengths in the truncated models of (*'PsB)Fe(NNHy) (x = 1, 2) species compared to those
we have previously reported for the parent system and used the same methodology as

previously published.® We found that for the ~'PsB system that the N-H bond in
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(“"PsB)Fe(NNH) is predicted to be significantly weaker than that of the parent system (gas
phase BDFEn-+ = 21 kcal/mol for (*'PsB)Fe(NNH) and gas phase BDFEn-+ = 35 kcal/mol
for (PsB)Fe(NNH)) (Scheme 4.9).2% Similarly, we found that [(“"PsB)Fe(NNH)]" has a
predicted gas phase BDFE of 39 kcal/mol while the parent [(PsB)Fe(NNH2)]" has a predicted
gas phase BDFE of 52 kcal/mol (Scheme 4.9).3 The weaker N-H bonds calculated for the
truncated ~'P3B systems relative to the parent system lead us to propose that the enhanced
thermal stability of (*'PsB)Fe(NNH) and [(*'P3B)Fe(NNH2)]* relative to their analogs on the
parent system has its origins in kinetic stabilization of these species from the steric bulk
provided by the A'PsB ligand, rather than from the formation of intrinsically stronger N-H

bonds.

MeO N N/
e | MeO
ST ol
j p—Fe N2 o 1 —FeP(AT)
MeO~ @ ke, Mea~ @ F BAn,
/ :
(AP3B)Fe(NNH) [(A"P3B)Fe(NNH,)]*
BDFEp.4 = 21 kcal/mol BDFEN.H = 39 kcal/mol
'\iH NH, @
! |
(pryp—Fe PP o, p—FeP(P1);
2 E\ (Pr), ('Pr),l i\('P)z
oy O
(P3B)Fe(NNH) [(A"P3B)Fe(NNH,)I*
BDFEy.y4 = 35 kcal/mol BDFEy.y = 52 kcal/mol

Scheme 4.9: DFT predicted N-H BDFE values for (APsB)Fe(NNH), [(*'PsB)Fe(NNH2)]*,
(PsB)Fe(NNH) and [(P3B)Fe(NNH2)]* (TPSS, def2-TZVP on Fe, def2-SVP on all else).
4.2.4 Production of NH3: We also characterized the viability of (*'PsB)Fe species as

precatalysts for the reduction of N> to NHs to supplement the thorough spectroscopic
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characterization of [(*'PsB)Fe(N2Hx)]Y (x =0, 1, 2; y = -1, 0, +1) species described above.
This was accomplished by screening [(“'PsB)Fe(N2)][Na(12-C-4);], (“"PsB)Fe(N>), and
(“"PsB)FeBr as precatalysts for N fixation using acids, reductants, and reaction conditions
previously reported for the parent [(PsB)Fe(N2)][Na(12-C-4),] system.®° We found that sub-
stoichiometric amounts of NHsz (up to 1.07 equiv. per Fe) could be produced using KCg and
HBArF24+2Et,0 cocktails. We also observed that quenching [(*"PsB)Fe(N2)][Na(12-C-4),]
with small excesses of HBArF24+2Et,O without added reducted generated small amounts of
NHs (Table 4.11), although the amount of ammonia produced was significantly less than
observed under the same conditions using the parent [(P:B)Fe(N2)][Na(12-C-4),] system. An
additional contrast between the ~'PsB and parent PsB systems is that the CoCp™, and
[PhoaNH2][OTf] cocktail produces no detectable ammonia. We have rationalized the
attenuation in catalytic activity for the A'PsB system relative to the parent PsB system in
several ways. The increased steric profile may very well have the effect of slowing the
kinetics of protonation of the N2 ligand, subsequently inhibiting the formation of NHs relative
to the background reaction of HBAr™,4 with KCgto produce H,. Additionally, the N, ligand
in [(A"P3B)Fe(N2)][Na(12-C-4),] is significantly less activated than that of the parent system,
as judged by N-N vibration observed in their respective IR spectra (vnz = 1937 cm™ for A'P3;B
versus 1905 cm™ for P3B). This attenuated activation of the N ligand is likely correlated with
attenuated NHs yields as has been hypothesized for other systems.®9124445 Fyrthermore, the
fact that (""P3B)Fe(N>) is a diamagnetic 18 e compound while (PsB)Fe(N2) isanS=1,16 ¢
compound makes the reduction of (“'P3B)Fe(N) into the anionic state presumed to be
requisite for catalysis significantly less favorable and may further attenuate any formation of

NH3.812 This is made apparent upon comparison of the cyclic voltammagrams of
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(“"PsB)Fe(N2) and (P3B)Fe(N2). For (A'PsB)Fe(N2) an irreversible reduction feature with a
peak potential at -2.62 V vs FeCp2/[FeCpz]* is observed when scanning cathodically
corresponding to (A'PsB)Fe(N2)/[(“'PsB)Fe(N2)]" while the (PsB)Fe(N2)/[(PsB)Fe(N2)]
couple is reversible with E1» = -2.08 V vs FeCp2/[FeCp2]* with a peak potential at -2.17 V
vs FeCp2/[FeCp2]*.* The 450 mV difference in peak potentials for the Fe(N2)/[Fe(N2)]" is
indicative of a significantly more difficult reduction to the anionic state requisite for catalytic
activity in the ~'P3B system relative to the parent system and explains the corresponding
attenuation in NHz when using either the KCs/HBAr4 or the CoCp”2/[H2NPh,][OTf]
cocktails. The irreversibility in the (*PsB)Fe(N2)/[(*"PsB)Fe(N2)] couple likely results from
the significant geometric rearrangement which occurs as the n?-arene interaction is lost and
the Fe center goes from a 6-coordinate 18 e configuration to a 4-coordinate 17 e

configuration (Figure 4.S27).
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Table 4.11: NH3 Production Under Various Conditions

Precatalyst Reductant  Acid (equiv.) Yield

(equiv.) (equiv./Fe)
(“"PsB)FeBr? KCs (56) HBArF22EtO (46) 1.07
(“"P3sB)Fe(Ny)? KCs (56) HBArF242EtO (46) 015
[(*"PsB)Fe(N2)][Na(12-C-4);]? KCs (56) HBArF242Et,0 (46) .095
[(PsB)Fe(N2)][Na(12-C-4),]° KCs (56) HBArF242EtO (46) 7.0
[(A"P3B)Fe(N2)][Na(12-C-4),]° CoCp™2(53) [H2NPh2][OTf] (108) 0.0
[(PsB)Fe(N2)][Na(12-C-4)2]® CoCp™2 (54)  [H2NPh2][OTf] (108) 12.8
[(*"PsB)Fe(N2)][Na(12-C-4),]° None HBArF242Et20 (2) 0.22
[(*"PsB)Fe(N2)][Na(12-C-4),]° None HBArF24+2Et20 (5) 0.25

a Precatalyst, acid, reductant and Et,O were sealed in a Schlenk tube at 77 K and then warmed to -78 °C and
stirred for 45 minutes followed by stirring for 30 minutes while warming room temperature prior to NH3
quantification workup. ® Precatalyst, acid, reductant and Et,O were sealed in a Schlenk tube at 77 K and then
warmed to -78 °C and stirred for 6 hours followed by stirring for 30 minutes while warming to room temperature
prior to NHs quantification workup. ¢ Precatalyst, acid, and Et,O were sealed in a Schlenk tube at 77 K and then
warmed to -78 °C and stirred for 15 minutes followed by stirring for 30 minutes while warming to room
temperature prior to NHs quantification workup.

4.3 Conclusion

The present study has described the synthesis of an anionic Fe-N, adduct supported by
a tris(diarylphosphine)borane ligand which creates a sterically protected N2 binding pocket.
This additional steric protection present in other Fe-N, adducts allows for the observation
and characterization of the first Fe(NNH) species which is converted into an [Fe(NNH2)]" in

the presence of 2-5 equivalents of acid. The S = ¥ ground state of [(*'P3sB)Fe(N2)][Na(12-C-



138

4);] and its more reactive products from protonation (~'PsB)Fe(NNH) and
[(A"PsB)Fe(NNH2)][BAr 4] were particularly well suited to study by EPR methods which is
selective for these species, and all species were extensively characterized by CW-EPR,
ENDOR and HYSCORE spectroscopies. These methods are well suited to the study of
reactive species which must be handled at cryogenic temperatures in order to be observed.
This strategy had previously been employed successfully by our lab to study model systems
as well as by others who study metallo-enzyme mechanism and reactivity. Additional support
for the assignments is provided by the >’Fe Mdssbauer spectra of reaction mixtures which
show major components which have isomer shifts and quadrupole splittings similar to
previously characterized and isoelectronic Fe-silyl-diazenido and iron-hydrazido(2-) species.
Furthermore these observations provide direct evidence that the first two protonation steps
in (PsB)Fe(N.) species occur at Ng and that formation of [Fe(NNH2)]* goes through an
Fe(NNH) on (PsB)Fe platforms. The characterization of these species also provides well-
determined physical observables, namely nuclear hyperfine coupling constants, nuclear
quadrupole coupling constants, and their associated asymmetry parameters. These values
may serve as useful benchmarks for comparison to intermediates observed under turnover in
the study of biological nitrogen fixing metallo-cofactors and synthetic nitrogen reduction
catalyst systems.
4.4 Supporting Information
4.4.1 Experimental:

General Considerations: All operations were carried out using standard Schlenk or
glovebox techniques under inert atmospheres of N2 or argon. Unless otherwise noted all

solvents were deoxygenated and dried by thoroughly sparging with N2 gas followed by
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passage through an activated alumina column in the solvent purification system by SG
Water, USA LLC and storage over 3 A molecular sieves prior to use. Non-halogenated
solvents were tested with a standard purple solution of sodium benzophenone ketyl in
tetrahydrofuran in order to confirm effective oxygen and moisture removal. All reagents
were purchased from commercial vendors and used without further purification unless
otherwise stated. 4-bromo-2,6-diisopropylanisole, 2-bromophenylphosphorusdichloride,
[Na][BArT2,], [H(OEt2)2][BAr 24], KCs, Cp“2Co, [Ph2NH2][OTf], and anhydrous *’FeCl,
were synthesized following literature procedures.'?3%46-50 Deuyterated solvents were
purchased from Cambridge Isotope Laboratories, Inc., degassed and stored over activated
3 A molecular sieves prior to use. Elemental analyses were performed by California
Institute of Technology’s Elemental Analysis facility or by Midwest Microlab, LLC,
Indianapolis, IN.

Nuclear Magnetic Resonance Spectroscopy: *H and *3C chemical shifts are reported
in ppm relative to tetramethylsilane, using residual solvent resonances as internal
standards. 3P chemical shifts are reported in ppm and referenced externally to 85%
aqueous HsPOa. °F chemical shifts are reported in ppm and referenced externally to
trifluorotoluene at -63.72 ppm. B chemical shifts are reported in ppm and referenced
externally to BFs*Et2O at O ppm. Solution phase magnetic measurements were performed
by the method of Evans.

Infrared Spectroscopy: Solid IR measurements were obtained on a Bruker Alpha
spectrometer equipped with a diamond ATR probe.

EPR Spectroscopy: Continuous wave X-band EPR spectra were obtained on a Bruker

EMX spectrometer on 2-9 mM solutions prepared as frozen glasses in 2-MeTHF. Pulsed
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EPR measurement including ESEEM, HYSCORE, and ENDOR measurements were
performed at X and Q-bands on a Bruker ELEXSY'S spectrometer. Spectra (CW, ENDOR,
HYSCORE) were simulated using the EasySpin suite of programs with Matlab 2016.%*
X-Ray Crystallography: XRD studies were carried out at the Beckman Institute
Crystallography Facility on a Bruker AXS KAPPA APEXII diffractometer (Mo Ka
radiation) or a Bruker AXS D8 VENTURE (Mo Ka or Cu Ka). Structures were solved
using SHELXS or SHELXT and refined against F2 on all data by full-matrix least squares
with SHELXL.> The crystals were mounted on a mitegen loops under Paratone N oil.
Electrochemistry. Electrochemical measurements were carried out using a CD
instruments 600B electrochemical analyzer. A freshly-polished glassy carbon electrode
was used as the working electrode and a graphite rod was used as the auxiliary electrode.
Solutions (THF) of electrolyte (0.1 M tetra-n-butylammonium hexafluorophosphate)
contained ferrocene (0.1 mM), to serve as an internal reference, and analyte (0.2 mM). All
reported potentials are referenced to the ferrocene/ferrocenium couple, [Cp2Fe]* /CpFe.
5"Fe Mossbauer Spectroscopy. Spectra were recorded on a spectrometer from SEE
Co (Edina, MN) operating in the constant acceleration mode in a transmission geometry.
The sample was kept in an SVT-400 cryostat from Janis (Wilmington, MA). The quoted
isomer shifts are relative to the centroid of the spectrum of a metallic foil of a-Fe at room
temperature. Solid samples were prepared by grinding polycrystalline material into a fine
powder and then mounted in a Delrin cup fitted with a screw-cap as a boron nitride pellet.
Solution samples were transferred to a sample cup chilled to 77K inside of the glovebox.
Upon freezing of the solution, the cup was quickly removed from the glovebox and

immersed in liquid N2 until being mounted in the cryostat. Data analysis was performed
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using the program WMOSS (www.wmoss.org) and quadrupole doublets were fit to
Lorentzian line shapes.

DFT Calculations. Geometry optimizations and frequency -calculations were
performed using dispersion-corrected density functional theory (DFT-D3) using Grimme’s
dispersion correction.>® All calculations were performed using ORCA version 4.0.1.2 with
the TPSS functional, the def2-SVP basis set for C, H, P, B, N, and O atoms, and the def2-
TZVP basis set for Fe. Frequency calculations were performed on optimized geometries to
ensure true minima and to obtain gas-phase free energy values at 195 K. Mdéssbauer
parameters were calculated using the TPSSH functional, the def2-SVP basis set for C, H,
and O atoms, the def2-TZVP basis set for P, B, and N atoms and the CP(PPP) basis set for
Fe and a COSMO solvation model in methanol according to a previously reported
methodology.t*

4.4.2 Synthetic Procedures

bis(3,5-diisopropyl-4-methoxyphenyl)-o-bromophenylphosphine: Mg turnings (16.6 g,
682.99 mmol) were stirred vigorously under N2 for 2 hours followed by addition of 400 mL
THF and 0.5 mL 1,2-dibromoethane. The suspension was heated to reflux for a period of 1
hour to activate the Mg turnings and then allowed to cool to room temperature. 44.3501 g
(163.53 mmol) of 4-bromo-2,6-diisopropylanisole in 25 mL THF was added dropwise via
addition funnel to the stirring suspension, no exotherm was observed. The reaction vessel
was again heated to reflux for 12 hours and again cooled to room temperature. The dark
cloudy solution was then added to a solution of 21.0662 g (81.69 mmol) 2-
bromophenylphosphorusdichloride in 250 mL THF at -78 °C dropwise via cannula over 2

hours. After addition was completed the reaction mixture was allowed to stir overnight (10
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hours) while slowly warming to room temperature. After overnight stirring 750 mL DI H2O
was added to the reaction mixture and the solution was transferred to a separatory funnel and
extracted with 3 x 400 mL Et>O. The combined organic layers were dried with MgSO4 and
filtered. Removal of solvent left a viscous oil. The oil was taken up in HMDSO and allowed
to stand at room temperature overnight as white solids crashed out of solution. Further
cooling of the mother liquor to -35 °C overnight furnished an additional small crop of white
solids. The solids were collected on a frit, washed with HMDSO and dried under vacuum.
Yield: 35.09 g, 75.4% Elemental Analysis % C; H; N: Found (Calc): C: 67.23 (67.48); H:
7.78 (7.43); N: -0.06 (0.00) *H NMR (400 MHz, CsDe, 298 K): & 7.40 (dd, 1H, 3Jun = 7.7,
4Jnn = 3.2 Hz), 7.34 (s, 2H), 7.32 (s, 2H), 7.13 (d, 1H, 3Jnn = 7.7 Hz), 6.77 (dt, 2H, Jnn =
53.0, 7.4 Hz), 3.44 (s, 6H), 3.34 (hept, 4H, 7.0 Hz), 1.12 (d, 24H, 3Jun = 6.8 Hz). 3P{'H}
NMR (202.4 MHz, CeDs, 298 K, ppm): 5 -3.76 (s), *C{*H} NMR (101 MHz, CsDs, 298 K,
ppm): & 156.10, 142.45 (d, J = 7.2 Hz), 141.42, 141.25 (d, J = 15.0 Hz), 134.76, 133.29 (d,
J=2.1 Hz), 13255 (d, J = 10.7 Hz), 130.7 (d, J = 31 Hz) 130.57 (J = 21.1 Hz), 130.14,
127.47,61.88, 24.12, 24.07.

A"P3B: 5.0926 g (8.94 mmol) of arm was dissolved in 200 mL Et,O and cooled to -78
°C. 6.2 mL "BuLi (1.6 M in hexanes) was added dropwise to the reaction mixture causing it
to turn golden. The solution was stirred cold for 1 hour and then allowed to warm to room
temperature over 1 hour and stirred an additional 30 minutes at room temperature. The
solution was then chilled to -78°C and a solution of B(OMe)3 (312.4 mg, 3.00 mmol) in Et.O
(40 mL) was added dropwise and the mixture was allowed to slowly warm to RT overnight.
All volatiles were removed from the reaction mixture, leaving a tacky cream colored solid.

This solid was suspended in pentane and filtered through Celite, leaving a white solid behind
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on the Celite pad. The white solid was then washed with Et,O (5 x 30 mL) and the washings
were collected and cooled to -78 °C. Solid [HNEt'Pr;]CI (504.7 mg, 3.05 mmol) was added
to the stirring mixture and the reaction was allowed to slowly warm to RT and stirred
overnight. The resulting bright yellow solution was pumped down to a yellow foam. The
foam was extracted in pentane, filtered through Celite, concentrated, and stored at -35 °C
resulting in the formation of bright yellow crystals of APsB. Yield: 2.7241 g (61.7%).
Elemental Analysis % C; H; N: Found (Calc): C: 77.54 (77.92); H: 9.18 (8.58); N: -0.02
(0.00) *H NMR (300 MHz, CeDs, 298 K, ppm): & 7.62 (d, 3H, 3Jun = 7.4 Hz), 7.26 (s, br,
12H), 7.12 (d, 3H, 3Jun = 7.4 Hz), 6.81 (dt, 6H, Jun =79.7, 7.6 Hz), 3.5 (s, 18H), 3.36 (hept,
12H, 3Jun = 5.6 Hz), 1.16 (t, 72H, 3Jun 6.8 Hz). 3'P{*H} NMR(202.4 MHz, C¢Ds, 298 K,
ppm) -9.49 (s), 1B (128 MHz, C¢Ds, 298 K, ppm). 3.79 (s, br) 3C{*H} NMR (101 MHz,
CDCl3, 298 K, ppm) & 154.22, 142.73 (m), 140.22, 135.47, 134.81 (m), 129.84 (d, J = 7.3
Hz), 129.71 (d, J = 7.7 Hz), 128.94, 128.46, 126.51, 62.28, 26.52, 24.28, 23.93

(*"P3B)FeBr: APsB (504.7 mg, 0.34 mmol) and FeBr2 (79.4mg, 0.37 mmol) were stirred
in THF (ca. 10 mL) until all solids had dissolved giving a clear yellow solution. All volatiles
were removed and the resulting solid was triturated in Et,O and evacuated to dryness. The
resulting solid was then dissolved in benzene and combined with Na/Hg amalgam and stirred
vigorously overnight giving a dark red-brown solution. The solution was filtered through
Celite and all volatiles were removed in vacuo, giving a dark brown solid. This solid was
dissolved in pentane and allowed to stand at room temperature overnight while tan solids
precipitated from solution. The dark brown mother liquor was decanted and filtered through
Celite and concentrated and stored at -35 °C, giving (“'PsB)FeBr as a dark brown

microcrystalline powder. Yield: 324.5 mg (58.9 %). X-ray diffraction quality crystals were
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obtained by slow vapor diffusing from a pentane solution of (“"PsB)FeBr into HMDSO.
Elemental Analysis % C; H; N: Found (Calc): C: 71.78 (71.73); H: 8.35 (7.86); N: 0.03 (0.00)
'H NMR (300 MHz, C¢Ds, 298 K, ppm): & 30.19 (s, br), 25.03 (s, br), 9.80 (s, br), 3.95 (s,
br), 3.45 (s, br), 3.31 (s, br), 2.41 (s, br), 1.46 (s, br), 0.85 (s, br), 0.75 (s, br), -2.06 (s, br), -
24.14 (s, br). peff (CeDs, 298 K, 300 MHz): 3.7uB

(*"P3B)Fe(N2): (“'PsB)FeBr (142.9 mg, 0.088 mmol) was dissolved in benzene and
stirred vigorously over excess sodium amalgam (2.3 eq.) for 12 hours resulting in formation
of a dark forest green solution. The solution was filtered through Celite and volatiles were
removed in vacuo. The resulting dark forest green solids were extracted in pentane, filtered
through Celite again, concentrated, and stored in a freezer at -35 °C, giving (“"PsB)Fe(N>) as
a dark microcrystalline solid. X-ray diffraction quality crystals were obtained by slow vapor
diffusion from a pentane solution of (*"PsB)Fe(N.) into HMDSO. Yield: 109.2 mg (79.5 %).
Elemental Analysis % C; H; N: Found (Calc): C: 74.16 (73.74); H: 8.50 (8.12); N: 1.69
(1.79). *H NMR (400 MHz, CsDg) & 7.37 (s, br, 9H), 6.94-6.49 (m, br, 15H), 3.50 (s, 9H),
3.41-3.29 (m, br, 15H), 3.11 (m, br, 6H), 1.27 (s, br, 18H), 1.14 (s, br, 18H), 1.03 (d, 3Jun =
6.8 Hz, 18H), 0.96 (s, br, 18H). 3P NMR{*H} NMR (202.4 MHz, C¢Ds, 298 K, ppm) 79.07
(s, br, 2P), 20.25 (s, br, 1P) . !B (128 MHz, CsDs, 298 K, ppm) 16.08 (s, br). IR(thin film
from CeDs, 298 K) vnz = 2016 cm™,

[(*"PsB)Fe(N2)][Na(12-C-4);]: (APsB)Fe(N2) was dissolved in THF and stirred
vigorously over excess sodium amalgam (5 eg.) for 12 hours, resulting in formation of a dark
red solution. The solution was filtered through Celite and volatiles were removed in vacuo.
The resulting dark red solids were extracted in Et.O, and filtered through Celite again and

neat 12-crown-4 was added. The solution was allowed to stand for 10 minutes and then was
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concentrated, layered with pentane, and stored in a freezer at -35 °C, yielding
[(""PsB)Fe(N2)][Na(12-C-4),] as a dark red microcrystalline solid. This solid was then
washed with pentane until the washings came out colorless (typically 3-5 x 1 mL washes).
(note: Et2O and Pentane were additionally dried by passage through a short pipette column
of activated alumina prior to use). Elemental Analysis % C; H; N: Found (Calc): C: 69.04
(69.38); H: 8.19 (8.21); N: 0.39 (1.44). Note: The N content of samples prepared for
elemental analysis was consistently low while remaining within acceptable limits on C and
H. This is consistent with a labile N2 ligand, additional evidence of the lability of the N>
ligand was observed in the rapid exchange of N for 14N in solution at low temperatures
and even in the solid state. *H NMR (300 MHz, CsDs) & 11.82 (s, br), 10.01 (s, br), 3.75-2.78
(multiple broad overlapping signals), 1.85 (s, br), 1.70-0.70 (multiple broad overlapping
signals), -1.36 (s, br). peff (CsDs, 298 K, 300 MHz): 1.7 puB. IR(thin film from THF, 298 K)
vnz = 1937 cm™,

[(A"P3B)°>"Fe(N2)][Na(12-C-4),]: APsB (300.0 mg, 0.203 mmol) and *'FeCl, (27.8mg,
0.217 mmol) were stirred in THF (ca. 10 mL) until all solids had dissolved, giving a clear
yellow solution. All volatiles were removed and the resulting solid was triturated in Et.O and
evacuated to dryness. The resulting solid was then dissolved in benzene and combined with
freshly prepared 1 % Na/Hg (1.14 equiv.) amalgam and stirred vigorously overnight, giving
a dark red-brown solution. The solution was filtered through Celite and all volatiles were
removed in vacuo giving a dark brown solid. This solid was dissolved in pentane and allowed
to stand at room temperature overnight while tan solids precipitated from solution. The dark
brown pentane mother liquor was evaporated to dryness and then dissolved in ca. 5 mL CsHs

and stirred vigorously over excess 1 % Na/Hg (10 equiv.) for 16 hours, giving a dark green
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solution. This solution was filtered through Celite, extracted in pentane, filtered through
Celite again, and evaporated to dryness, leaving a dark green foam. The green foam was
dissolved in ca. 5 mL THF and stirred vigorously over excess 1 % Na/Hg (10 equiv.) for 12
hours. The resulting dark red solution was decanted and evaporated to dryness, leaving a
dark red film. The film was extracted in ca. 3 mL Et,O and filtered through Celite. A 70 pL
aliquot of 12-Crown-4 was added to the filtrate and allowed to stand for 15 minutes before
layering with ca. 15 mL pentane. The vial was then sealed and placed in a -35 °C freezer
overnight. After ~ 48 hours the mother liquor was decanted and [(*'P3sB)°’Fe(N2)][Na(12-C-
4),] was collected as a red microcrystalline powder after washing with 3 x 2 mL portions of
pentane. The isolated product displayed spectroscopic signatures identical to the unlabeled
material by IR, *H NMR, and X-Band CW-EPR spectroscopies. (note: Et,O and Pentane
were additionally dried by passage through a short pipette column of activated alumina prior
to use). Yield: 121.7 mg (30.9 %).

(*"P3B)Fe(OTf): 99.4 mg (0.064 mmol) (“"PsB)Fe(N2) was dissolved in Et,O (ca. 5 mL)
and chilled to -78 °C. Upon chilling the solution was added to dropwise to a stirring
suspension of [FeCp2][OTf] (21.3 mg, 0.064 mmol) at -78 °C and stirred for 1 hour. The
solution turned from deep forest green to orange-brown and was allowed to warm to room
temperature while stirring for an additional 2 hours. All volatiles were removed in vacuo
leaving a tan solid. This solid was slurried in pentane and filtered to remove FeCpa, leaving
behind (A'PsB)Fe(OTf) as a tan solid. X-ray diffraction quality crystals were grown from
vapor diffusion of a concentrated THF solution into HMDSO. *H NMR (300 MHz, CsDs,

298 K) & 32.58 (s, br), 27.28 (s, br), 3.69 (s,br), 3.59 (s, br), 3.31 (s, br), 2.88 (s, br), 2.28 (s,
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br), 1.42-0.12 (m, br), -2.97 (s, br), -27.31 (s, br). 9F NMR (282 MHz, C¢Ds, 298 K) & -
27.70 (s, br).

(*"P3B)Fe(NNSiMes): 81.2 mg (50.2 pmol) (“"PsB)FeBr and 7.0 pL (55.0 umol)
MesSiCl were combined in ca. 7 mL THF. Freshly prepared 1% Na/Hg (3.0 eq.) was added
and the mixture was stirred vigorously for 3 hours) resulting in a dark red-brown solution.
Volatiles were removed in vacuo and the reaction mixture was stirred vigorously in ca. 7 mL
benzene for an additional 3 hours giving a dark green-brown solution. This solution was
filtered through Celite and lyophilized, giving a fine dark green-brown powder. Yield 77.2
mg (94.0 %). *H NMR (300 MHz, CeDs) 6 11.31 (s, br), 3.23 (s, br), 2.93 (s, br), 2.63 (s, br),
0.68 (s, br), -0.97 (s, br), -2.33 (s, br). (note: this compound is nearly NMR silent at 25 °C
and signals can only be clearly observed in very concentrated solutions (~120 mM). This
compound slowly decomposes over time in solution and in the solid state to give
(A"PsB)Fe(N2) and hexamethyldisilane and attempts to crystallize this compound resulted in
near quantitative recovery of (*'PsB)Fe(N.). However, the IR and >’Fe Mdssbauer spectra of
freshly prepared samples generated by the above method show either no component or a very
small component of (*"PsB)Fe(N.) . Additionally, no other species were detected in the crude
material by *H or 3P NMR. As such this material is best used freshly prepared and purity
should be evaluated by IR, *H and 3P spectroscopies. IR(thin film from CgHs, 298 K) vz =
1717 cm™,

Generation of (*'PsB)FeNNH: In a typical experiment 54 mg (2.8 umol) of
[(*"PsB)Fe(N2)][Na(12-C-4);] was dissolved in 150 pL 2-MeTHF and transferred into a 4
mm diameter quartz EPR tube and frozen in the glovebox cold well cooled with a liquid

nitrogen bath. 2.9 mg HBAr™24 (2.9 umol) was dissolved in 150 pL thawing 2-MeTHF and
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the acid solution was layered into the EPR tube and allowed to freeze. The two layers were
then mechanically mixed for a period of 30 minutes with a stainless steel needle in the EPR
tube keeping intermittent contact with the chilled sides of the cold well to keep the solutions
at or near -135 °C. The resulting brown solutions were then analyzed by EPR methods.
Alternative preparations using excesses of HBAr 24 (up to 5 equivalents) and HOTF (up to
20 equivalents) yielded identical spectroscopic signatures as judged by CW-X-band EPR.

Generation of [(*"P3B)Fe(NNH.)][BArT24]: In a typical experiment 5.4 mg (2.8 pmol)
of [(*"PsB)Fe(N2)][Na(12-C-4),] was dissolved in 150 uL 2-MeTHF and transferred into a 4
mm diameter quartz EPR tube and frozen in the glovebox cold well cooled with a liquid
nitrogen bath. 6.0 mg HBAr™24 (5.9 pmol) was dissolved in 150 pL thawing 2-MeTHF and
the acid solution was layered into the EPR tube and allowed to freeze. The two layers were
then mechanically mixed for a period of 15 minutes with a stainless steel needle in the EPR
tube, keeping intermittent contact with the chilled sides of the cold well to keep the solutions
at or near -135 °C. The resulting brown solutions were then warmed to -78 °C for 3 minutes,
flash frozen in liquid N2, and analyzed by EPR methods. Alternative preparations using
excesses of HBAr 2 (up to 5 equivalents) yielded identical spectroscopic signatures as

judged by CW-X-band EPR.



149

Table 4.51: XRD experimental parameters for (“"PsB)FeBr, (*'P3B)Fe(Ny),

(""'P3B)Fe(OTf)
Compound (“"PsB)FeBr (“"P3B)Fe(Ny) (""P3B)Fe(OT)
Chemical Formula  CgsH126BOeP3FeBr  CosHi26Fe(N2)*CsHi2  Co7H126BF3O9P3SFe
Formula Weight 1615.44 1635.70 1684.60
T (K) 100(2)K 100(2)K 100(2)K
L (A) 1.54178 0.71073 1.54178
Space Group P-1 P-1 P2:/C
a 13.3439(11) 11.8779(8) 27.2077(10)
b 13.9184(11) 14.7827(9) 25.6324(10)
c 25.1806(19) 27.0968(17) 13.4428(5)
a 93.843(5) 86.055(3) 90
B 90.086(5) 81.569(3) 94.115(2)
v 109.902(5) 89.245(3) 90
Volume 4386.0(6) 4695.3(5) 9350.8(6)
V4 2 2 4
Density (calc) 1.223 1.157 1.197
R1, wr2 0.1122, 0.2874 0.1263, 0.1623 0.1007, 0.2149

R1 = Y[[Fol - [Fell/Z[Fol, wR2 = {¥[w(Fo” - F? )]/ ¥ w(Fo?)*}"
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Figure 4.S1: ORTEP representation of (*'PsB)FeBr (H atoms omitted for clarity). Thermal

ellipsoids are drawn at the 50% probability level.
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Figure 4.52: ORTEP representation of (“'PsB)Fe(N2) (H atoms omitted for clarity and a

pentane solvent molecule). Thermal ellipsoids are drawn at the 50% probability level.
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Figure 4.53: ORTEP representation of (*"PsB)FeOTf (H atoms omitted for clarity). Thermal

ellipsoids are drawn at the 50% probability level.
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Figure 4.S4: Comparison of field dependent X-band HYSCORE spectra and simulations of
[(*"PsB)Fe(N2)][Na(12-C-4),] (left) and [(*'P3B)Fe(**N2)][Na(12-C-4)] (right). (9.414 GHz,

20K). (Experimental data is in black, N or N is in red, !B is in green).
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Figure 4.S5: Comparison of field dependent X-band HYSCORE spectra and simulations of
[(*"PsB)Fe(NNH2)][BAI 4] (left) and [(*PsB)Fe(*>*N°NH2)][BAr 4] (right) (Experimental

data is in black, **N or N is in red, !B is in green, 'H is in dark and light blue.
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Field-Dependent X-band Davies ENDOR
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—Difference(H-D) =—1H Sim

Figure 4.56: Difference of field dependent ENDOR spectra of (“'PsB)Fe(NNH) and
(""PsB)Fe(NND) and simulations. (Experimental Parameters: Temperature = 10 K; MW
Frequency = 9.72 GHz; MW Pulse Length (7/2, ) = 20 ns, 40 ns; RF Pulse Length = 15 ps;
Shot Rep Time 5000 = ps; T = 240 ns).



156

Q-band Davies ENDOR difference spectra
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Figure 4.S7: Difference of field dependent ENDOR spectra of [(“'PsB)Fe(NNH2)]BAr 2]
and [(*"PsB)Fe(NND2)][BAr 4] and simulations. (Experimental Parameters: Temperature =
10 K; MW Frequency = 33.60 GHz; MW Pulse Length (n/2, m) = 20 ns, 40 ns; RF Pulse
Length = 15 us; Shot Rep Time = 5000 ps; t =240 ns).



157

L 1 1 1 L 1 1 1 /!
295 300 305 310 315 320 325 330 335 340 345
B (mT)

1 1 L 1
1100 1125 1150 1175 1200 1225 1250
B (mT)

~——Data =——simulation

Figure 4.S8: A: (Top): CW X-Band EPR spectrum of [(*"PsB)Fe(N2)][Na(12-C-4);] with
simulation capturing overall line shape (77 K, 2-MeTHF, 9.387 GHz). g: [2.143 2.074
2.014]. HStrain (MHz): [95 86 114]. gStrain (MHz): [0.0003 0.003 0.0002]. A: (Bottom):
CW X-Band EPR spectrum of [(*"PsB)Fe(N2)][Na(12-C-4);] with simulation capturing
fine structure at the highest field g value (77 K, 2-MeTHF, 9.387 GHz). g: [2.143 2.074
2.014]. HStrain (MHz): [95 86 1]. gStrain (MHz): [0.0003 0.003 0.002]. B: Pseudo-
modulated Q-Band EPR spectrum of [(*"PsB)Fe(N2)][Na(12-C-4),] with simulation (15 K,
2-MeTHF, 34.122 GHz). g: [2.143 2.073 2.014]. Line Width: 3.2 (MHz). HStrain (MHz):
[380 220 9]. gStrain (MHz): [0.0005 0.0003 0.0001].
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Notes on simulation of the CW X-band EPR spectrum of [(*"PsB)Fe(N2)][Na(12-C-
4)2]: We were unable to generate a simulated spectrum which adequately fits the CW X-
band EPR spectrum of [(“'P3sB)Fe(N2)][Na(12-C-4),] at the highest field g value. To
address this we have included two simulations, one which captures the overall line shape
(Figure 4.S8A top) but does not capture the fine structure which can be observed in the
experimental spectrum from ~326mT to 340 mT. In the first simulation (Figure 4.S8A
bottom) included an additional simulation with much narrower line broadenings which
shows that this fine structure aligns nicely with the simulated splitting from the three 3'p
nuclei and '!B. We have also included a pseudo-modulated spectrum (Figure 4.S8B)
generated from a Q-band 2-pulse field sweep (34.12 GHz, 15 K) which is well simulated
using the same g values and hyperfine couplings as the X-band data.

We attribute the broad linewidths observed to inhomogeneity in the 3P couplings. The
effects of this can be observed in the ENDOR data for [(*"PsB)Fe(N2)][Na(12-C-4),] where
the 3IP peaks are much broader than the relatively sharp 1*B peaks. One possible origin for
the inhomogeneity and broadness is the presence of an isoelectronic species
[(*"PsB)Fe(L)][Na(12-C-4);] where L is either a vacant coordination site or a solvent
molecule (although we think a solvent is unlikely due to the steric bulk of both the ~'PsB
ligand and 2-MeTHF). The fact that the °N ligand is exchanged for N, in solution even
at low temperatures (-135 to -78 °C) is consistent with a labile N2 ligand that may be
replaced via a dissociative mechanism generating [(“'PsB)Fe][Na(12-C-4);] as an

intermediate which has similar EPR parameters to the species shown in our simulations.
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Figure 4.59: CW X-Band EPR spectrum of (*PsB)Fe(NNH) (77 K, 2-MeTHF, 9.44

GHz). g: [2.1771 2.02317 2.02068]. HStrain (MHz): [182 79 17].
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Figure 4.510: CW X-band EPR spectrum of (*'P3B)Fe(NNSiMes) (77K, 2-MeTHF, 9.37

GHz) g: [2.234 2.03 2.008]. HStrain (MHz): [226 21.3 30].
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Figure 4.511: CW X-Band EPR spectrum of [(*'P3sB)Fe(NNH2)][BArT4] (77 K, 2-
MeTHF, 9.44 GHz) g: [2.176 2.087 2.004]. HStrain (MHz): [215 105 35].

Al Alaniso
A, = Ajso + Azaniso
A3 A3aniso

Equation 4.S1: Decomposition of An into Aiso and Aaniso COMponents.

12 —4.5
18.25 =16.5+ 1.75
19.25 2.75

Equation 4.S2: Decomposition of An into Aiso and Aanis components for the proton in

(AP3B)Fe(NNH).
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27 5.67
21 = 2133+ —0.33
16 —5.33
Equation 4.S3: Decomposition of A into Aiso and Aanis components for the more
strongly coupled proton in [(*"P3B)Fe(NNH.)][BAr 24].

15 2.17
13.5 =12.83 + 0.67
10 —2.83

Equation 4.S4: Decomposition of A into Aiso and Aaniso COmponents for the more
weakly coupled proton in [(*'PsB)Fe(NNH2)][BArT2a].
Table 4.52: B nuclear quadrupole couplings and asymmetry parameters derived from

ENDOR and HYSCORE.

Compound e2Qqg/h (MHz) n

[(A"PsB)Fe(N2)][Na(12-C-4)] 0.3 0.1
(“"P3B)Fe(NNH) 1.0 0.3
(“"P3sB)Fe(NNSiMes) 1.0 0.3

[(A"P3B)Fe(NNH2)][BAI 4] 1.0 0.3
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Figure 4.512: >"Fe Mdossbauer spectrum of (A'PsB)FeBr (80 K, 2-MeTHF, 50 mT |)) § =

0.61 mm/s, AEq = 2.4 mm/s.
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Figure 4.513: °"Fe Mdosshauer spectrum of (APsB)Fe(N2) (80 K, 2-MeTHF, 50 mT ||) § =

0.42 mm/s, AEq = 1.9 mm/s.
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Figure 4.514: >'Fe Mossbauer spectrum of (A'PsB)Fe(OTf) (80 K, 2-MeTHF, 50 mT ||) &

=0.71 mm/s, AEq = 2.6 mm/s.
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Figure 4.S15: Q-Band 2p-ESEEM trace and exponential fit for T of

[(A"P3B)Fe(*5N2)][Na(12-C-4),] at 40 K.
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Figure 4.516: X-Band 2p-ESEEM trace and exponential fit for T, of (*"P3B)Fe(NNH) at

40 K.
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Figure 4.S17: Q-Band 2p-ESEEM trace and exponential fit for T of

(A"P3B)Fe(NNSiMe3) at 40 K.
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Figure 4.518: Q-Band 2p-ESEEM trace and alternative biexponential fit for T of

(A"P3B)Fe(NNSiMes) at 40 K.
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Figure 4.519: Q-Band 2p-ESEEM trace and exponential fit for T, of

[(A"P3B)Fe(*>*N°NH,)][BArT24] at 40 K.
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Figure 4.520: DFT optimized structure of a truncated version of [(*"PsB)Fe(N2)] (TPSS,
def2-TZVP on Fe, def2-SVP on all other atoms) (Isopropyl groups on arene rings
replaced with methyl groups). (Fe shown in orange, P shown in purple, B shown in

yellow, O shown in red, H shown in white, C shown in gray).
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Figure 4.521: DFT optimized structure of a truncated version of (*"PsB)Fe(N2) (TPSS,
def2-TZVP on Fe, def2-SVP on all other atoms) (Isopropyl groups on arene rings
replaced with methyl groups). (Fe shown in orange, P shown in purple, B shown in

yellow, O shown in red, H shown in white, C shown in gray).
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Figure 4.522: DFT optimized structure of a truncated version of (*'PsB)Fe(NNH)
(TPSS, def2-TZVP on Fe, def2-SVP on all other atoms) (Isopropyl groups on arene rings
replaced with methyl groups). Fe shown in orange, P shown in purple, B shown in

yellow, O shown in red, H shown in white, C shown in gray.
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Figure 4.523: DFT optimized structure of a truncated version of [(*'PsB)Fe(NNH.)]*
(TPSS, def2-TZVP on Fe, def2-SVP on all other atoms) (Isopropyl groups on arene rings
replaced with methyl groups). Fe shown in orange, P shown in purple, B shown in

yellow, O shown in red, H shown in white, C shown in gray.



171

Figure 4.524: DFT optimized structure of [(*'PsB)Fe(NNH)]* (TPSS, def2-TZVP on Fe,
def2-SVP on all other atoms) (Isopropyl groups on arene rings replaced with methyl
groups). Fe shown in orange, P shown in purple, B shown in yellow, O shown in red, H

shown in white, C shown in gray.
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Figure S25: DFT optimized structure of alternative structure B (TPSS, def2-TZVP on Fe,
def2-SVP on all other atoms) (Isopropyl groups on arene rings replaced with methyl
groups). Fe shown in orange, P shown in purple, B shown in yellow, O shown in red, H

shown in white, C shown in gray.
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w W

Figure 4.526: DFT optimized structure of alternative structure G (TPSS, def2-TZVP on
Fe, def-2SVP on all other atoms) (Isopropyl groups on arene rings replaced with methyl
groups). Fe shown in orange, P shown in purple, B shown in yellow, O shown in red, H

shown in white, C shown in gray.



174

Figure 4.527: DFT optimized structure of alternative structure | (TPSS, def-2TZVP on Fe,
def-2SVP on all other atoms). (Isopropyl groups on arene rings replaced with methyl
groups). (Fe shown in orange, P shown in purple, B shown in yellow, O shown in red, H

shown in white, C shown in gray).
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Figure 4.528: Cyclic Voltammagram of (*'PsB)Fe(N2) (THF, 0.1 M [TBA][PFe]).



4.4.2 Optimized Structure Coordinates for [(A"P3B)Fe(N2)]" (TPSS)
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6.909332
7.296025
5.259951
-1.408469
-1.899311
5.079101
-1.017567
-1.150925
-1.436050
1.699542

1.390334
1.515631
-0.733468
-0.783640
-2.996825
-3.775128
1.225706
1.225843
4142471
4.129159
-1.024766
-0.249631
-4.661289
3.247894
3.970562
-1.225062
-1.672745
5.612559
6.445838
5.197387
4.116493
-3.989863
-3.705264
-1.018034
-1.170404
-3.064357
-4.100277
-2.972958
-3.603119
-2.991982
-5.025013
-5.352161
1.057045
1.906834
2.051834
1.159570
1.477386
-2.145112
3.662821
4.339739
-2.465899
2.370965
4.096076
5.107687
-5.681504

-0.805378
-1.724138
4.479011
4.955546
2.778256
2.098971
1.606202
2.572008
-0.745133
-0.130678
4.505360
5.193641
-0.816552
-0.196463
0.445280
5.140048
6.136680
1.562130
1.380130
-2.428179
-2.397304
1.657339
2.622462
3.161492
-2.242722
-0.565007
-0.853759
-2.804148
-0.711549
-1.592747
-2.149063
-1.917933
1.570357
-0.121793
-0.398696
-0.816226
0.895441
-1.591528
2.581447
1.874463
-0.231335
2.180835
3.889358
4.200624
2.911695
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2.543774
-2.712524
-3.036156
-0.112333

0.417716
-1.702849
-0.486272
-0.251149
-2.347763
-1.338374

5.789538

6.355890

6.484515

5.038470
-3.192293
-3.874937
-5.856767

1.141889

1.371068

0.676903

0.391716

2.094357

3.009804

1.401556

1.618400
-5.585998
-6.429106
-5.720574
-4.642183
-6.007792
-7.052433
6.022873

6.782041
-6.660695
-7.702465
-6.489902
-5.987894
2.224492

3.003811

2.652980

1.420549
4.730561

4.930840
-2.629820
-2.222269

-6.346773
-1.999136
-1.978229
1.947629
1.297121
5.236357
3.236395
3.578608
-2.515575
-2.323239
5.922598
6.848470
5.136655
6.112973
-3.004650
-3.776501
1.082727
5.892017
5.974971
6.839976
5.091580
5.555726
5.399890
4.727364
6.496181
-5.140079
-5.420376
-5.609458
-5.519820
0.907985
0.682277
-3.416677
-3.748394
-2.933660
-3.194195
-1.895615
-3.593568
-4.633401
-3.996782
-5.129244
-3.961132
-0.836991
-1.794047
6.448851
7.178878

2.658581
4.982820
6.031158
4.372419
5.079516
-1.593217
4.780177
5.795813
-1.892048
-2.258534
1.905074
1.710954
2.264170
2.696480
4.125061
4.500694
0.311818
0.735900
-0.339588
1.064282
0.857238
3.071265
3.669701
3.295154
3.407815
-3.274789
-3.927804
-2.279767
-3.715040
2.866364
2.588297
0.501051
-0.228686
0.951327
1.210992
1.282982
1.526548
3.914146
3.463166
4.804788
4.255813
-3.708174
-4.227184
-1.575391
-2.295782
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-5.830148
-6.879020
0.576836
0.203056
-0.279448
0.934213
6.603520
7.642425
6.109503
6.069164
2.184108
2.764349
2.666070
1.186832
-2.946530
-3.868580
1.376354
1.867436
0.326504
1.374776
-5.989420
-6.603595
-6.379048
-4.958362
-5.481092
-5.489511
-6.098688
-4.440954
-7.420442
-71.278782
-7.270733
-8.466792
-0.913752
-0.654308
-2.017090
-0.535407
6.771423
7.518233
6.072562
7.295912
6.007815
6.868657
5.864055
6.245105
5.955669

1.293995
0.989025
-6.528466
-7.299180
-5.887741
-7.034209
3.817137
3.930534
4.801679
3.139576
-3.838100
-4.121489
-2.965671
-3.520669
-3.201512
-3.514534
-6.216583
-6.492347
-5.954150
-7.104959
2.228573
2.142194
3.071503
2.485848
-0.253963
-1.206214
-0.377083
-0.079060
-2.123081
-2.200335
-1.078311
-2.395547
6.183881
7.107072
6.102387
5.309159
-2.663470
-3.323544
-2.317277
-1.777952
0.024937
-0.486486
0.994185
0.226759
-4.050794

-2.248183
-2.089105
3.548960
2.851121
3.826468
4.465456
-1.633394
-1.995557
-1.664372
-2.322222
-3.123018
-4.020066
-2.655609
-3.474196
-4.267858
-4.788810
-2.814110
-3.766163
-3.032782
-2.161614
3.669173
4.584692
3.070184
3.972050
3.728435
3.173444
4.636998
4.049199
-1.315102
-2.404780
-0.998635
-1.078226
-4.556744
-5.101739
-4.479325
-5.121190
1.623881
2.104230
2.406331
1.223434
-3.831705
-3.370088
-3.322377
-4.892671
-2.824609
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6.856643
5.117089
5.675683
-4.065493
-4.708337
-4.520295
-4.078200
5.294928
4799717
4.509978
6.005406
-2.620868
-1.594515
-3.022331
-3.242754
2.179674
2.957090
1.246899
1.977354
-8.028947
-9.083118
-7.808554
-7.864299
3.541966
2.603945
3.740847
3.377698
-1.896642
-2.237407
-0.949115
-1.680414
-5.822171
-6.286897
-6.370516
-4.786553
-5.202189
-5.781781
-5.167674
-4.167548
-2.455132
-2.205843
-1.554118
-3.234607
1.288075
0.373572

-4.429222
-4.001594
-4.746577
6.087085
6.986614
5.359143
5.632289
-4.656643
-5.236458
-4.367536
-5.323567
7.123096
7.397743
6.443609
8.037355
-7.753407
-8.437829
-7.904024
-7.993840
2.071610
1.752951
2.756723
2.616789
-0.158222
-0.720555
-0.064096
0.860224
-4.320922
-5.261265
-4.033411
-4.521376
2.734010
3.446907
2.786779
3.074033
0.319985
0.308734
-0.704934
0.616737
-1.896123
-2.075468
-1.501236
-1.117530
2.970223
3.191178

-3.335122
-3.546110
-2.010350
-2.006239
-2.023809
-1.310009
-3.012048

1.052956

0.257591

1.772799

1.577242
-0.186130

0.109277

0.588283
-0.189301

0.402066

0.023284
-0.174806

1.463808

0.320211

0.262477
-0.522005

1.270705
-4.406807
-4.266139
-5.489496
-4.015642
-4.417282
-3.949060
-3.930375
-5.482568
-2.806978
-2.103178
-3.765914
-2.984506
-3.261616
-4.202501
-2.861196
-3.507977
-4.931193
-5.993491
-4.429013
-4.885109
-4.425298
-5.004600
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1.152093
2.137766
2.864877
2.861687
3.061331
3.709652
1.540218
1.621251
-0.142300
0.166194
0.225291
0.041578

1.975375
2.914029
3.784384
2.810288
4.556458
3.780597
4.045835
5.029724
-0.089924
-0.205910
-0.292618
-0.124804

-3.966650
-5.131241
-2.601455
-2.083587
-1.839194
-3.314303
-3.344629
-3.839849

2.598640
-1.517629
-2.663554

0.261969
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4.4.3 Optimized Structure Coordinates for Truncated (A"PsB)Fe(N2) (TPSS)
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-0.068012 0.646503 -0.188199

2.053201
0.299178
-2.264044
4.097691
-6.105864
-3.824159
6.707897
4.507600
-0.292833
-4.225228
-0.450621
1.129869
1.386156
-2.845252
2.072651
1.912168
1.595958
1.045605
1.089464
1.877795
1.837559
3.925703
3.431002
2.024676
2.104746
3.461136
1.236072
-2.136731
-1.278076
3.171819
-3.607573
-3.013637
2.493820
2.057149
0.994859
2.970406
-2.611633
2.591444
4.095905
3.737871
2.856086
-1.664870

1.264148
-1.484242
0.771204
-3.915133
-2.161400
6.592133
-0.525191
3.549808
0.791350
-5.474831
0.767464
-0.687388
-2.245280
2.526721
-1.434164
-0.353648
-3.639249
-4.296735
-2.699932
-0.708440
0.154597
1.523033
2477702
-2.921846
-3.775220
0.715891
-1.805588
3.368163
2.965637
-3.365033
0.269164
1.105629
-4.216910
2.763741
2.914207
-1.969516
0.246689
3.270647
-0.506490
-1.136139
2.064285
-3.149423

-0.287748
-0.380260
-0.580294
3.673513
3.038520
-0.133061
-3.635194
4.713110
1.592522
-0.281189
2.722926
-2.809393
0.935059
-0.411561
1.853593
1.844390
0.983833
0.301220
-0.378765
-4.005042
-4.680864
-2.371923
-2.582571
-2.274152
-1.593740
-1.319626
-1.947894
0.461110
1.007550
2.797927
1.824771
2.207200
1.895326
2.085585
1.875214
2.794533
-2.306114
3.278216
-1.041708
-0.219131
1.159170
-1.578466
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-1.288942
-1.425306
0.140708
-3.888135
-4.791698
-3.481415
-3.894475
-4.434837
-3.516575
-4.253255
-4.132052
3.964245
4.229472
4.869724
-5.268888
1.056806
-4.471061
-1.580884
-0.686693
1.093330
1.819131
3.568361
3.143774
4.409457
2.780277
5.615530
2.743005
3.365094
-5.184451
-1.615583
-1.197699
-0.693097
-1.369130
-4.241024
5.006200
-0.752553
-1.481176
2.681695
3.261395
0.235072
0.271948
-3.179723
5.186118
-2.726082
-4.006842

-2.772965
-0.005407
1.926421
0.053715
0.257974
-0.126785
3.067769
2.441494
5.238955
-1.206446
-1.571428
3.055502
1.908511
1.390600
-1.442577
2.495682
-0.397987
-0.520113
-0.753321
3.896617
4.285333
-4.302889
-3.436364
-4.718500
-5.074479
-0.128104
-2.924333
-3.787411
-1.849638
-3.147705
-2.770294
4.236513
4.917693
4.423791
1.112568
2.875961
2.501087
-1.810407
-1.806527
4.756874
5.833992
-4.559088
-0.944356
-4.073003
-0.444940

-2.535600
-3.044092
-2.113314
-2.869779
-2.285715
0.479790
-1.177274
-1.893838
-0.177467
0.014867
-1.008328
3.537300
1.424790
0.702867
2.192994
-1.145646
2.708486
-4.350895
-4.940582
-0.876140
-0.154268
4.944155
5.488432
5.521590
4.837231
-2.877605
-3.478354
-3.742310
0.845528
0.848771
1.788634
-2.479437
-3.008032
-1.077056
-3.167954
-2.728470
-3.455619
-4.332732
-5.262769
-1.541389
-1.343845
-0.327269
-1.808135
-1.573091
-4.174687
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-4.998451
4.803304
-2.453183
-2.847658
-2.934784
-2.652893
-4.665913
-4.844053
-4.184288
-5.634473
-7.376264
-7.929671
-71.944611
-7.271070
6.394415
5.737840
5.893964
7.351345
4.519438
3.494919
4.962144
5.130322
0.001440
-3.845738
-3.109420
-3.411105
-4.764480
1.722699
2.299402
0.855974
1.324978
6.275096
6.656789
6.454404
6.858400
5.866885
5.397521
6.934006
5.771216
5.507636
6.607422
5.105513
5.192775
2.744886
2.139098

-0.615348
2.399666
4.730416
-0.744291
-1.148661
-4.089513
6.983813
8.064829
6.794523
6.447361
-1.560514
-2.263121
-1.395730
-0.591243
-1.373432
-0.858637
-2.303609
-1.623191
2.615862
2.284544
3.139299
1.723564
0.371459
-6.833190
-7.179131
-6.971096
-7.434933
4.000003
4.774447
4.464688
3.299753
2.215285
3.038237
1.269530
2.168871
-2.258860
-3.078155
-2.221036
-2.518679
1.955987
1.911111
1.590758
3.006670
-5.708011
-6.208562

-4.608422
2.610511
0.595457
-4.908764
-5.923837
0.897571
0.954567
0.841200
1.934064
0.928811
3.300223
3.943861
2.363917
3.825946
-4.743441
-5.472121
-4.414159
-5.227508
5.797733
6.055930
6.659527
5.557922
-2.384056
-0.514193
0.238188
-1.523150
-0.431047
4.276551
4.807376
3.778741
5.035508
2.900371
3.526407
3.447669
1.966240
-1.511737
-2.089022
-1.785403
-0.444387
-4.317112
-4.386842
-5.281535
-4.204988
1.917630
2.697035
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2.479523

3.803431

3.696993

3.151023

4.702882

3.786065
-3.373778
-3.358484
-2.840227
-4.418119
-3.219019
-3.415866
-2.525930
-4.178419
-6.068071
-5.904711
-7.137464
-5.864968
-4.529689
-3.549343
-5.269698
-4.818525
-1.631293
-1.652474
-2.010890
-0.583261
-5.334770
-6.195665
-4.970625
-5.702395

-6.168399
-5.920969
-1.074848
-1.008709
-1.470970
-0.050716
-4.509160
-3.683482
-5.365756
-4.817515
-4.565130
-5.650081
-4.335567
-4.062515
-2.958288
-3.901510
-2.698996
-3.150319
-0.019326
0.350532
0.783339
-0.888955
5.630036
6.669060
5.630992
5.286153
5.030874
5.348915
5.932353
4.308819

0.951166
2.140724
3.773710
4.734213
3.991796
3.377345
-2.868406
-3.600157
-3.323092
-2.696279
2.215822
2.207577
3.041957
2.436016
0.324491
0.871050
0.433966
-0.740586
4.171257
4.514342
4.356121
4.784540
1.489708
1.121649
2.529461
1.519702
-1.925435
-1.308360
-2.448017
-2.672956
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4.4.4 Optimized Structure Coordinates for Truncated (A"PsB)Fe(NNH) (TPSS)
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-0.135888
1.980569
0.100526
-2.280116
3.892429
-6.194611
-2.802068
6.588514
4.427325
-0.266980
-4.831044
0.887289
1.161894
-2.556041
1.858161
1.702626
1.361335
0.800399
-1.370569
1.625146
1.623662
4.034812
3.691550
1.677185
1.721002
3.386885
0.955342
-1.704420
-0.935772
2.958065
-3.645138
-3.022639
2.261828
2.081530
1.068543
2.768019
-2.766996
2.594340
3.837229
3.344358
2.827271
-2.012820
-1.614001

-0.488147 0.146160

-1.160243
1.655924
-0.887778
4.263002
0.832734
-6.857698
1.420085
-3.507134
-0.863383
5.122279
0.767615
2.492039
-2.718487
1.707223
0.622546
3.887156
4.520020
2.766027
0.762192
-0.139670
-1.057017
-2.053929
3.071568
3.963662
-0.380164
1.934554
-3.584015
-3.157126
3.668144
-1.100901
-1.990745
4.492553
-2.884307
-3.156480
2.270810
-0.246350
-3.409798
0.894491
1.423991
-1.996880
3.089096
2.708559

0.574042
0.520383
0.597705
-3.404467
-3.652627
1.320923
3.476865
-4.401426
-1.504257
0.549295
2.930507
-0.760555
0.737087
-1.694520
-1.694210
-0.763723
-0.066309
0.541941
4.133170
4.757504
2.518759
2.816307
2.530417
1.897882
1.471343
2.130739
0.030629
-0.621878
-2.569568
-1.826600
-1.967888
-1.654457
-1.628107
-1.321272
-2.606506
2.239016
-2.823509
1.090051
0.270289
-0.830886
1.751952
2.697546
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-1.624494
0.241702
-4.073155
-4.936441
-3.542850
-3.504846
-4.147852
-2.746275
-4.327183
-4.222615
3.892394
4.137539
4.743167
-5.334394
1.296736
-4.519391
1.632802
2.441457
3.425637
3.143267
4.258914
2.551386
5.518442
2.387129
2.967623
-5.257401
-1.910476
-1.435427
-0.152951
-0.740681
-3.613072
5.107239
-0.472254
-1.310378
2.377036
2.959842
0.903742
1.142384
-3.659868
4.906610
-3.169977
-4.261430
-5.271614
4.687226
-1.780098

-0.039886
-1.934210
-0.006119
-0.180403
-0.359249
-3.262390
-2.601471
-5.492153
0.799885
1.418662
-3.015742
-1.664076
-0.997361
0.419759
-2.443625
-0.714349
-3.808745
-4.156694
4.564001
3.647042
5.060146
5.244464
0.828168
3.042269
3.917220
1.185326
3.230653
2.952141
-4.255851
-4.969911
-4.649237
-0.466305
-2.892564
-2.554735
1.879211
1.847755
-4.718916
-5.787606
4.372582
1.518289
3.883312
0.483283
0.701061
-2.164521
-4.978442

3.049070
2.504619
2.703403
2.051987
0.632918
1.621910
2.212128
1.075187
-0.474807
0.422450
-3.217453
-1.225709
-0.602195
-2.642273
1.681992
-2.854355
1.647318
0.994656
-4.722429
-5.275597
-5.245012
-4.695689
2.818592
3.738637
4.052695
-1.457571
-0.670049
-1.617671
3.227937
3.816038
1.805926
3.206872
3.267074
3.887962
4.526638
5.454423
2.425699
2.390410
0.534463
1.750060
1.766000
4.003620
4.367824
-2.418304
0.185730
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-3.146887
-3.290586
-3.049958
-3.584758
-3.563728
-3.167543
-4.634067
-7.495747
-8.060120
-8.021464
-7.446385

6.223397

5.722174

5.546781

7.158417
4.132821

3.042495

4.634840

4513714
-0.148602
-4.643289
-4.126354
-4.057189
-5.646933
-0.423231
-0.470101
-0.814010

0.164099
-0.668011
-1.180228
-6.176888
-7.171710
-5.783897
-6.334178
-4.591287
-3.627309
-5.363042
-4.850794
-3.606105
-2.978784
-3.628169
-4.629899
-3.891044
-3.752971
-4.976802

0.704286
1.091907
4.051099
-7.605859
-8.653702
-7.545870
-7.250218
0.243093
0.664010
0.486084
-0.858893
2.223693
1.621197
3.048651
2.641493
-2.709250
-2.663880
-3.188842
-1.675403
-0.373736
6.539403
6.885566
6.863828
6.990195
-1.308357
-0.548356
-5.895481
-5.402537
-6.824439
-6.171210
2.369245
2.035297
3.073895
2.903924
-1.487663
-1.978874
-2.280340
-0.818955
4.551679
5.364068
3.736552
4.935596
4.206606
5.266701
4.044196

4.828586
5.844036
-0.697843
0.388059
0.727834
-0.636109
0.363022
-3.610706
-4.458002
-2.666261
-3.714969
4.601718
5.384254
4.307645
5.006474
-5.550960
-5.743492
-6.405666
-5.435023
2.450620
0.556660
-0.360011
1.438601
0.599366
-2.637709
-3.353469
-0.527573
-0.653808
0.046790
-1.534547
-1.259940
-0.907353
-0.512028
-2.210972
-4.151916
-4.366065
-4.108765
-4.989056
-2.011864
-2.424731
-2.756234
-1.888321
3.053911
3.339805
2.942714
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-3.518228
2.511775
2.098024
2.043823
3.594162
3.539985
4527431
3.677588
3.004240
6.087500
6.072005
6.698972
6.576649
1.755264
0.973108
2.374932
1.234682
5.365426
5.125374
4.849183
6.449590
5.795859
6.866091
5.352737
5.692100

-4.591391

-5.407255

-4.087966

-5.049888

-1.851450

-0.993773

3.576414
5.983290
6.470531
6.455788
6.197455
1.395381
1.834296
0.385451
1.280235
-1.794279
-0.945958
-1.486875
-2.640635
-4.328858
-3.750751
-4.852789
-5.077197
2.900477
3.104036
3.670447
3.019294
-1.176386
-0.913969
-0.884784
-2.270745
-5.246287
-5.787756
-5.979112
-4.462584
0.439378
0.629310

3.876156
-1.642756
-2.545615
-0.763531
-1.632790
-3.568679
-3.788122
-3.148260
-4.530687
-2.852766
-3.564877
-1.988355
-3.362311
-3.680754
-4.207126
-4.424873
-3.059379
1.350046
0.293101

1.954625

1.511370

4.349772

4.386267

5.321800

4.256458

2.790713

2.276028

3.444893

3.415885
4.358412

5.014517
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4.4.5 Optimized Structure Coordinates for Truncated [(A"PsB)Fe(NNH)]* (TPSS)

Fe

P
P
P
@)
@)
@)
@)
@)
N
@)
C
C
C
C
H
C
H
C
C
H
C
H
C
H
C
C
C
H
C
C
H
C
C
H
C
C
C
C
H
C
C
H

0.137425
-2.055012
-0.174727

2.360605
-3.771967

6.253402

3.393674
-6.744884
-4.494492

0.369557

4.510005
-0.982803
-1.173620

2.776512
-1.882560
-1.792923
-1.318779
-0.766427

1.266551
-1.713065
-1.648436
-3.924998
-3.448134
-1.924981
-2.018384
-3.431386
-1.120153

2.026887

1.230665
-2.866040

3.691643

3.095371
-2.168276
-2.039878
-0.974324
-2.735924

2.740748
-2.585072
-4.057936
-3.668071
-2.838688

1.793808

1.351822

0.649134
1.136503
-1.534447
0.813876
-3.634305
-1.127208
6.728175
-1.302542
3.927198
0.891364
-5.308375
-0.973200
-2.163615
2.611578
-1.291448
-0.210155
-3.553799
-4.253595
-2.675028
-1.107438
-0.326686
0.951667
1.850244
-3.119333
-3.894727
0.363306
-1.988730
3.515952
3.139731
-3.164845
0.872008
1.772782
-4.074344
2.846334
2.972265
-1.767894
0.077265
3.478086
-0.777904
-1.226560
2.055209
-3.189903
-2.903387

0.416500
0.586460
0.485525
0.801291
-3.887397
-3.357661
1.286725
3.395345
-4.139090
-1.237301
0.386774
2.965842
-0.947804
0.895169
-1.794122
-1.665521
-1.140373
-0.503209
0.451401
4.163371
4.930988
2.668543
3.074670
2.201068
1.434901
1.492192
1.993647
0.123168
-0.527318
-2.959827
-1.643284
-1.820746
-2.130413
-1.641079
-1.427190
-2.802769
2.430242
-2.765918
0.955554
0.038617
-0.788460
1.650894
2.609195
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1.585460
-0.127328
4.039297
4.916602
3.563178
3.753615
4.323077
3.220564
4.343331
4.221536
-3.961029
-4.213673
-4.851111
5.392232
-1.142807
4.581485
1.789813
0.920980
-1.281713
-2.047739
-3.230671
-2.710875
-4.086254
-2.524351
-5.630113
-2.642240
-3.290527
5.295073
1.852278
1.464314
0.523193
1.158844
3.986872
-5.025519
0.710239
1.498211
-2.546868
-3.131265
-0.469280
-0.598807
3.413728
-5.940151
-6.223921
-5.176896
2.881740

-0.240673
1.693905
-0.175544
0.072350
0.167975
3.106865
2.420998
5.370684
-0.984547
-1.574592
3.287502
1.923397
1.338049
-0.679961
2.296454
0.448049
-0.848429
-1.128125
3.706705
4.127561
-4.027160
-3.181843
-4.339153
-4.872577
-0.757898
-3.227866
-4.094321
-1.400956
-3.040341
-2.625988
3.985401
4.644663
4.485745
0.393959
2.610716
2.200964
-2.216434
-2.294354
4.538962
5.625476
-4.465414
-2.519558
-3.185229
-1.345469
-4.074864

3.190309
2.466173
2.912740
2.306152
-0.427596
1.778796
2.413888
1.103199
-0.213300
0.700124
-3.040879
-1.059781
-0.389666
-2.374272
1.635452
-2.641012
4.447899
5.054192
1.536126
0.877296
-5.157412
-5.648391
-5.774632
-5.054708
2.7186224
3.399539
3.569667
-1.162209
-0.774108
-1.711587
3.137223
3.736859
1.898678
3.339743
3.185476
3.825638
4.369890
5.293319
2.297775
2.246737
0.389380
0.974378
1.809989
1.579798
1.640157
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4.206290
5.212856
-4.794863
2.230667
3.078809
3.207285
2.920434
4.256902
4.310640
3.855042
5.272106
-5.118105
-4.904699
-5.678892
-4.152970
7.581958
8.127365
8.091508
7.572256
-7.250347
-7.868756
-7.836554
-7.022960
-6.481357
-5.978625
-5.849663
-1.459272
-4.652324
-3.678761
-5.063546
-5.349994
0.124128
4.225751
3.746872
3.566486
5.193356
0.579178
0.643693
-1.743472
-0.745549
-1.604403
-2.235195
-6.271577
-6.841137
-6.654867

-0.774519
-0.986833
2.533011
4902741
-1.112728
-1.587398
-3.950643
7.379557
8.435243
7.315008
6.938946
-3.339149
-2.764700
-4.239112
-3.662784
-0.587572
-1.034638
-0.850862
0.514117
-2.008118
-1.476287
-2.851857
-1.315451
-2.182221
-1.654839
-3.034245
-2.552604
3.118858
2.714057
3.779577
2.278152
0.127973
-6.704408
-6.899078
-7.079380
-7.225805
0.824819
-0.140947
4.337097
4.514660
3.853309
5.306142
2.389884
2.254994
3.277287

4.168695
4.543689
-2.185345
0.212226
4.933299
5.911917
-0.831023
0.343177
0.649217
-0.685857
0.359534
-0.032407
-0.951167
-0.336906
0.392385
-3.312631
-4.157335
-2.366218
-3.421274
0.329826
1.071350
-0.075675
-0.501366
4.497710
5.329894
4.181915
4.838441
-5.314067
-5.651904
-6.091835
-5.139225
2.625535
0.214869
-0.763602
1.020553
0.258520
-2.427302
-2.818004
-3.680145
-3.248389
-4.664199
-3.868473
-2.469365
-1.535419
-2.998632
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-6.469833
-3.530344
-4.604404
-3.402089
-3.221343
-2.372331
-3.412713
-1.714114
-2.145641
3.527192
3.655533
4.511576
2.876782
3.480717
3.118595
3.217344
4.581895
-5.556099
-6.643335
-5.079046
-5.346576
6.211713
5.762701
6.466773
7.160147
4.690086
3.762001
5.518147
4.896506
5.000374
5.383385
5.863488
4.555264
1.372250
1.249614
1.823529
0.375998

1.506712
-0.820809
-1.075757

0.222018
-0.888112
-5.563477
-5.780673
-5.985017
-6.092383
-4.348669
-3.465912
-4.818722
-5.066785
-4.606301
-4.032599
-5.668655
-4.551635

1.011737

0.852388

0.559424

2.093966
-2.573966
-3.305161
-3.081414
-2.229657

1.175824

1.727455

1.909773

0.465909
5.039507

4.250768

5.484401

5.844142
5.865913

6.812628

6.106382

5.432606

-3.106766
-3.672426
-3.639856
-3.340639
-4.731899
-2.283343
-2.575600
-3.066203
-1.343182
-2.156820
-2.806439
-2.013651
-2.690806
2.921016
3.788107
3.078372
2.886160
4.612180
4.699466
5.502146
4.642768
-0.902514
-0.213978
-1.846383
-0.448448
-3.961038
-4.184564
-3.947695
-4.778506
2.872136
3.539215
2.343774
3.482217
-0.573858
-0.022886
-1.554477
-0.765731

193



194

4.4.6 Optimized Structure Coordinates for Truncated [(A"P3B)Fe(NNH2)]* (TPSS)

TOOIOOOOITOOIOOIOOOIOIOIOOIOIOOONOO0OZO0000OOCUTUTTM

-0.073094 0.639925 -0.113304

2.128847
0.193565
-2.287827
3.826753
-6.321950
-3.209499
6.696040
4.772055
-0.371844
-4.516916
1.028675
1.204987
-2.674817
1.952459
1.873180
1.329677
0.750281
-1.250016
1.758985
1.726504
3.990476
3.547129
1.895612
1.969978
3.477820
1.129203
-1.920512
-1.147939
2.925214
-3.704627
-3.132140
2.191215
2.198316
1.112704
2.819107
-2.671813
2.796823
4.057054
3.666694
2.967362
-1.794355
-1.360392

1.116151
-1.539508
0.862873
-4.129056
-1.366660
6.812674
-0.923997
3.294430
0.807217
-5.279616
-0.713388
-2.344340
2.666959
-1.565942
-0.475601
-3.748738
-4.377390
-2.679401
-0.733005
0.135458
1.256802
2.234325
-2.968182
-3.826157
0.471684
-1.841651
3.467324
3.002287
-3.553323
0.742153
1.642680
-4.371154
2.449249
2.530486
-2.145494
0.310044
2.942085
-0.774637
-1.381316
1.835820
-3.033366
-2.627224

-0.272047
-0.420544
-0.486455
3.661118
3.388349
-0.345476
-3.563454
4.667621
1.608735
-0.755249
-2.821780
0.917869
-0.386368
1.821761
1.789341
0.977901
0.292620
-0.510652
-4.027552
-4.695907
-2.360061
-2.578695
-2.315453
-1.640199
-1.312237
-1.975921
0.489764
1.110402
2.789975
1.913291
2.163685
1.896583
2.200779
2.077202
2.763791
-2.183466
3.367167
-1.015186
-0.190860
1.190286
-1.760399
-2.678618
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-1.516153
0.214229
-3.971650
-4.846731
-3.516649
-3.628048
-4.196946
-3.065417
-4.272907
-4.109798
4.196517
4.362371
4.972997
-5.420014
1.222804
-4.634765
-1.724972
-0.857821
1.371905
2.131687
3.289331
2.829185
4.137149
2.532708
5.614812
2.600607
3.209561
-5.259002
-1.829628
-1.431690
-0.411706
-1.037143
-3.834441
5.066729
-0.606447
-1.390424
2.544191
3.119015
0.572388
0.702713
-3.412335
5.134939
-2.887952
-4.141430
-5.148419

0.084003
1.916447
0.106149
0.282340
0.118652
3.272163
2.668728
5.439535
-1.025378
-1.551944
2.790406
1.739904
1.291582
-0.862530
2.414415
0.253843
-0.379344
-0.586718
3.799473
4.129160
-4.588612
-3.756748
-4.996212
-5.381899
-0.468051
-2.966434
-3.833398
-1.508967
-3.198257
-2.917462
4.277907
5.008564
4.660298
0.799729
2.920285
2.597232
-1.844025
-1.837982
4.723629
5.795289
-4.452560
-1.261241
-3.907271
-0.350443
-0.525417

-2.975644
-2.050007
-2.685134
-2.050750
0.661994
-1.226510
-1.941147
-0.303003
0.345115
-0.600552
3.520499
1.348093
0.557837
2.471505
-1.142546
2.841230
-4.293310
-4.930502
-0.871873
-0.155681
4.909283
5.477300
5.480135
4.758521
-2.835506
-3.526291
-3.804529
1.225458
0.660857
1.642842
-2.447215
-2.970025
-1.200226
-3.136776
-2.665595
-3.358238
-4.370297
-5.302621
-1.535775
-1.351238
-0.658483
-1.767526
-1.853049
-3.998850
-4.391909
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4.998147
-2.099478
-3.014742
-3.144760
-2.904917
-4.067981
-4.101459
-3.675307
-5.090602
-7.661356
-8.237087
-8.114396
-7.688148

6.371267

5.808276

5.772365

7.328306

5.100522

4.198728

5.511972

5.855680
-0.052755
-4.248735
-3.780600
-3.586348
-5.221300
-0.619515
-0.936822
-0.522645
-4.823956
-3.953828
-5.713289
-4.980649
-6.151049
-6.413987
-7.097455
-5.679793
-3.506267
-2.873713
-3.598202
-4.507231
-3.504328
-3.289816
-4.602280
-3.114470

2.213844
4.859491
-0.594643
-0.958805
-4.100313
7.381477
8.463582
7.207857
6.962974
-0.860734
-1.349992
-1.104418
0.236669
-1.679695
-1.066751
-2.575272
-1.990391
2.328963
1.776434
2.895658
1.603543
0.376473
-6.688969
-6.997253
-6.980352
-7.191498
0.113805
0.559086
-0.917443
0.901667
1.523802
1.559378
0.137509
-2.671330
-3.256278
-2.307392
-3.337751
-4.655699
-5.459054
-3.864553
-5.071985
-4.265086
-5.314735
-4.164200
-3.614873

2.510136
0.547282
-4.800063
-5.825061
0.612537
0.652997
0.454068
1.673263
0.587471
3.289940
4.089686
2.310476
3.434272
-4.737596
-5.467564
-4.485406
-5.181977
5.677216
6.005458
6.525732
5.320563
-2.366715
-0.734921
0.219319
-1.572079
-0.843146
2.642024
3.513809
2.649425
4.193421
4.462892
4.202567
4.972799
0.857174
1.753164
0.414303
0.120335
1.883336
2.305175
2.647337
1.695577
-3.184542
-3.457639
-3.142693
-3.982886
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2.354455
1.695217
2.095337
3.391140
3.637162
3.618689
3.253350
4.683252
5.758424
5.539949
5.352075
6.849538
5.626166
6.710914
5.156461
5.435441
6.497964
6.793739
6.998855
6.875196
1.991681
2.436502
0.950019
1.977443
-4.817838
-5.671379
-4.338471
-5.218645
-1.234693
-1.070676
-1.703897
-0.255892

-5.873363
-6.337431
-6.317769
-6.145202
-1.292017
-0.233756
-1.353115
-1.641475
-2.601883
-2.914166
-3.381124
-2.571963
1.626960
1.461753
1.348308
2.701217
2.120200
1.161340
2.171605
2.935843
3.621172
4.595177
3.781242
3.019392
5.335704
5.760042
6.176704
4.625497
5.715467
6.707542
5.874595
5.235139

1.923935
2.681677
0.948890
2.180838
3.706435
3.398423
4.742416
3.735169
-1.466411
-0.432405
-2.138781
-1.620028
-4.270297
-4.374289
-5.232927
-4.110019
2.666317
3.133707
1.686233
3.304807
4.450253
4.714802
4.126601
5.377495
-2.126688
-1.567200
-2.656306
-2.867824
1.443498
0.991522
2.432690
1.613184
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4.4.7 Optimized Structure Coordinates for Alternative Structure B (TPSS)

Fe

P
P
P
o)
o)
o)
o)
o)
N
)
C
C
C
C
H
C
H
C
C
H
C
H
C
H
C
C
C
H
C
C
H
C
C
H
C
C
C
C
H
C
C
H

0.875232
1.339983
-1.306341
0.825787
-3.258657
-2.607150
6.058481
-1.062369
4.084866
2.068844
-5.439627
-0.793040
-1.910829
2.418728
-0.998438
0.066326
-3.288750
-4.024146
-2.554050
-0.963795
-0.179444
1.220023
2.158430
-2.970774
-3.745836
0.570508
-1.804510
3.635728
3.622572
-2.798732
-0.234914
0.377106
-3.750607
3.008869
3.076344
-1.415674
0.384414
3.623151
-0.622564
-1.121985
2.270387
-3.023227
-2.632546

-0.080475
2.137778
0.278612
-2.268187
3.931989
-6.094398
-5.267374
6.877549
4.989328
-0.491042
-4.114917
1.251649
1.268708
-3.202575
1.899421
1.679953
1.508484
0.999456
-1.083998
2.037964
2.048845
4.097217
3.662627
2.066851
2.099355
3.530075
1.303474
-2.497174
-1.405194
3.021524
-3.395526
-2.636485
2.384696
2.310297
1.220237
2.790424
-2.463703
2.952821
4.101017
3.672880
3.038306
-1.558048
-1.132651

0.225086
0.220905
0.183668
0.747708
-4.229185
-2.422443

0.306744

3.036531
-4.331391
-1.340314

0.351210

2.627857
-1.276015

0.537634
-2.137113
-2.031941
-1.463898
-0.830939

0.227444

3.786563

4.553870
2.245723
2.606835

1.816945

1.044839
1.135674

1.643471

0.551225

0.639568
-3.287269
-1.577156
-2.077335
-2.458048
-2.049875
-1.946156
-3.142090

2.515437
-3.135040

0.661140
-0.213410
-1.092971

1.463847

2.393696
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0.001861
1.902751
0.382078
0.748575
-0.308348
2.442426
1.500907
4.857665
-1.176971
-1.290763
3.477169
2.180908
1.633624
-1.808436
2.508820
-0.987060
-0.507142
-0.845590
3.920111
4.336881
-3.398917
-2.426366
-3.802448
-4.099180
-0.530803
-3.124696
-4.026991
-1.932028
-3.028530
-2.638610
4.194686
4.850618
3.653655
0.680107
2.823486
2.416749
-2.112449
-2.223016
4751472
5.835307
-4.492467
-1.189763
-3.983938
-0.097915
-0.112830

-1.243553
0.380176
-3.681713
-4.598717
-3.407799
-4.606390
-5.167386
-4.572072
-4.315528
-4.304393
4.351934
4.439211
5.024988
-5.224249
1.305426
-4.289362
-1.319223
-0.401993
1.458808
2.159319
3.410026
3.083346
4.227338

2.551324
5.753707
2.824108
3.429561
-5.239722
-1.671817
-1.335391
-0.153219
-0.701412
-5.310817
5.213660
-0.366044
-1.091396
2.822572
3.437525
0.760371
0.922952
-3.096150
5.219840
-2.581502
-3.717992
-4.663553

3.125649
2.249906
3.221089
2.746169
-0.171466
0.421304
0.391850
0.346064
0.458170
1.546301
-3.259365
-1.221437
-0.477287
-1.688601
1.321763
-2.355785
4.441764
4.937499
1.231513
0.500122
-5.553404
-5.969496
-6.172272
-5.577300
2.418582
2.985726
3.129557
-0.284515
-0.960557
-1.926853
3.026402
3.711747
0.335014
2.904863
3.062649
3.775034
3.960217
4.860730
2.097119
2.066264
0.326395
1.289087
1.536274
4.537104
5.090784
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2.780368
4.869904
-0.568280
-0.959543
-4.011716
6.625833
7.548388
6.876256
5.937870
-1.949925
-2.710857
-1.544044
-1.122383
-1.989863
-1.505517
-2.847524
-2.349304
3.226639
2.831024
3.838318
2.371992
0.332232
-6.790835
-7.102603
-6.934249
-7.415494
0.847034
-0.953498
-0.738450
-0.166357
-1.917941
-2.885877
-3.932132
-2.720684
-2.767218
-4.543704
-5.614558
-3.988625
-4.452389
-4.435325
-5.288090
-4.755819
-3.614759
-5.223382
-5.600539

5.114736
-3.164585
-2.536415
-2.563015
-2.671545
-5.424931
-6.012605
-4.447508
-5.967078
-7.275138
-7.870168
-7.867928
-7.037252
6.597466
6.046995
6.000394
7.570529
5.203385
4.246149
5.691225
5.858860
0.142459
-3.685114
-2.995932
-3.176652
-4.591540
-0.441336
-4.223842
-3.196786
-4.878724
-4.548820
-6.198511
-5.936483
-7.238237
-6.160850
-3.299288
-3.064066
-2.928636
-4.398190
-3.126502
-2.551715
-4.176660
-3.068044
2.669484
2.244131

-2.298205
0.455826
5.135440
6.158819

-0.932420

-0.996476

-0.868296

-1.452494

-1.675212

-2.887824

-3.418091
-2.044151
-3.584082
4.088886
4.919008
3.724594
4.457800

-5.455886

-5.849217

-6.231346

-5.197494

2.364001
0.527708

-0.281536
1.500941
0.497207

-1.711764

-3.865742

-4.204505

-4.287296

-4.290322
0.388108
0.151143
0.053535
1.484250

-2.199464

-2.346128

-3.076331

-2.168555
2.872590
3.281794
2.773930
3.608170

-2.644073

-3.592728
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-5.816952
-5.409905
-0.401368
0.537739
-0.150100
-0.794276
-2.481333
-2.620302
-3.344996
-2.504379
1.357563
1.208768
0.936738
2.438221
2.679180
1.788122
2.584578
3.565188
4411381
5.353780
4.637931
3.844930
3.689099
3.917725
4.475282
2.717153
6.176079
6.971479
6.508057
6.064918
2.529918

2.235045
3.756482
3.490563
3.661613
2.881704
4.458415
5.820003
5.612552
5.377453
6.908782
5.818963
6.911282
5.406285
5.598002
6.617537
6.909713
7.093314
7.025914
2.177353
2.695145
1.162024
2.076627
-6.818763
-7.151701
-7.234656
-7.255537
-2.403806
-3.010373
-2.142795
-1.459937
-1.428151

-1.822833
-2.686277
-4.019056
-3.467699
-4.908754
-4.372118
0.788087
-0.285994
1.320365
0.960178
4112537
4.139504
5.049607
4.113199
-2.428486
-3.017655
-1.438437
-2.941799
-4.166281
-4.411947
-3.804012
-5.111436
0.237482
-0.792995
0.889862
0.519201
0.479493
0.943746
-0.543615
1.035550
-1.433705
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4.4.8 Optimized Structure Coordinates for Alternative Structure G (TPSS)

Fe

P
P
P
o)
o)
o)
o)
o)
N
)
C
C
C
C
H
C
H
C
C
H
C
H
C
H
C
C
C
H
C
C
H
C
C
H
C
C
C
C
H
C
C
H

0.635045
1.339813
-1.553967
0.619600
-3.675167
-1.669710
6.446780
-0.495846
4.098264
0.645340
-5.670839
-0.793977
-2.192979
2.377425
-1.330398
-0.251881
-3.578853
-4.272901
-2.829856
-0.786149
0.027150
1.524184
2.446010
-2.873983
-3.668939
0.763590
-1.841491
3.320399
2.986367
-3.205645
0.568208
1.530583
-4.104612
3.085012
3.268894
-1.813253
-0.107295
3.688823
-0.410771
-1.004388
2.294088
-3.305252
-2.932393

-0.091171
2.043883
0.419329
-2.319518
4.222462
-6.173037
-3.791432
6.878999
3.926216
-0.283985
-3.980720
1.146431
1.505873
-2.887214
2.173769
2.006451
1.752382
1.236092
-0.911726
1.885661
1.744188
3.973572
3.457562
2.297426
2.481565
3.499104
1.384517
-2.197045
-1.373092
3.295717
-3.750336
-3.261434
2.652556
1.793817
0.776430
3.069042
-2.653985
2.200251
4.170214
3.805415
2.684367
-1.434383
-1.035924

0.206503
0.342392
0.338897
0.548051
-3.853188
-3.470823

0.925661

3.363348
-4.644115
-1.680345

0.392577

2.797143
-1.025285

0.607496
-1.912394
-1.853871
-1.121609
-0.448905

0.349823

3.997224
4.718944
2.357959
2.648405

2.147607

1.418921
1.273904

1.879133
-0.172815
-0.815720
-2.945364
-1.847315
-2.031825
-2.062899
-1.843981
-1.476804
-2.880183

2.193751
-3.042447

0.889443

0.044734
-1.080399

1.567654

2.514922
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-0.295470
1.755568
-0.473840
-0.329869
-0.137344
2.816362
2.100412
5.101198
-1.379030
-1.965859
3.479501
2.142732
1.555894
-1.143889
2.437963
0.067794
-0.883054
-1.061027
3.855517
4.339069
-4.173048
-3.389929
-4.471929
-5.049528
-0.083401
-2.852930
-3.648169
-1.876318
-3.320993
-2.969477
3.988792
4.593359
4.177045
1.113307
2.602723
2.132456
-1.801888
-1.776533
4.621584
5.715141
-4.763582
-0.847072
-4.264483
-1.049963
-1.347828

-1.485187
0.056564
-3.928275
-4.816117
-3.488005
-3.904745
-4.428014
-3.524921
-4.118111
-3.890378
3.531351
4.011142
4.717608
-5.304902
1.035403
-4.633436
-1.648633
-0.764713
1.067802
1.813141
3.689921
3.115256
4554784
3.035091
5.745895
3.007845
3.728069
-5.064427
-1.434714
-1.031063
-0.774219
-1.468632
-4.235581
5.102911
-0.854887
-1.615547
2.814957
3.395327
0.184725
0.235083
-2.937411
5.305606
-2.457970
-4.055932
-5.043028

2.977325
2.179930
2.667125
2.042093
-0.653921
1.473593
2.115523
0.767500
-0.435993
0.459208
-3.479107
-1.519105
-0.921929
-2.535160
1.366377
-2.815633
4.250797
4.873996
1.278240
0.638813
-5.089685
-5.621077
-5.700447
-4.926312
2.691640
3.355593
3.577666
-1.349080
-0.860968
-1.817790
2.853376
3.445511
1.570045
3.082948
2.895908
3.526631
4.267929
5.196813
2.032125
1.990435
0.357335
1.586459
1.590439
3.938502
4.307021
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2.7136674
4.691560
-1.254332
-1.710747
-4.295823
7.012571
8.068093
6.953659
6.500475
-1.186890
-1.703527
-1.420219
-0.093713
-1.302130
-0.746105
-2.223777
-1.568063
3.260860
2.824982
3.909899
2.441694
0.175130
-7.052309
-7.248405
-7.364900
-7.627067
-0.054130
-0.802037
0.799633
1.346152
1.538317
0.090838
-3.141769
-3.698816
-2.897398
-3.795388
-4.808053
-5.283201
-5.554023
-3.981157
-4.761518
-5.824525
-4.690753
-4.175202
-5.586684

4.458417
-2.495454
-2.913493
-3.011279
-2.446336
-4.720461
-4.844137
-4.335669
-5.700245
-7.522643
-8.073840
-7.987021
-7.569067
6.647617
6.080608
6.092041
7.638757
3.979898
2.986676
4.288725
4.713483
-0.060912
-3.618134
-3.144415
-2.925374
-4.553113
-0.854834
-1.388283
-4.867412
-3.961020
-5.685808
-5.147090
-5.844103
-6.011380
-6.841993
-5.336788
-2.995757
-3.977650
-2.315575
-3.112385
-3.049889
-2.802157
-4.150923
-2.672610
2.943201

-2.713719
-0.108169
4.728573
5.719357
-0.882032
-0.010952
0.274166
-1.047002
0.037290
-3.408962
-4.208689
-2.431887
-3.576948
4.526406
5.297308
4.269827
4.922042
-5.809436
-6.029828
-6.641956
-5.689187
2.408267
0.252532
-0.727950
1.056768
0.327414
-2.571102
-2.081000
-4.116421
-4.425186
-4.021570
-4.912001
-1.080930
-2.016636
-0.669498
-0.356726
-2.193566
-2.049590
-2.646130
-2.914684
2.888038
3.062315
2.864040
3.739944
-2.124813
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-6.097066
-6.063935
-5.764040
-0.880803
0.170303
-0.997251
-1.104999
-2.110076
-2.419340
-2.940756
-1.973057
1.918557
1.819980
1.564719
2.984569
2.589781
1.675204
2.507743
3.452118
4.553794
5.540045
4.698428
4.100519
4.672018
5.013167
5.537482
3.877377
5.704976
6.680016
5.855525
5.371879
1.403624

2.285731
2.776668
3.984853
3.784682
3.639691
3.409216
4.865068
6.031247
5.756805
5.767822
7.123359
5.621511
6.715918
5.182507
5.360323
5.893352
6.027669
6.567543
6.200493
1.270703
1.725782
0.306264
1.069853
-5.292584
-6.195904
-4.921614
-5.598165
-1.704143
-1.704013
-2.130663
-0.659864
0.252588

-2.853789
-1.144811
-2.438005
-3.829720
-3.532514
-4.863521
-3.856292
1.192429
0.171377
1.874083
1.255585
4.251228
4.336004
5.203421
4.145651
-3.161185
-3.769729
-2.293113
-3.774736
-3.860157
-4.052620
-3.347417
-4.847543
2.528961
1.990229
3.104178
3.227886
-0.901034
-0.388199
-1.910265
-1.027263
-2.152785
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4.4.9 Optimized Structure Coordinates for Alternative Structure | (TPSS)

Fe

P
P
P
o)
o)
o)
o)
o)
N
)
C
C
C
C
H
C
H
C
C
H
C
H
C
H
C
C
C
H
C
C
H
C
C
H
C
C
C
C
H
C
C
H

0.875543
1.328503
-1.363976
0.883533
-3.413503
-2.517152
6.243310
-1.098198
4.194785
1.972395
-5.502631
-0.744060
-1.976818
2.517197
-1.098478
-0.027282
-3.364545
-4.069610
-2.571045
-0.846808
-0.032406
1.222784
2.180929
-2.933243
-3.735405
0.549896
-1.789580
3.708055
3.659391
-2.962462
-0.004796
0.781037
-3.876966
3.099377
3.248273
-1.571261
0.396793
3.756275
-0.666041
-1.183832
2.247148
-3.078406
-2.709093

-0.095282
2.182164
0.279216
-2.315119
4171874
-5.997082
-5.053975
6.910238
4.672184
-0.635812
-4.082379
1.184775
1.324977
-3.158559
2.026332
1.814288
1.549009
0.992589
-1.106618
1.972333
1.967094
4.169495
3.764256
2.040113
2.093735
3.572616
1.254199
-2.406377
-1.313508
3.189811
-3.511548
-2.915897
2.485322
2.192167
1.132125
2.963529
-2.535074
2.757925
4.113948
3.664559
2.968756
-1.607210
-1.211322

0.172938
0.243715
0.186199
0.709428

-3.936922
-2.638163
0.430658
3.023292
-4.406320
-1.275752
0.124409
2.634748
-1.219371
0.511644
-2.065755
-2.020779
-1.346710
-0.719383
0.177800
3.799559
4.534068
2.219543
2.561249
1.910460
1.168799
1.137395
1.690783
0.525284
0.572540
-3.078228
-1.663390
-2.145520
-2.259673
-1.939031
-1.707915
-2.998719
2.455660
-3.039765
0.683655
-0.167952
-1.126471
1.388798

2.340710
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0.031213
1.930569
0.347662
0.681212
-0.203124
2.592410
1.672861
5.006181
-1.187879
-1.388814
3.524432
2.063983
1.424730
-1.723113
2.509050
-0.769314
-0.487131
-0.808297
3.902041
4.308670
-3.919132
-3.150489
-4.185301
-4.817741
-0.557266
-3.024551
-3.908502
-1.946370
-3.018678
-2.612293
4.203725
4.862118
3.828958
0.681339
2.845142
2.454871
-1.972905
-2.033575
4.738722
5.810573
-4.544489
-1.234977
-4.062651
-0.143928
-0.193978

-1.323983
0.348266
-3.770739
-4.688844
-3.436762
-4.563487
-5.160008
-4.444444
-4.247142
-4.176569
4122573
4.334553
4.952276
-5.199366
1.384651
-4.368365
-1.408909
-0.495200
1.623881
2.391634
3.719939
3.148497
4.624340
3.086445
5.793175
2.794871
3.416005
-5.153325
-1.652216
-1.282407
-0.092549
-0.650834
-5.228546
5.286706
-0.393200
-1.191858
2.777781
3.398345
0.910335
1.134674
-3.086250
5.231062
-2.611306
-3.819729
-4.776584

3.087866
2.186066
3.128040
2.633133
-0.269066
0.435858
0.410809
0.406722
0.318772
1.391281
-3.334191
-1.419878
-0.781375
-1.836346
1.371064
-2.468004
4.399115
4.911030
1.352215
0.686009
-5.201643
-5.756987
-5.768639
-5.080274
2417912
3.086451
3.266727
-0.444045
-1.041734
-1.989250
3.046539
3.720057
0.395513
2.875259
3.001328
3.639475
4.017849
4.918538
2.210983
2.240542
0.162856
1.311769
1.402761
4.438998
4.969430
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2.698088
4.962639
-0.580302
-0.979371
-4.015148
6.764828
7.756030
6.870737
6.121128
-2.125452
-2.837114
-2.173446
-1.099479
-1.923757
-1.348809
-2.782362
-2.290699
3.432450
3.062942
4.116018
2.569883
0.353657
-6.858533
-7.158567
-7.004668
-71.482457
0.900920
0.330835
-0.609276
0.093430
-0.232389
-1.583871
-2.986478
-3.915857
-2.626659
-3.225612
-4.520434
-5.611664
-4.027353
-4.324494
-4.574644
-5.416863
-4.932704
-3.777863
-5.361298

4.931652
-3.032553
-2.639398
-2.679748
-2.637199
-5.481024
-5.911974
-4.626542
-6.248748
-7.371617
-7.829793
-7.902954
-7.456850

6.649581

6.163207

6.004126

7.626271
4.810483

3.827732

5.234473

5.489664
0.063723
-3.654891
-2.923358
-3.201316
-4.557194
-0.143380
-0.892740
-4.416785
-3.644310
-5.399661
-4.267957
-6.033894
-6.048273
-7.075859
-5.673494
-3.221847
-3.085167
-2.743008
-4.307055
-3.173377
-2.575971
-4.206893
-3.165944

2.758980

-2.521822
0.470187
5.064565
6.083540

-1.070428

-0.836321

-0.631985

-1.532349

-1.305289

-2.767687

-3.470638
-1.799526
-3.173843
4.165877
4977177
3.900245
4.513999

-5.613906

-5.964973

-6.364730

-5.477182

2.354263
0.317985
-0.456428
1.316143
0.233736

-1.880938

-2.329879

-3.968738

-4.321272

-4.304830

-4.465250
0.204594

-0.386338
0.296642
1.216338

-2.367683

-2.471547

-3.229059

-2.417176
2.709521
3.106413
2.574769
3.472846

-2.345261
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-5.843341
-5.862156
-5.545466
-0.619092
0.419057
-0.872774
-0.674221
-2.547288
-2.764791
-3.379831
-2.537911
1.393480
1.180949
1.057619
2.483698
2.511372
1.650502
2.314103
3.406747
4.691208
5.664809
4.854097
4.284764
3.905842
3.969505
4.800955
3.010772
6.248344
6.908402
6.813300
6.045330
2.247351

2.141139
2.527315
3.815770
3.743446
3.407626
3.637106
4.822852
5.807916
5.496441
5.451145
6.908502
5.933682
7.014530
5.499413
5.780182
6.399839
6.560244
6.969840
6.813021
1.950326
2.458687
0.945511
1.830451
-6.737527
-7.118910
-7.090850
-7.187809
-2.240111
-2.603235
-2.349559
-1.168747
-1.612425

-3.126153
-1.390516
-2.598617
-3.875972
-3.724864
-4.945953
-3.644227
0.838940
-0.195412
1.474405
0.899260
4.040303
4.074360
5.001297
3.973743
-2.824392
-3.501567
-1.901837
-3.316417
-3.909687
-4.014774
-3.487930
-4.930586
0.364223
-0.672513
0.901888
0.823617
0.501864
1.309194
-0.442262
0.658201
-1.506322
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2.270057
-1.037116
-1.163696

4.501582

0.023239

5.343450
-5.580962

2.945716
-7.050191

1.391553

4.355814

4.983082
-3.785356
-4.031101

4.853980

2.718399

1.541200

0.647780

2.272877

1.259043
-4.831000

4.022829

2.590489

3.064672

3.503462

3.040554
-1.717929

1.929693
-4.527264
-2.977864

3.854875

4.751389

1.952765

0.323886

1.058398

3.403628
-2.458129

4.010270

3.956362
-4.941377

0.031817
-0.944976
-0.300060

0.354216
-1.930853
1.498754
5.950779
6.400148
-3.357110
-2.621193
-6.462142

0.240766
-0.549105
2.272831
1.432299
-2.488918
-2.513441
3.581978
4.453724
-1.165549
-1.506420
3.130141
2.951097
-2.644344
4.658333
-0.172219
2.032848
-0.424661
0.483381
-2.068972
-4.641143
-2.546551
1.176891
-0.291600
0.050369
-5.484937
3.094374
2.300081
-0.707551
-2.270925
-1.878237
-2.110988
0.828029
-3.445352
2.953904
1.471209

0.982575
0.708379
0.525347
0.390850
-2.821203
-2.656557
-3.238652
0.312408
-0.066083
3.370764
0.349764
0.031187
-0.025873
1.039143
0.224926
1.100171
4.637093
5.174627
1.238562
1.608239
-0.951942
0.603959
2.714689
0.858162
-1.412194
-1.812939
2.410370
1.576449
-2.323409
0.355187
3.316560
2.784779
0.445167
-1.205265
-1.037307
-0.032478
-0.439279
0.457671
1.525714
-1.072803
0.571501
-0.623658
3.090667
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-3.579762
-2.976641
3.965044
4.947984
-2.581778
-2.854390
-3.745403
-3.271580
-1.901099
-2.906011
-1.815018
-1.520672
1.040333
2.802806
2.881837
-0.291612
0.685827
0.963435
0.953366
-1.251952
4.138922
-3.220160
0.079834
-0.636973
-5.106209
4.709054
-1.383475
-1.924539
4.689701
-1.006596
-1.019544
-1.284594
-2.735660
-3.159123
0.055640
0.633022
-1.591852
-0.286455
0.024010
-2.202289
-1.194009
4.953440
5.323289
5.776557
4.137399

1.125711
1.333970
-0.890888
-1.017663
-3.066116
-3.923840
0.834820
0.811585
3.967578
3.868013
-0.907278
-0.068660
-5.331410
-1.348128
-1.836173
5.227959
4.230174
-3.625443
-2.935498
-1.008671
-1.304034
-2.276825
-4.308123
-4.187349
0.499674
-2.484763
3.615962
4.234302
-2.769597
2.301133
4.156013
5.190249
-1.850213
-1.741751
2.048446
1.451165
5.111625
3.370071
3.793857
-2.150987
-1.904404
6.614896
7.604342
6.055616
6.752668

-0.918738
-1.810058
4.580782
5.050575
2.904754
2.278366
1.482150
2.470128
-0.837426
-0.409712
4.516620
5.160918
-0.618497
5.225765
6.205449
-2.133820
-1.949372
1.612016
2.463751
3.220699
-2.297817
-2.778714
-0.537269
-1.357645
1.368143
-1.772328
2.511030
1.786021
-0.393078
2.183806
3.753731
4.003765
4.996250
6.002931
4.332541
5.049977
-1.591567
4.658081
5.621798
-1.820415
-2.162629
1.568639
1.253376
2.058171
2.305874
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-3.098792
-3.789290
-5.693919
-5.733044
-6.607574
-5.912158
-4.842579
-0.030670
0.201689
-1.038053
0.708681
4.557792
5.142041
3.589177
4.352005
2.696368
3.534911
1.746624
2.649078
-7.928101
-8.952399
-7.713837
-7.858773
-0.016226
0.385483
0.483059
0.214750
2.090472
2.800275
2.173818
2.396368
-2.597182
-2.878758
-3.518328
-2.179342
-5.901664
-5.261289
-6.296332
-6.759683
-5.596944
-6.052265
-6.402213
-4.854623
4.196831
3.819347

-2.953342
-3.712873
0.547617
-3.891482
-3.814807
-4.692964
-4.165199
6.287388
7.285369
5.978722
5.558600
-4.500340
-5.071308
-4.201550
-5.143472
-7.672176
-8.352391
-8.143357
-7.506576
1.332880
0.970489
2.189956
1.683741
-0.085459
-0.172070
-0.146373
-0.178880
4.380693
3.814478
3.992323
5.440673
6.220976
6.314292
6.035073
7.197449
0.074212
-0.498219
0.945923
-0.551815
0.781099
-0.205676
1.534947
0.973453
-1.030134
-0.019825

4.202414
4.589523
0.088526
-3.864967
-4.532692
-3.119959
-4.465450
-4.240527
-4.648063
-4.586046
-4.626572
-3.003366
-3.744570
-3.450774
-2.126222
1.022515
0.796324
0.697087
2.116952
0.185029
-0.006286
-0.485247
1.234388
2.676673
-1.417020
-2.560263
0.367970
-2.487849
-1.862608
-3.521807
-2.496907
-1.807458
-2.873315
-1.230498
-1.504906
2.582388
3.275790
3.140643
2.285959
-2.434291
-2.624154
-2.525910
-3.226227
-3.782900
-4.009113
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5.226630
3.572398
5.397459
6.283226
5.720527
4.742002
6.227771
6.165605
6.885674
6.712580
1.785652
1.768458
2.086763
0.755492
2.909469
2.498158
3.859736
3.117451
1.116561
0.959761
0.353216
2.110416
-2.928728
-2.047082
-2.711708
-3.795015
-6.255650
-6.890266
-6.700070
-6.295057

-1.129637
-1.750681
-3.990384
-4.226808
-3.818163
-4.880835
3.860471

4.552133

4.343458

2.926569
5.606337

5.853604

6.505994

5.336731
-4.795090
-5.449770
-5.236824
-3.817038
-6.248270
-7.307263
-5.976311
-6.193493
-2.067962
-1.417476
-3.023456
-1.608037
-2.868520
-2.000644
-3.758273
-3.009288

-4.169235
-4.343679
0.150463
-0.463868
1.190701
0.152062
-0.342444
-1.201795
0.404924
-0.671704
1.395093
2.473593
0.833332
1.109379
2.719142
3.512519
2.378005
3.184902
-1.819275
-1.538837
-2.567170
-2.298454
-4.248341
-4.374396
-4.766002
-4.754381
-0.499300
-0.748521
-0.982248
0.593834
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Appendix A

ADDITIONAL CHARACTERIZATION DATA AND SYNTHETIC DETAILS

Experimental:

General Considerations: All operations were carried out using standard Schlenk or glovebox
techniques under inert atmospheres of N2 or argon. Unless otherwise noted all solvents were
deoxygenated and dried by thoroughly sparging with N2 gas followed by passage through an
activated alumina column in the solvent purification system by SG Water, USA LLC and storage
over 3 A molecular sieves prior to use. Non-halogenated solvents were tested with a standard
purple solution of sodium benzophenone ketyl in tetrahydrofuran in order to confirm effective
oxygen and moisture removal. All reagents were purchased from commercial vendors and used
without further purification unless otherwise stated. [CpzFe][BAr 4], [(TPB)Fe][BArT24],
(TPB)FeOH, [(PsB)Co][BAr 4] were synthesized according to literature procedures.® A'P3B was
prepared according to the procedure given in Chapter 4. Deuterated solvents were purchased from
Cambridge Isotope Laboratories, Inc., degassed and stored over activated 3 A molecular sieves
prior to use. Elemental analyses were performed by California Institute of Technology’s Elemental
Analysis facility or by Midwest Microlab, LLC, Indianapolis, IN.

Nuclear Magnetic Resonance Spectroscopy: *H and *3C chemical shifts are reported in ppm
relative to tetramethylsilane, using residual solvent resonances as internal standards. 3P chemical
shifts are reported in ppm and referenced externally to 85% aqueous H3POa. °F chemical shifts
are reported in ppm and referenced externally to trifluorotoluene at -63.72 ppm. Solution phase
magnetic measurements were performed by the method of Evans.

Infrared Spectroscopy: Solid IR measurements were obtained on a Bruker Alpha

spectrometer equipped with a diamond ATR probe.
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EPR Spectroscopy: Continuous wave X-band EPR spectra were obtained on a Bruker EMX
spectrometer on 2-9 mM solutions prepared as frozen glasses in 2-MeTHF, toluene or
methylcyclohexane. Spectra were simulated using the EasySpin suite of programs with Matlab
2016.4

X-Ray Crystallography: XRD studies were carried out at the Beckman Institute
Crystallography Facility on a Bruker AXS KAPPA APEXII diffractometer (Mo Ko radiation) or
a Bruker AXS D8 VENTURE (Mo Ka or Cu Ka). Structures were solved using SHELXS or
SHELXT and refined against F2 on all data by full-matrix least squares with SHELXL.®> The
crystals were mounted on a mitegen loops under Paratone N oil. With the exception of any S-H or
O-H hydrogen atoms which were located in the difference map, all hydrogen atoms were placed
at geometrically calculated positions and refined using a riding model. The isotropic displacement
parameters of all hydrogen atoms were fixed at 1.2 (1.5 for methyl groups) times the Ueq of the
atoms to which they are bonded.

Electrochemistry. Electrochemical measurements were carried out using a CD instruments
600B electrochemical analyzer. A freshly-polished glassy carbon electrode was used as the
working electrode and a graphite rod was used as the auxiliary electrode. Solutions (THF) of
electrolyte (0.1 M tetra-n-butylammonium hexafluorophosphate) contained ferrocene (0.1 mM),
to serve as an internal reference, and analyte (0.2 mM). All reported potentials are referenced to
the ferrocene/ferrocenium couple, Cp2Fe/[Cp2Fe]”.

(TPB)Co(SH), Method 1: 171.8 mg (0.114 mmol) of [(TPB)Co][BArF4] was dissolved in ~ 5 mL
Et.O giving a dark red-purple solution. This solution was and added to a stirring suspension of
NaSH (34.8 mg, 0.612 mmol) in 5 mL Et2O and allowed to stir for 14 hours. The stirring solution

gradually turned from dark red-purple to yellow-orange. The solvent was removed under reduced



220

pressure and the remaining solids were extracted in pentane (~50 mL) and filtered through celite
giving a clear yellow-orange solution. Removal of solvent under reduced pressure yielded
(TPB)Co(SH) as an orange powder. This powder was then washed with cold MeCN (3 x 3 mL) to
remove residual NaBAr 4. Crystals suitable for X-ray diffraction studies were grown by slow
vapor diffusion of a concentrated Et2O solution into HMDSO. Yield 77.6 mg (0.113 mmol) 99%.
Elemental Analysis % C; H; N: Found (Calc): C: 63.39 (63.35); H: 8.12 (8.12); N: 0.00 (0.00). *H
NMR (300 MHz, C¢Ds) & 119.91 (s, br), 27.18 (s, br), 17.84 (s, br), 16.76 (s), 5.49 (s, br), 0.99 (s,

br), 0.01 (s, br), -0.17 (s, br), -1.18 (s, br), -7.83 (s). Solution magnetic moment (C¢Ds, RT) 3.2 us.

(TPB)Co(SH), Method 2: 54.4 mg (0.08 mmol) of (TPB)Co(N2) was dissolved in ~ 6 mL Cg¢Hs
giving a yellow solution. This solution was degassed via 3 freeze-pump-thaw cycles turning from
yellow to brown. The frozen solution was then exposed to a calibrated bulb charged with 0.088
mmol of H>S gas and the solution was allowed to thaw. The stirring solution rapidly turned from
brown to green and was allowed to stir for ca. 14 hours resulting in an orange-brown solution. The
solvent was removed under reduced pressure yielding (TPB)Co(SH) as a fine orange powder.
Samples prepared by this method gave spectroscopic signatures identical to those observed in

samples prepared by method 1. Yield 51.7 mg (0.075 mmol) 94.3 %.

Reaction of (TPB)Co(SH) with FeCpz][BAr2]: 40.4 mg (0.059 mmol) (TPB)Co(SH) was
suspended in ~ 5 mL Et20O and cooled to -78 °C in the glovebox cold well. A chilled solution of
62.0 mg (0.059 mmol) [FeCp2][BArT,] in ~ 3 mL Et,O was added to (TPB)Co(SH) causing a rapid
color change from brown to bright green. The reaction was allowed to stir cold for 3.5 hours and
then at room temperature for 15 minutes causing a color change from green to dark brown. All

volatiles were removed in vacuo and the remaining dark solids were washed with pentane to
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remove FeCp.. [(TPB)Co][BArT4] was identified in the remaining solids along with a dark

insoluble powder.

(TPB)Co(OH): 168.8 mg (0.112 mmol) of [(TPB)Co][BAr"s] was dissolved in ~ 5 mL Et,0
giving a dark red-purple solution. This solution was and added to a stirring suspension of NaOH
(194.7 mg, 4.87 mmol) in 5 mL Et;O and allowed to stir for 14 hours. The stirring solution
gradually turned from dark red-purple to yellow-orange. The solvent was removed under reduced
pressure and the remaining solids were extracted in pentane (~50 mL) and filtered through celite
giving a clear yellow-orange solution. Removal of solvent under reduced pressure yielded
(TPB)Co(OH) as a yellow powder. This powder was then washed with cold MeCN (3 x 3 mL) to
remove residual NaBAr 4. Crystals suitable for X-ray diffraction studies were grown by slow
vapor diffusion of a concentrated Et,O solution into HMDSO. Yield 72.8 mg (0.109 mmol) 97%.
Elemental Analysis % C; H; N: Found (Calc): C: 64.86 (64.88); H: 8.14 (8.32); N: 0.23 (0.00) H
NMR (300 MHz, C¢Ds) 8 164.69 (s, br), 22.73 (s, br), 15.90 (s), 9.36 (s, br), 5.75 (s, br), 2.36 (s,

br), 0.09 (s, br), -5.37 (s, br), -8.88 (s). Solution magnetic moment (CsDe, RT) 2.9 pg.

(TPB)Fe(SH): 106.6 mg (0.071 mmol) of [(TPB)Fe][BAr4] was dissolved in ~ 5 mL Et,0 giving
an orange solution. This solution was and added to a stirring suspension of NaSH (54.3 mg, 0.97
mmol) in 5 mL Et,O and allowed to stir for 14 hours. The solvent was removed under reduced
pressure and the remaining solids were extracted in pentane (~50 mL) and filtered through celite
giving a clear yellow-orange solution. Removal of solvent under reduced pressure yielded
(TPB)Fe(SH) as a brown powder. This powder was then washed with cold MeCN (3 x 3 mL) to
remove residual NaBAr 4. Crystals suitable for X-ray diffraction studies were grown by slow
vapor diffusion of a concentrated Et>O solution into HMDSO. Yield 47.1 mg (0.69 mmol) 97%.

Elemental Analysis % C; H; N: Found (Calc): C: 63.59 (63.64); H: 8.11 (8.16); N: 0.00 (0.00) H
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NMR (300 MHz, CsDs) & 91.65 (s, br), 32.28 (), 23.89 (s, br), 17.75 (s, br), 6.01 (s, br), 4.29 (s,

br), 1.37 (s, br), -0.23 (s), -1.65 (s, br), -21.44 (s, br). Solution magnetic moment (C¢Ds, RT) 4.1

Ue.

Reaction of (TPB)Fe(SH) with [FeCpz][BArf4]: 43.1 mg (0.0634 mmol) (TPB)Fe(SH) was
dissolved in ~ 5 mL Et,O and cooled to -78 °C in the glovebox cold well. A chilled solution of
66.9 mg (0.0638 mmol) [FeCp,][BArF4] in ~ 3 mL Et,O was added to (TPB)Fe(SH) causing a
rapid color change from brown to dark brown. The reaction was allowed to stir cold for 3.5 hours
and then at room temperature for 15 minutes. All volatiles were removed in vacuo and the
remaining dark solids were washed with pentane to remove FeCp.. The remaining dark solids were
dissolved in minimal Et,O and layered with pentane and stored at -35 °C. [(TPB)Fe][BAr",4] was

identified in the remaining solids along with a dark insoluble powder.

(*"P3B)CoBr: 656.3 mg (0.444 mmol) of APsB and 109.0 mg (0.498 mmol) of CoBr, were
dissolved in THF giving and inky black-brown solution. VVolatiles were removed en vacuo and the
remaining solids were triturated in Et2O and evaporated to dryness. The remaining solids were
then dissolved in benzene and stirred vigorously over freshly prepared 1 % Na/Hg amalgam (0.496
mmol) for ca. 14 hours. The solution was filtered through Celite and volatiles were removed in
vacuo leaving a dark orange foam. The solids were extracted in pentane and filtered through Celite
again removing some blue-green solids (presumably unreacted cobalt halide solvates). After
standing an orange microcrystalline solid began to precipitate and the solution was transferred to
a -35 °C freezer for ca. 12 hours after which time the mother liquor was decanted and the solids
were washed with a 1 mL portion of cold pentane. Crystals of quality suitable for X-ray diffraction

studies were grown by slow evaporation of a pentane solution into HMDSO. Yield 423.6 mg (.262
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mmol) 58.8 %. 'H NMR (400 MHz, CsDs) & 23.63 (s), 15.65 (s), 3.80 (s, br), 2.91 (s), 2.73 (s),

1.77 (s, br), 1.02 (s), 0.44 (s), 0.16 (s), -5.69 (s, br), -8.04 (s).

(A"P3B)Co(N2): 246.0 mg (0.152 mmol) of (“"PsB)CoBr was dissolved in benzene (ca. 10 mL) and
stirred vigorously over an excess of freshly prepared 1 % Na/Hg amalgam (0.761 mmol) for ca.
14 hours. The orange solution was then filtered through Celite and lyophilized giving
(""P3B)Co(Ny>) as a fine orange powder. Crystals of quality suitable for X-ray diffraction studies
were grown by slow evaporation of a pentane solution into HMDSO. Yield 200.9 mg (0.128 mmol)
84 %. 'H NMR (400 MHz, CsDs) & 13.91 (s, br), 11.39 (s, br), 5.38 (s, br), 3.43 (s, br), 3.14 (s,

br), 2.23 (s, br), 1.30 (s, br), 0.73 (s, br), -3.28 (s, br). IR (thin film from CsDs): vn2 = 2106 cm™.

[(A"P3B)Co] [BArF24]: 200.9 mg (0.128 mmol) of (*"PsB)Co(N.) was dissolved in ca. 4 mL Et.O
and chilled to -78 °C and combined with a chilled solution of [FeCpz][BArF24] (34.5 mg, 0.128
mmol) in ca. 4 mL Et2O. The solution turns from dark orange to dark green on addition of
[FeCp2][BAr24]. The solution was allowed to slowly warm to room temperature overnight (ca 14
hours) yielding a dark green solution. The solution was concentrated to ca. 2 mL and layered with
pentane and stored at -35 °C for several days over which time large dark green blocks of
[(*"P3sB)Co][BArF24] formed. After decanting of the mother liquor the solids were washed with
pentane. Crystals obtained via this method were of sufficient quality for X-ray diffraction studies.
Yield 209.8 mg (0.0873 mmol) 68.2 %. *H NMR (400 MHz, Benzene-ds) & 8.42 (s, 8H), 7.72 (s,
4H), 7.48-7.28 (m, br, 3H) 7.26 (d, 3Jun = 7.4 Hz, 3H), 6.93 (d, 3Jun = 7.7 Hz, 3H), 6.74-6.64 (m,
br, 9H), 6.27 (s, 6H), 3.49 (s, 9H), 3.31 (s, 9 H), 3.27-3.19 (m, 6H), 3.09-2.98 (m, 6H), 1.11 (d,
8Jun = 7.6 Hz, 18H), 0.89 (d, 3Jun = 7.1 Hz, 18H), 0.84 (d, 3Jun = 7.6 Hz, 18H), 0.78 (d, 3Jun =

7.5 Hz, 18H).
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Figure A.1: ORTEP representation of (PsB)Co(SH). H atoms not attached to S omitted for
clarity.
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Figure A.2: ORTEP representation of (PsB)Co(OH). H atoms not attached to O omitted for
clarity.
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F’(2)ﬂ\

Figure A.3: ORTEP representation of (PsB)Fe(SH). H atoms not attached to S omitted for
clarity.
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Figure A.4: ORTEP representation of (“"PsB)CoBr. H atoms omitted for clarity. C is shown in
black, O is shown in red, P is shown in purple, B is shown in yellow, Br is shown in maroon and
Co is shown in green.
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Figure A.5: ORTEP representation of (“'PsB)Co(N). H atoms omitted for clarity.
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Figure A.6: ORTEP representation of [(*'P3B)Co][BArF24]. H atoms and [BAr™,4] counterion
omitted for clarity.



Table A.1: XRD experimental parameters for (P3B)Fe(SH), (P3B)Co(SH), (PsB)Co(OH).
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Compound (PsB)Fe(SH) (PsB)Co(SH) (PsB)Co(OH)
CasHssBP3SFe CssHs5BP3SCo CzsHssBP3OCo

Formula 679.43 682.51 666.45

Weight

T (K) 100(2)K 100(2)K 100(2)K

A (A) 0.71073 0.71073 0.71073

Space Group  P-1 P-1 P-1

A 10.9198(8) 10.8507(7) 10.9419(10)

B 11.5109(8) 11.4883(8) 11.1785(11)

C 15.9173(11) 15.9445(10) 16.6401(16)

A 91.377(2) 91.442(4) 77.741(3)

B 96.073(3) 97.328(4) 78.211(3)

r 117.640(2) 117.446(4) 61.796(3)

Volume 1756.4(2) 1741.5(2) 1739.9(3)

Z 2 2 2

Density (calc) 1.285 1.302 1.272

R1, wr2 0.0688, 0.1427 0.056, 0.1418 0.0442, 0.1020

R1 = Y|[Fo| - [Fell/X[Fol, WR2 = {Y[W(Fo? - Fc* )]/ 3 w(Fo*)?}*
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Table A.2: XRD experimental parameters for (*'PsB)CoBr, (*'PsB)Co(Ny), [(*"P3sB)Co][BAr 4]

Compound (A"P3B)CoBr (""P3B)Co(N2) [(A"P3B)Co][BAr 2]
CosH126BP3BrosCo CosH126BP3N206Co Ci28H138B2F24P306Co0

Formula 1618.52 1566.63 2401.84

Weight

T (K) 100(2)K 100(2)K 100(2)K

A (A) 0.71073 0.71073 0.71073

Space Group  P-1 P-1 P2i/c

a 14.9957(9) 14.9679(13) 24.607(3)

b 23.1625(13) 15.2834(15) 19.200(2)

c 28.2467(17) 22.363(2) 26.038(3)

o 66.575(3) 93.602(3) 90

B 85.815(3) 102.974(3) 97.372(3)

Y 79.983(3) 114.644(3) +0

Volume 8865.2(9) 4459.8(7) 12200(3)

Z 4 2 4

Density (calc) 1.213 1.167 1.308

R1, wr2 0.0437, 0.1077 0.0416, 0.1008 0.0554, 0.1492

R1 = Y|[Fo| - [Fell/X[Fol, WR2 = {X[W(Fo” - Fe )}/ ¥ w(Fo*)*}
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Figure A.7: CW X-band EPR spectrum of (*'P3B)Co(N.) in MeCy glass (77 K).
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Figure A.8: CW X-band EPR spectrum of (*'P3B)Co(N.) in MeCy glass with simulation (77 K).
Simulation parameters: g: [2.2413 2.0900 2.0375]; HStrain: [68 173 48]; gStrain: [0.0070 0.0020
0]; Aco: [146, 38, 70], Ar1: [219, 66, 121], Aro: [223, 72, 144], Arz: [43, 127, 244]. MW-Freq =

9.431 GHz.
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Figure A.9: Cyclic Voltammogram of (TPB)CoSH in THF (0.1 M [TBA][PFs]).Scanning
anodically from the open circuit potential.
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Figure A.10: Cyclic Voltammogram of (TPB)FeSH in THF (0.1 M [TBA][PFs]). Scanning
anodically from the open circuit potential.
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(TPB)CoOH
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Figure A.11: Cyclic Voltammograms of (TPB)CoOH in THF (0.1 M [TBA][PF¢]). Top:
Scanning cathodically from the open circuit potential. Bottom: Scanning anodically from the
open circuit potential.
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Figure A.12: Cyclic Voltammogram of (TPB)FeOH in THF (0.1 M [TBA][PFe]).
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