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Abstract

Several mono- and diiron species that coordinate NyHy ligands have been
prepared and studied, to serve as structural, spectroscopic, and/or reactivity mimics to
intermediates to an alternating reduction scheme for N, (i.e., M"-N=N — M"-HN=NH —
M"H,N-NH, — M" + 2 NHs). The reaction between [PhBP";]JFeMe ([PhBP®3] =
(PhB(CH3PR,)s; R = Ph, CH,Cy) and hydrazine affords {[PhBPRs]Fe}(u-n"n’-
NoH4)(u-n%n?%N2H,). In one instance (R = Ph), the stepwise oxidation of coordinated
hydrazine to diazene, and diazene to dinitrogen is achieved, giving {[PhBP""s]Fe},(p-
ntnt-NaH,) (u-n%n?N2H,) and {[PhBP™5]Fe},(u-NH),, respectively.

As an extension to this work, a family of complexes which feature the same
auxiliary ligands (i.e., [PhBP“"*Y;]Fe(OAc)), that are all iron(11), and that only differ in
the oxidation state of the nitrogenous ligand has also been prepared:
{[PhBP MY ]Fe(OAC)}2(u-N>), {[PhBP MY ]Fe(OAC)}2(1-NoHy),
{[PhBP™2%Y;]Fe(OAC)}2(1-NoHy), and {[PhBPH*Y;]Fe(OAC)(NHs).

To determine whether similar species could be isolated at a single iron site, the
coordination chemistry of the more crowded “[PhBP™5]Fe” fragment was investigated
and compared to that of the “[PhBP™";]Fe” scaffold. Treatment of [PhBP™';]FeMe with
hydrazine generates the unusual 5-coordinate hydrazido complex, [PhBP™s]Fe(n?-
N2Hs3), which features an Fe=N r bond. Both 5- and 6-coordinate iron complexes that
coordinate hydrazine were also synthesized, and the oxidation of these hydrazine and

hydrazido(-) species was explored. In most instances, oxidation results in



viii

disproportionation of the NH, ligand, and [PhBPR;]Fe(NH3)(OAC) (R = Ph, mter) is
isolated.

A 5-coordinate diiron diazene redox pair of complexes, {[PhBP™"5]Fe(CO)}»(u-
ntn-NoH,)% was also prepared and studied. The electronic structure of the Fe-NH-NH-
Fe core in these complexes is unusual in that it features a highly activated diazene ligand,
which is unprecedented for mid-to-late transition metals. Combined structural,
spectroscopic, and computation studies indicate that there is much n-covalency within the
Fe-NH-NH-Fe core, which has a similar electronic structure as butadiene.

With regards to CO; reduction, the ability of iron(l) to mediate the one- and two-
electron reductions of CO, was explored. The reaction between [PhBP™?“Y;]Fe(PCy)s
and CO, is solvent dependent, with oxalate formation to generate
{[PhBP“H?%Y;]Fe},(n—nn’—oxalato) being favored in THF, and decarbonylation to give
{[PhBP“H?®Y;]Fe},(n-O)(u-CO) occurring exclusively in MeCy. Studies aimed at

understanding this unusual solvent-induced selectivity are presented.
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Chapter 1: M=E and M=E Complexes of Iron and Cobalt

that Emphasize Three-Fold Symmetry (E = O, N, NR)



1.1 Introduction

Multiply bonded species of the late transition metals (M=E and M=E, where E =
O, N, NR, CR) have been postulated as key intermediates in many synthetic and
enzymatic transformations.” These transformations include, for example, olefin
epoxidation and aziridination,” C-H bond oxygenation and amination,® and e/H* transfer
processes related to nitrogen fixation.* The diverse multi-electron reactivity exhibited by
such species is in part attributed to their multiple bond character, and there has hence
been much interest in understanding the electronic structures and reactivity patterns of
such species.’

The molecular orbital (MO) picture of complexes of the type C4- LsM(E) was
developed in the classic study of the d* vanadyl ion (VO?**) by Ballhausen and Gray
(Figure 1.1).° This MO picture stressed a large splitting of the t,y orbitals (A, ~ 13,000
cm™), arising from the presence of a strongly n— donating oxo ligand, and the presence of
a V=0 triple bond. As a consequence, complexes of the type L,M(E) should feature bona
fide multiple bond character, and hence electronic stability, when M(E) =* orbitals are

vacant or only partially filled,' regardless of local symmetry.

ITI e
H,o,,,_“l?lﬂ_..oi_:l ‘I:I,I ﬁ " I:i:l ||c|>| Bu:':“k:!f\" JBu P}’ [
P w0 0 Ak
OH, Me-‘-;—____:\’:n‘: I:I:"—:-'“"M':e cl’ Cl\l‘rlq/ “cl "'/k
'Blu
1962 1984 1989 1991 1993 2000 2001

Figure 1.1. Examples of M=E and M=E species, with year of publication noted



With this generalization in mind, there are at present three well-identified
pathways to achieve a reasonable degree of electronic stability in an M=E or M=E
interaction (also abbreviated as M(E)). The most straightforward and hence historically
most familiar way is to preserve a low d-electron count at the metal. For a prototypical 6-
coordinate metal center that features one terminal multiply bonded ligand LsM(E), the c*
and 7* bonding interaction results in the destabilization of four orbitals of d-parentage. It
is therefore not surprising that high-valent early transition metals that feature d°, d*, or d?
electron counts have historically dominated the literature of terminal LsM(E) complexes.’
To a first-order approximation, the n-bond order decreases from 2 to 3/2, 1, and ¥ as the
d®, d*, and d° configurations are respectively populated. Such an approach is of course not
limited to complexes of four-fold symmetry. The high stability of complexes such as
trigonal bipyramidal (TBP) {(MesSiNCH,CH,)sN}V(0)® and tetrahedral (Pr,N)sCr(N)°
drives home this point. A second means of achieving electronic stability in M(E) species
constitutes using a combination of ligands that are both ¢ donating and m-accepting.
Synergism in this context can in principle, via orbital mixing, serve to stabilize d-
electrons that would otherwise be destabilized via a strong =©* interaction. Such a scenario
has been used, for example, to offer an explanation for the unanticipated stability of the
d® LsPt(O) species prepared by Hill and coworkers.’® A third mode of achieving
electronic stabilization for multiply bonded species is to remove donor ligands from the
central metal under consideration. This provides a distinct electronic structure that may
be able to accommodate a higher number of d-electrons, so long as those electrons do not

fill strongly destabilized orbitals. For example, under three-fold symmetry, both 4- and 5-



coordinate species can accommodate M(E) species with diverse d-electron configurations

(Figure 1.2). 1M1

3-fold
symmetry
Fe(ll) d® Fe(lll) d° Fe(IV) d* Fe(IV) ¢* Fe(V) d® Fe(IV) d* Fe(lll) d° Fe(lll) d° Fe(0) d®
$=0 s=1/2 s=1 §=0 §=112 Z-axis §=2 §=5/2 s=1/2 $=0
R R R H R
N N N N N o Hegil ) N c
i i I n Il . | e i
_ e e i ! —Fe™ — e — Fe™ I
AN /\\ AR ah . |\ |\. ~ N
2 * I
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a T — — — — — — — — — —
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* TTH
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triple bond triple bond triple bond triple bond triple bond double bond single bond single bond triple bond

Figure 1.2. Qualitative d-orbital splitting diagrams for Ls-Fe(E) and L’Ls-Fe(E) structure types
discussed throughout the review. The diagram is meant as a guide to the discussion in the text.
The relative ordering of the orbital energies for the lower-lying e set (xy, x>-y?) and the a; orbital

(z%) is not implied for LsFe(NR) structures, and are arbitrarily set as degenerate, for simplicity.

Synthetic entry to M(E) complexes featuring higher d- electron counts first
surfaced about 25 years ago when Mayer and Tulip isolated and characterized an
intriguing Re(O)[(MeC=CMe), complex (Figure 1.1)."* This was the first well-
characterized terminal M(E) multiple bond linkage for a complex formulated as d*. The
Re-O bond distance of 1.697(3) A in Re(O)I(MeC=CMe), is similar to that of higher
valent Re(O) complexes,*? suggesting that the 7* orbitals are not populated. To achieve
such stabilization, the Re adopts a distorted geometry that can be crudely described as
tetrahedral, with approximate three-fold symmetry about the Re-O bond.™® The two
electron reduction of a related complex, Re(O)I(PhC=CPh),, furnished an equally
interesting d®, 3-coordinate [Re(O)(PhC=CPh),][Na] species.' In this latter complex,

partial population of ©* orbitals is presumed to cause elongation of the Re-O bond to



1.756(3) A, a destabilization that leads to a more reactive metal center (Figure 1.1). At a
similar time, Meyer and coworkers identified the interesting intermediate-spin, d*
ruthenium oxo species (bpy)(py)Ru(0)**.** Again, partial population of ©* orbitals was
presumed to give rise to a more reactive Ru(O) linkage.

By establishing the viability of high d-count structures featuring M(E) bonds,
these studies anticipated the possibility that M=E and M=E complexes of the mid-to-late
transition metals might be more generally accessible. Such species would be expected to
exhibit the highest degree of kinetic stability for third row ions, and it is hence not
surprising that about 15 years ago the groups of Bergman and Wilkinson isolated a d®
iridium(111) imido complex,” and a d* iridium(V) oxo complex, respectively (Figure
1.1).*® wilkinson’s d* oxo owes its stability to the fact that its four d-electrons reside in
largely non-bonding orbitals that are orthogonal to the Ir-O bond vector. As a
consequence of its pseudotetrahedral geometry, its higher energy combined o*/m*
orbitals are unfilled.

Until about ten years ago it had been commonly held that, owing to their
propensity to populate intermediate and high spin states, first row ions that feature
multiply bonded ligands would be highly reactive and hence far more difficult to isolate
and thoroughly characterize.'®!” However, this has turned out not to be the case. For
example, the ferrocene-like electronic structure of Bergman’s Cp*Ir(N'Bu) imide closely
resembles that of the isolobal pseudotetrahedral L3Co(NR) and LsFe(NR) imides that are
reviewed herein (Figure 1.2). Similarly, while the electronic structure of Wilkinson’s d*

iridium oxo was not described at the time of its synthesis, its relative stability predicted



the electronic stability of pseudotetrahedral iron nitrides of the type d* LsFe(N) (Figure
1.2).

Indeed, over the past ten years, there have been several reports of Fe, "¢ Co, *°
and Ni?® complexes that feature multiply bonded ligands, in both high- and low-spin
configurations. In many instances, the coordination number and hence symmetry of the
species has been reduced. From these reports a general picture of the electronic structures
and reactivity patterns of such complexes is emerging. This article reviews the
development of terminal M(E) species of cobalt and iron with a specific emphasis on
complexes that reside in local three-fold symmetry. Hillhouse,?®*? Holland,?* and

Warren® have advanced the field of 3-coordinate M(E) species in approximate Cyy

symmetry, though a discussion of these systems is beyond the scope of this review.

1.2 The L3M-X Structure Type
1.2.1 Electronic Lessons Learned from Pseudotetrahedral Cobalt(Il)

Prior to delving into a discussion of M(E) species of iron and cobalt, it is
instructive to first consider the electronic structures of pseudotetrahedral LsCo'"-X
species, as they provide an important lesson with respect to the stabilization of L;M(E)
species. Our group has extensively studied a family of low-spin, high-spin, and spin-
crossover complexes of the type LsCo"-X,?® in which the Ls donor ligand is the anionic
tris(phosphino)borate ligand, [PhBPR;] ([PhBPRs] = [PhB(CH:PRy)s]; R = Ph, 'Pr).** The
electronic structure model we proposed to account for the magnetic properties of these

pseudotetrahedral d’ ions provided a useful guide to further consider the stability (or



instability) of other d-electron configurations for related structure types, especially where

the terminal ligand would be multiply bonded to the metal center.

z-axis Td Csv Jahn-Teller c3:f (3”
I I distortion . | H
T s CO< — W ~C02+ - W o4 C03+ \CO/GH
{ ( ) /AN TS AN AN

2~ N :8{4_114; g ‘"’8{‘!,"‘, H;

§$=3/2 §$=3/2 S=1/2 §=0 S$=0

Figure 1.3. Qualitative d-orbital correlation diagram that summarizes the electronic relationships

discussed in the text regarding 4-coordinate Ls-Co-X species

Prior to the characterization of low-spin [PhBP™5]Co"-X complexes, all of the 4-
coordinate cobalt(Il) systems known to exhibit low-spin ground state configurations were
classified as square planar.”® lons of approximate tetrahedral geometries, whether of
nearly perfect Tyq symmetry, or species more appropriately described as
pseudotetrahedral, distorted tetrahedral, or trigonal bipyramidal had been, without
exception, classified as high-spin.”® A similar situation existed for the well-documented
cases of iron(Il) and nickel(Il) ions. These latter systems had been reported to populate
high-spin electronic configurations when approximately tetrahedral (S = 2 and S = 1,
respectively), and low-spin configurations when square planar.?’

The familiar tetrahedral ligand-field for divalent cobalt ions places three

degenerate orbitals, the t set, at a significantly higher energy than a nonbonding e set



(Figure 1.3). This splitting is not generally large enough to enforce a low-spin
configuration, and hence a high spin S = 3/2 electronic configuration is typically
observed. Lowering the symmetry, whether to Cs, Cs, or C;, does not typically have a
large effect on the relative arrangement of the d-orbitals; the splitting of the degenerate t
set is generally small by comparison to the pairing energy that would be required to
achieve a low-spin configuration. A strong axial distortion, whereby the angles between
three of the ligands decrease to well below 109.5° (as would be enforced by a tripodal
ligand), stabilizes the orbital of a; symmetry (in Cs,) from the upper set. When the
ligand-field splitting becomes unusually large, which will be the case for highly covalent,
strongly o—donating and possibly m-accepting Lz donor sets, a low-spin ground state
configuration can be attained (Figure 1.3).%®

The d-orbital splitting diagram achieved under this scenario recalls the “two-over-
three” splitting commonly used to describe octahedral coordination complexes. A low-
spin configuration for a pseudotetrahedral d’ LsM-X system is thus expected to exhibit a
stabilizing Jahn-Teller distortion, away from three-fold symmetry, to split the upper e set.
This distortion attenuates a ¢ antibonding interaction between a phosphine donor and the
metal centered SOMO, and is similar to that observed in pseudo-octahedral low spin d’
ions. Such a distortion is evident in the solid-state structures of numerous low-spin

[PhBPR;]Co-X complexes that have been characterized,”*

representative examples of
which are shown in Figure 1.4. The generality of this phenomenon has been probed by
comparing the structural and magnetic data for a series of [PhBPR5]Co-X complexes.
Subtle electronic and steric changes, both within the immediate coordination sphere and

well removed from it, have been found to affect the spin-state.



2.331(2) A Si. 1.766(3) A
e @o  172.5(1)° B

Co 2:361[1).0\ 2‘155(1) A“'

0 178.6(2)°

T 2.184(2) A
Co .-*

)

2.200(2) A 138.0(1)° -j‘ S

2.349(1) A .

1.799(2) A

P1 TN P 2487(1) A |

P,

Co ’ 2.169(2) A

2.331(1) A P2

2 P3 P1 ™
2.206(2) A " o s ’
A A 2.387(1) A 2.284(1) A 2.182(1)
r \ P \
P1-Co-P2 = 90.3° P1-Co-P2 = 96.5° P1-Co-P2 = 92.6° P1-CoP2=914° B1-Cop2=90.7°
P1-Co-P3 = 94.5° P1-Co-P3 = 97.9° P1-Co-P3 = 95.7° P1-Co-P3 =85.8° PGPS = 90,20
P2:Co-P3=91.9° P2-Co-P3 = 98.2° P2-Co-P3 = 02.4° P2-Co-P3 = 04.6° P2 Co by = 90 80
[PhBPPh3]COII-| [PhBPiPr:;]CO"-Cl [PhBPPh3]C0"'OCPh3 [PhBPPh3]C0"-05iPh3 {[PhBPPh3]CD|"-OsiPh3}{BPh4}
S=1% 5=3/2 5=3/2 sS=1% s=0

Figure 1.4. Select structural data for a series of pseudotetrahedral [PhBP®;]Co-X species that

feature both high- and low-spin ground-states

The electronic structure depicted in Figure 1.3 suggested that removal of a single
electron from pseudotetrahedral L;Co"-X systems might give rise to an S = 0 ground
state, particularly if significant = donation from the X-type linkage would complement
the o-donor character of the tripodal Ls scaffold. The complex {[PhBP";]JCo"-
OSiPh3}{BPhs} provided one such case, and clearly illustrated the close electronic

structure relationship that exists between the trigonal ligand-field of 4-coordinate L3Co""'-

" species.

X complexes and the conventional ligand-field of octahedral LsCo

Around the time that we were developing the MO description of L3Co"'-X
complexes, Lee and coworkers reported a tetranuclear iron cluster that featured an
Fe(NR) terminal linkage.”® The iron that coordinates the terminal imido functionality in
this system resides in a pseudotetrahedral geometry. Despite the low synthetic yield of
the tetranuclear iron cluster (1—2%), they were able to characterize it by several
spectroscopic techniques, including X-ray crystallography. Also, Hillhouse and

coworkers reported the isolation of a structurally distinct, 3-coordinate nickel imide in

2001 (Figure 1.1).%® These two results, combined with our electronic structure
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description for 4-coordinate L3M-X systems, suggested that a variety of d-electron
configurations (i.e., d*, d*, d°, d® might be electronically stabilized by strong n-bonding

at mid-to-late first row transition ions (Figure 1.2).

1.2.2 Pseudotetrahedral L3Co(NR) Species

Intrigued by the possibility that LsM(E) species might prove sufficiently stable to
isolate, our group began to systematically explore the synthetic feasibility of accessing
such complexes. Given our observation that low-spin cobalt(ll) systems supported by
tris(phosphino)borate ligands were accessible, cobalt(l11) seemed like a good place to
begin. The soft, polarizable phosphine donors of [PhBPR;] ligands provided
straightforward access to monovalent cobalt(l) precursors of the type [PhBP™";]Co'-L.1%
Subsequent two-electron [NR] group transfer from an organic azide to cobalt proved a
reliable means of generating terminal cobalt(I11) imides. This reaction manifold moreover

exposed for the first time the viability of a Co""!

two-electron redox couple.

Access to [PhBPR3]Co'-L precursors could be accomplished in a two-step
sequence starting from a [PhBP5]Co"-X precursor via addition of the donor L ligand
followed by reduction (Scheme 1.1).%%2* In our initial report, treatment of green
[PhBP™;]Co"-I with PMe; afforded the red 5-coordinate cobalt(l) complex,
[PhBP™;]Co"(I)(PMes). Reduction by sodium/mercury amalgam then provided the
desired bright green cobalt(l) precursor, [PhBP™;]Co'-PMes, as a d® S = 1 species (the

two unpaired electrons populate nearly degenerate o* orbitals of dy,y, parentage).

Treatment of [PhBP™;]Co'-PMe; with two equivalents of Nj(p-tolyl) resulted in N
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extrusion and successful formation of the red and diamagnetic terminal imide
[PhBP™"5]Co"'(N-p-tolyl) (Scheme 1.1). Two equivalents of Na(p-tolyl) are required in

this reaction because one equivalent serves to oxidize PMe3 to PMes;=N(p-tolyl).

| PMe;
| \ /F'Meg |

Co Co Co
Ph. Py\ 1Xh _Ph PMe; Ph. Fp( Xh _Pn NalHg Ph. Py_s,{h _Ph
Fh"'ij"“Fh F'h"‘Lp))P""‘F’h Nl Ph’L }j""Ph
B B B
| | |
Ph Ph Ph
p-tolyl 2 N:—G—
N
- MesP==N(p-tolyl)
[PhBP™"3]Co(CO); Elzlvlu ’ 2N
s GO Ph PN _Ph 2

pr—F P} F~pn

:
70°C, d
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Table 1.1. Select metrical parameters for pseudotetrahedral LsCo " (NR) complexes

Complex Co-N bond N-C bond length Co-N-C Displacement of Co Ref
length (A) A angle (°) from Ls plane (A)

[PhBP™";]Co(Np-tolyl) 1.658(2) 1.367(2) 169.5(1) 1.23 19a
[PhBP™;]Co(N'Bu) 1.633(2) 1.442(2) 176.7(1) 1.24 29
[PhBP™'5]Co(Np-tolyl) 1.667(2) 1.315(3) 173.2(2) 1.21 24b
[(TIMEN™®*)Co(Np- 1.675(2) 1.386(4) 168.7(2) 0.90 19b
OMeCgH,)][BPh,]

(Tp"®*M*)Co(N'Bu) 1.660(3) 1.449(5) 179.4(3) 1.20 30
(Tp™M)Co(NAd) 1.655(2) 1.441(3) 178.3(2) 1.196 31
[PhB(‘Bulm)s]Co(N'Bu) 1.659(3) 1.463(5) 179.7(3) 1.17 19¢

The solid-state structure of [PhBP™;]Co"'(N-p-tolyl) revealed a very short Co-N
bond distance of 1.658(2) A, establishing the presence of significant multiple bond
character at the Co-NR linkage.’® The relatively linear Co-N-C angle of 169.51(2)°
indicated sp-hybridization at the imide N-atom, establishing two =-bonds between the

cobalt and nitrogen atoms (Table 1.1). Such a [PhBP™3]Co"'=N(p-tolyl) bonding
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description is consistent with the qualitative d-orbital splitting scenario described above,
and was corroborated by DFT calculations.®* Hence, three low-lying orbitals of dz?, dxy,
and dx’y? parentage (a; + e) accommodate six electrons, whereas the o and =
antibonding orbitals of dxy and dyz parentage lie at higher energies (Figure 1.3).

Of interest with respect to chemical reactivity was our observation that, despite
the high kinetic stability of [PhBP™3]Co(N-p-tolyl), it was possible to release the imide
functionality from cobalt to a nitrene acceptor, thereby regenerating cobalt(1).*** For
example, addition of CO to of [PhBP™;]Co"'=N-p-tolyl released the free isocyanate
O=C=N(p-tolyl), whilst generating the 5-coordinate dicarbonyl, [PhBP"";]Co'(CO),
(Scheme 1.1). This reaction, and the analogous release of carbodiimides by addition of
C=NR, have since become a useful diagnostic probe for the presence of imides
coordinated to late transition metals.’®¥"?2°%% Additionally, it suggested the viability of a
catalytic M""" redox loop (vide infra).

Around the time that our studies of [PhBPR;]JCo(NR) species were underway,
Theopold and coworkers were exploring conceptually related transformations at
substituted tris(pyrazolyl)borate (Tp’) ligated cobalt(I) precursors in the hope of gaining
evidence for terminally bonded cobalt imide and oxo functionalities.**** Whereas they
ultimately established the fidelity of the LsCo''(NR) framework for certain (Tp’) and NR
functionalities, early studies exposed radical degradation pathways. For example,
addition of MesSiNs to (Tp®"M®)Co(N,) ((Tp*®) = hydrotris(3-R,5-R’-pyrazolyl)borate)
resulted in formation of cylometallated, 5-coordinate (HB(pz)z(KZ-pz’))Co(NHSiMeg)
(Scheme 1.2).34b This product in all likelihood formed via H-atom transfer (HAT) from a

ligand C-H bond to in situ generated (Tp"™“M¢)Co"'(NSiMes). This idea found merit in
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the reactivity patterns of isolable (Tp”’)Co(NR) species (vide infra). An example of such a
species is (Tp®"M*)Co"(NAd), prepared by treatment of (Tp™"M*)Co(N,) with AdN;
(Scheme 1.2).%*2 The metrical parameters of the imide functionality in
(Tp™"M&)Co"(NAd) (Co-N = 1.655(2) A, Co-N-C = 178.3(2)°) are highly similar to
those of [PhBP";]Co"'(NR) species, establishing their closely related electronic structures
(Table 1.1). (Tp®"M*)Co"(NAd) exhibits a low-spin d° electronic configuration, and
hence is diamagnetic even at room temperature in solution. For example,
(Tp™"M&)Co"(NAd) has a well resolved **C NMR spectrum. But (Tp’) is a weaker field
ligand than [PhBPR5], which may afford thermal access to open-shell states that would in

part explain the propensity of (Tp’)Co""

(NR) derivatives to display H-atom abstraction
behavior. For example, gentle heating of solutions of (Tp®"“™*)Co"'(NAd) resulted in

partial insertion of the nitrene into a ligand C-H bond (Scheme 1.2).

Scheme 1.2.

Meyer and Hu extended the generality of the L3Co"'=NR motif and underscored
its stability in preference to a 5-coordinate, trigonal bipyramidal L’LsCo"(NR) structure
type using a flexible tris(carbene)amine scaffold, which features a hemi-labile amine

donor at the axial position.*® Once again, oxidative group transfer to cobalt(l) proved the
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synthetic method of choice. For example, addition of p-tolylazide to trigonal pyramidal
[(TIMEN*Y)Co][CI] led to the terminal imide complex [(TIMEN"Co(N-p-tolyl)]CI
(TIMENR = tris-[2-(3-R-imidazol-2-ylidene)ethyl]amine; xyl = 2,6-dimethylphenyl)
(Scheme 1.3). The solid-state structure of the imide complex clearly established the
absence of an interaction between the d° cobalt center and the amine N-donor of the
(TIMEN™") ligand (the Co-Nay distance is 4.01 A). Accordingly, complexes of the type
[(TIMENF)Co(NAr*)]CI are low-spin, and feature similar metrical parameters to the
cobalt imides described above. Were there an appreciable interaction between the apical
N-donor and the cobalt center, a triplet ground state would instead be expected (see
discussion below for 5-coordinate d° L’LsM(E) species). Despite the clear preference for

"INAr®)]ICI imide complexes are thermally

a low-spin ground state, these [(TIMEN®)Co
unstable and undergo nitrene insertion into one Co-carbene bond at room temperature
(Scheme 1.3). This transformation may be facilitated by the flexible ligand scaffold, as
nitrene transfer is accompanied by coordination of the axial amine. Hence, it is cautioned

that the reactivity patterns in such systems are not easily correlated with observed ground

spin states.

R
N/ R _+| N/ ‘ﬁl;' . —+| ;l
R\ [)\ ‘h ArNs, - 35°C R / \ RT, solvent [/k
N..N c|°‘<j —b Y \<Nj CU—" Co——N\ R
gN N Ar = p-tolyl, p-methoxy </ 0" species <:r | \—N

R =mes, xyl

Scheme 1.3.

Another cobalt(l1l) imide system worth noting in the present context comes from

Smith and coworkers.'* Using sterically encumbering tris(carbene)borate ligands that are
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isomers of the ubiquitous tris(pyrazolyl)borates, they have prepared structurally related
LsCo"(NR) species such as [PhB(‘Bulm)s]Co(N'Bu) ([PhB(RIm)s] = [PhB(1-R-2-
ylidene)s]’). As for tris(pyrazolyl)borate derivatives, vertical bulk is readily accomplished
with these ligands, yet they differ by virtue of a stronger ligand field conferred by the
carbene donors.® The cobalt(111) imides derived from these platforms are electronically
similar to those already described (Table 1.1). Their method of synthesis provided a
noteworthy distinction, however (Scheme 1.4). H-atom abstraction from the cobalt(ll)
amide precursor, [PhB(‘Bulm)s]Co(NH'Bu), was accomplished by addition of 2,4,6-
tritert-butyl)phenoxy ~ radical to  furnish  the  d®  cobalt(lll)  imide,
[PhB('Bulm)s]Co"'(N'Bu).  This strategy is related to the  stepwise
oxidation/deprotonation protocol first employed by Hillhouse and Mindiola to prepare a
terminal nickel(I1) imide.?®® Worth noting is that in all instances, these cobalt(l11) imides
lack reversible redox couples. Though this is perhaps intuitive for a reduction event, as a
d’ cobalt(11) species would populate a high-lying orbital, the reason why oxidation to a d°

cobalt(1V) species is not accessible is less obvious (Figure 1.3).

T e
OH |
Q,N\?g 7y 2°s &N\?Q.N{/N)
Ph Ph

Scheme 1.4.
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1.2.3 Pseudotetrahedral LsFe(NR) Species

With the aforementioned ‘[PhBP3]Co’ chemistry as a backdrop, our group was
eager to explore whether related Ls;Fe(NR) species could be generated and thoroughly
characterized. Whereas terminal imido complexes of ruthenium and osmium had been
known for many years,* terminally bonded iron imido complexes were essentially
unknown. As noted already, Lee and coworkers had provided the singular exception to
this statement in 2000 with the low-yielding synthesis of a tetranuclear iron cluster,
{CIFe}s{N'BuFe}(1>-N'Bu),, that featured a terminal Fe-N'Bu linkage (Fe-N = 1.635(4)
A, Fe-N-C =178°%.%8

We were fortunate to find that, akin to the mononuclear L3Co(NR) systems,
iron(111) imides of the type [PhBP®;]JFe(NR) were synthetically accessible via two-
electron oxidative group transfer to iron(l) precursors.®"**2%37 Again, access to well-
defined iron(l) synthons was therefore necessary. Despite the paucity of iron(l)

complexes at the outset of our studies,®

such species proved readily accessible by
reduction of [PhBPR3]Fe'-X precursors in the presence of a coordinating L ligand (e.g., L
= PR3 or N,). For example, we initially reported that the sodium/mercury amalgam
reduction of the yellow and high-spin (S = 2) complex [PhBP™5]FeCl in the presence of
PPh; afforded monovalent, orange and high-spin (S = 3/2) [PhBP™;]Fe(PPhs).*®" As for
the related cobalt system, addition of two equivalents of p-tolylazide generated the
desired terminal d° imide species [PhBP™"5]Fe(N-p-tolyl), in addition to PhsP=N(p-tolyl)

(Scheme 1.5). Of particular interest to us was the low-spin ground state of

[PhBP™;]Fe(N-p-tolyl), further buttressing the electronic structure picture that we had
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forwarded to account for the low-spin d’ LsCo"-X and d® and L3;Co"(NR) systems

reviewed above.
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Scheme 1.5.

Table 1.2. Select metrical parameters for pseudotetrahedral L;Fe(NR) complexes

Complex Oxidation Fe-N N-C bond Fe-N-C Displacement Ref
State bond length (A) angle (®) of Fefrom Ls
length (A) plane (A)
{CIFe}s{N'‘BuFe}(1>-N'Bu), 4+ 1.635(4) - 178.6(3) - 28
{[PhBP™";]Fe(NAd){N"Bus} 2+ 1.651(2) 1.434(3)  178.6(1) 1.24 18i
[PhBP";]JFe(NAd) 3+ 1.641(2) 1.428(3)  176.3(2) 1.32 18i
[PhBP"";]Fe(Np-tolyl) 3+ 1.658(3) 1.383(3)  170.0(2) 1.31 18h
1.661(3) 1.3743)  167.3(2) 1.29
[PhBP™"5]Fe(N'Bu) 3+ 1.635(1) 1.442(2)  179.2(1) 1.29 29
[PhBP™'5]Fe(NAd) 3+ 1.638(2) 1.438(3)  176.0(2) 1.27 24b
[PhBPC*2Y;]Fe(NAd) 3+ 1.622(4) 1.433(6) 176.3(3) 1.24 37
[PhB(meslim)s]Fe(NCPhs) 3+ 1.654(3) 1.473(4)  177.7(3) 1.20 18¢c
[PhB(P™®",)(pz)]Fe(NAd) 3+ 1.626(8) 1.33(3) 176(1) 1.27 18j
1.634(8) 1.59(3) 170(1) 1.26
{[PhB(P™",)(pz)]Fe(NAd){BArF 4} 4+ 1.61(1) 1.44(2) 174(1) 1.13 18j
[PhB(P®%,)(pz"*M)]Fe(NAd) 3+ 1.647(8) 1.45(1) 172.2(6) 1.22 18;
1.652(8) 1.44(1) 172.4(6) 1.23
{[PhB(P®",)(pz"*")]Fe(NAd){BAIF 24} 4+ 1.634(4) 1.456(6) 176.3(3) 1.11 18;
[PhB(mesim)s]Fe(NAd) 3+ 1.625(5) 1.441(7)  177.0(3) 1.13 18e

{[PhB(mesIm)s]Fe(NAd)H{BPh.} 4+ 1.618(3) 1.439(5)  176.8(3) 1.15 18e
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As for the cobalt(l1l) imides, iron(l1l) imides containing a variety of ancillary
organic groups have proven accessible using this methodology (Table 1.2). These
iron(111) imides are generally highly colored and exhibit intense low-energy absorptions
that can be assigned as imide-to-iron(111) charge-transfer bands.?® As would therefore be
expected, substitution of an alkylimide for an arylimide greatly reduces the intensity of
these transitions, while also increasing the energy at which they are observed. Consistent
with this observed blue-shift, the vibrations that are predominantly associated with Fe-N-
R stretching character are observed around 1100 cm™ for alkylimides and near 960 cm™
for arylimides. While the alkylimides Fe-N-R stretching mode can be very crudely
approximated as a harmonic oscillator, the latter arylimides feature strongly vibrationally
coupled Fe-N-Cjpso and Fe-N-Cipso modes that cannot be decoupled. The d-orbital
electronic structures of these iron(l1l) imides are well described using arguments
originally developed for Cp,Fe* by Gray and coworkers.*®

Akin to the cobalt(I11) imides, nitrene transfer to CO also proved to be facile for
the iron(l11) [PhBPR;]Fe(NR) imides.’®" For instance, addition of one atmosphere of CO
to [PhBP™;]Fe"(N-p-tolyl) resulted in formation of O=C=N-p-tolyl and
[PhBPP;]Fe'(CO),. Alternatively, addition of C=N'Bu released the carbodiimide
'BuN=C=N(p-tolyl). We were moreover able to show that the addition of N3(p-tolyl) to
[PhBP™;]Fe!(CO), regenerated [PhBP™5]Fe(N-p-tolyl), forming the basis for a catalytic
nitrene transfer cycle.?*

In addition, the iron imide functionality proved susceptible to hydrogenolysis, a
reactivity pattern that Chirik has since reported for a geometrically and electronically

distinct iron(111) imide.*®® Treatment of [PhBP™"5]Fe""'(N-p-tolyl) with one atmosphere of
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H, resulted in complete scission of the Fe-N triple bond, liberating p-tolyl-aniline over
the course of days at room temperature (Scheme 1.5).*” The high-spin S = 2 anilide
species, [PhBP™"5]Fe'(HN-p-tolyl), was observed as a long-lived intermediate and could
be isolated. Further exposure to H, released H,N-p-tolyl and ‘[PhBP™";]Fe(H)’. The latter
hydride species*™ was not observed but inferred from a subsequent benzene insertion
reaction to generate [PhBP™;]Fe(n®-Ce¢H;). The solid-state structure of
[PhBP™;]Fe'(HN-p-tolyl) showed an Fe-N-C angle of 127.4(2)° and a Fe-N bond
distance of 1.913(2) A, compared with the respective parameters of 1.658(3) A and
170.0(2)° for [PhBP™5]Fe'"'(N-p-tolyl). These distinct metrical parameters establish sp?-
hybridization at nitrogen, which disrupts the degenerate n bonding manifold of the
terminally bonded imide precursor. This disruption in turn leads to a preference for a
high-spin configuration, owing to a weakened ligand field.

According to the qualitative d-orbital electronic structure picture we had advanced
for these pseudotetrahedral LsM"'(NR) imides (Figures 1.2 and 1.3), we anticipated that
iron(I1) imides should also be accessible. We were gratified to observe that treatment of
[PhBP™;]Fe(NAd) with one equivalent of sodium/amalgam, followed by addition of
["BusN][Br], resulted in the clean generation of {[PhBP""s]Fe"(NAd)}{ "BusN}.*® The
metrical parameters of the imide ligand in this d® and d° redox pair are similar, preserving
short Fe-N bonds (approximately 1.65 A) and near linear Fe-N-C bond angles (Table
1.2). These observations are consistent with a high degree of Fe-N =-bonding. The
presence of two strong m-bonds from the imide linkage, along with the strong field
tris(phosphino)borate ligands, once again confers the low spin configuration for the

iron(11) system. The electronic structure of {[PhBP™";]Fe(NAd)}{ "BusN} was probed by
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DFT methods, and is best described by a splitting diagram in which an orbital of 3dz?
parentage lies at low energy, close to 3dxy and 3dx?-y* orbitals that are orthogonal to the
Fe-N bond vector. The electronic structure pictures of low-spin LsFe"(NR), and

isoelectronic L3Co '(NR), are hence closely related to that which was originally

elucidated for ferrocene in the classic study by Gray and coworkers nearly four decades
ag0.39b,42

Figure 1.5a plots the visible absorption spectra of select LsFe'(NR) and
LsCo"(NR) species. If one uses the spin-allowed optical transition assignments (two
A1y > 'Exg and one 'Ayq > 'Eyy) for CpyFe and Cp,Co* as a basis to assign the optical
transition assignments for d® LsFe(NR)™ and LsCo(NR), then one derives a splitting A; of
ca. 1 eV between the lowest nonbonding xy/x?-y? e-set and the z* a; orbital (Figure 5b).
This splitting is substantially smaller than the splitting A, of ca. 2 eV between the a;
orbital and the highest-lying xz/yz e-set that is strongly o* and =* in character. The
splitting A; is not anticipated by ground state DFT calculations of d® LsM(NR) imides,
which place the a; orbital nearly degenerate with the nonbonding e-set. It would be of

obvious interest to theoretically calculate the optical transitions of d° LsM(NR) imides to

further explore this issue.
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Figure 1.5. (a) Visible absorption spectra of d® pseudotetrahedral metal imides. All spectra were
recorded at room temperature. (A) [PhBP3]Co(NPh) (—); (B) {[PhBPs]Fe(NAd)} (- - -) in THF;
and (C) [PhBP5]Co(N'Bu) (——). (b) d-orbital splitting diagram defining splittings A; and A,

An obvious progression was to next begin exploring whether the d* iron(1V)
configuration might also be compatible within the LsFe(NR) framework. In parallel with

"(NR) systems, terminally bonded 6-coordinate iron(IV) oxos

our own studies of LsFe
had begun to emerge as rigorously isolable species, for example by the groups of Que and
Nam.*® Our initial efforts towards LsFe'V(NR) species focused on the one-electron
chemical oxidation of [PhBP®s5]Fe"'(NR) precursors, but we were unsuccessful: if an
Fe(IV) species was generated in such reaction mixtures, it was not sufficiently long-lived
to be detected by the routine characterization methods we adopted. Interrogation of
[PhBPR;]Fe"(NR) complexes by cyclic voltammetry revealed a chemically irreversible
Fe(IV/I111) redox couple, contrasting the reversible Fe(l11/11) couple that was present at
more negative potentials. This observation enforced the notion that [PhBP®;]Fe'V(NR)*

species are kinetically unstable, and we thus began to explore related 3-coordinate ligand

scaffolds in the hopes of lending a higher degree of stability to the iron(IV) state. One
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path of exploration that ultimately proved efficacious was using hybrid scaffolds,
whereby one of the phosphine donor ligands was replaced by a pyrazolyl group. To
access such ligands, it proved synthetically necessary to decorate the two phosphine
donor arms with tert-butyl groups, as the intermediate bis(phosphino)boranes,
PhB(CH2PR;),, were unstable to dimerization when less encumbering groups were
employed.**  Addition of pyrazole anions to PhB(CH,P'Buy), afforded
bis(phosphino)pyrazolylborate ligands, abbreviated as [PhB(P®"),(pz**)] (pz** =
pyrazole substituted at the 3 and 5 positions, respectively).

Using a hybrid scaffold of this type, we found that low-spin terminal iron(lll)
imides could be readily generated, as for the complexes [PhB(P"®"),(pz)]Fe(NAd) and
[PhB(P®"),(pzM*M)]Fe(NAd)."¥ The cyclic voltammograms of these species were
distinct from those of tris(phosphino)borate congeners, in that now the Fe(ll11/11) couple
was irreversible, but the Fe(lll/1V) couple was quasi-reversible or reversible at room
temperature depending on the scan-rate. Chemical oxidation of these iron(111) imides with
[CpoFe][BArF,4] (BArF,, = tetra(3,5-di(trifluoromethyl)phenyl)borate) afforded the
bright  green iron(IV) imides  {[PhB(P"").(pz)]Fe"(NAd)}{BArF.}  and
{[PhB(P™®"),(pz*M)]Fe'(NAd) H{BArF,}, the former of which was very thermally
unstable (Scheme 1.6). The Fe-N bond distance in
{[PhB(P®"),(pzM*Me)]Fe'V(NAD)HBArF,} is 1.634(4) A and the Fe-N-C angle is
176.2(3)°, similar to that of all of the pseudotetrahedral iron(Ill) imides we had
characterized. This is consistent with removal of an electron from an orbital that is
orthogonal to the Fe-NAd bond vector, and a (dz®)?(dxy)*(dx?-y?)*(dxz)°(dyz)° electronic

configuration (Figure 1.2). Solution Evans method and DFT data were consistent with
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this S = 1 electronic structure picture. Curiously, upon oxidation, the distance between the
iron center and the plane defined by the donor atoms of the tripodal ligand (N-P-P)
decreased by ca. 0.11 A to 1.11 A. This decrease results in slightly longer Fe-P,y bond
distances (ca. 0.03 A) in the iron(IV) imide compared to the iron(lIl) congener, which
might result in a net decrease of n backbonding from iron into ligand o* orbitals of
appropriate symmetry. This hypothesis is consistent with the observation that the average
Fe-P distance decreases by ca. 0.1 A when neutral [PhBP™;]Fe'"(NAd) is reduced by one

electron to {[PhBP™";]Fe"(NAd)}H{ "BusN}, which presumably leads to a net increase in =

backbonding into the phosphine ligand o* orbitals.*®
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Smith and coworkers'® have recently extended the number of well-characterized
iron(IV) imides of the pseudotetrahedral Ls;Fe(NR) structure type via the isolation of an

intermediate-spin iron(1V) imide, {[PhB(mesim)s]Fe'"'(NAd)}{OTf}, whose electronic
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structure is similar to that of {[PhB(P'Buy)(pz""*"*)]Fe'V(NAd)}{BArF,4}. This species
was generated by oxidation of the precursor iron(l1l) imide with [Cp,Fe][OTf] (Scheme
1.6). The metrical parameters for the core atoms of both the iron(l1l) and iron(IV) imide
congeners are quite similar. For example, the Fe-Nimiqe distances (1.625(4) A for Fe(lll)
and 1.618(3) A for Fe(lV)), the Fe-N-C angle (177.0(3)° for Fe(lll) and 176.8(3)°
Fe(IV)), and the distance between the iron and the plane defined by the tris(carbene) C-
donor atoms (1.13 A for Fe(l1l) and 1.15 A for Fe(IV)) change very little. However, the
average Fe-C distance increased by 0.04 A upon oxidation. Again, diminished =
backbonding, in this case into o* orbitals of the tris(carbene) ligand might offer a

plausible explanation.

1.2.4 Pseudotetrahedral LsFe(N) Species

Well-defined and terminally bound nitrides of iron remain relatively rare.
Bridging species are instead often obtained.*"** Nakamoto and coworkers were first to
describe the generation of a terminally bonded iron nitride species using an
octaethylporphyrin (OEP) supporting ligand framework.*® They employed a very elegant
vibrational analysis to support their assignment. However, the high thermal instability of
the (OEP)Fe"(N) species precluded its further characterization. Wieghardt and coworkers
have since characterized low-spin 6-coordinate iron(V)*" and iron(V1)*® nitrides using
cyclam and cyclam-acetate supporting ligands, respectively. These complexes also
exhibit limited thermal stability but have been characterized by a suite of spectroscopic

techniques, in addition to having been analyzed theoretically.*® They populate low-spin
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ground states. The S = % iron(V) d* species appears less stable than the diamagnetic
iron(V1) species. The latter d? species finds close structural and electronic analogy to the
well-established and studied Mn(V) nitride systems.?**°

Our own group’s interest in this area focused instead on exploring the feasibility
of terminally bonded nitrides under local three-fold symmetry of the type LsFe(N).
Theoretical analysis suggested to us that replacement of the terminal NR? ligand by an
N* ligand in systems of this type would strongly destabilize the a; orbital of dz’
parentage that is low-lying in LsFe"(NR) (n = 11, 11, 1V) species (Figure 1.2).%¢ Such
destabilization would thereby render d° and d° configurations comparatively less
favorable due to population of a strongly antibonding o* orbital. By contrast, d* and
perhaps even lower d-count species might be electronically favored, as there are only two
energetically low-lying d-orbitals (dx*-y?/dxy). For an iron(IV) species, the predicted
electronic configuration is therefore (xy)2(x*-y?)%(z%)°(xz)°(yz)° (Figure 1.6). Such a
configuration is similar to Wilkinson’s d* MessIr(O) complex. The destabilization of dz?
relative to the structurally related imides is a consequence of better overlap with the
nitrogen sp-hybrid orbital, and a distortion that renders the geometry about the iron center
more tetrahedral. The calculated S = 0 [PhBP"™'3]Fe(N) structure features P-Fe-P angles
between 99-101°, whereas these calculated angles for the corresponding imide, S = 0
{[PhBP™;]Fe(N'Bu)}, are between 90-95°, in accord with a wealth of experimental data
(Table 1.2). It was therefore incumbent upon us to select an appropriate N-atom transfer
agent to test whether an S = 0 nitride would be accessible using the tris(phosphino)borate

iron frameworks.
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Figure 1.6. Theoretically predicted geometry and electronic structure (DFT, JAGUAR 5.0,
B3LYP/LACVP**) for S = 0 [PhBP™;]JFe=N. Lobal representations correspond to the frontier
orbitals (energies in eV). Structural parameters: Fe-P = 2.28, 2.28, 2.29 A; N-P-Fe = 117, 117,
119°; P-Fe-P = 99, 101, 101°; Fe-N = 1.490 A. Reprinted with permission from reference 18(g).
Copyright 2004 American Chemical Society.

Nitride transfer reactions often occur as two-electron processes that deliver an N-
atom while liberating a thermodynamically stable molecule. Azide, N3, is often the
reagent of choice owing to its synthetic simplicity and the release of N, as a
byproduct, 181846247851 N, extrusion can occur spontaneously or it can be effected by
heating or photolytic means, the latter often being necessary when the resultant nitride is
thermally unstable. We found that such protocols were ineffective for generating terminal
nitrides with the ‘[PhBPiPrg]Fe’ and ‘[PhBPPhg]Fe’ frameworks. For example,
{[PhBP™";]Fe(N3)}, can be prepared and is a thermally stable species. While N, extrusion
might have been effected by its one-electron reduction to release the d°
{[PhBP™;]Fe(N)} and N,, any such species appears to be rapidly trapped by

“[PhBP™;]Fe" in solution (iron(l) is generated by kinetically competitive loss of Ng
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upon reduction) to afford the stable diiron(11) p-nitride complex [{[PhBP™;]Fe}(u-N)T,

as shown in Scheme 1.7).®
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An alternative approach that proved viable involved use of the N-atom transfer
agent Li(dbabh) (dbabh = 1,2:5,6-dibenzo-7-aza bicycle[2.2.1]hepta-2,5-diene). This
lithium amide was first used by Cummins and Mindiola to prepare a high-valent
chromium nitride.* Its utility involves initial formation of a metal amide, M"-(dbabh),
which can thermally release M™?(N) and one equivalent of anthracene. The utility of this
reagent appears to be limited; for example, we have explored its use to install nitride
groups at ‘[PhBPR3]Mn’ and ‘[PhBPR3]Ni’ systems and in doing so have uncovered
alternative reaction manifolds.>® But to our satisfaction (and relief!), the synthon worked
well for ‘[PhBP™'5]Fe’.

Using Li(dbabh), the iron(1V) nitride species, [PhBP™3]Fe'V(N), can be generated
and thoroughly characterized (Scheme 1.8).2%¢ Treatment of [PhBP™3]FeCl with

Li(dbabh) at -35 °C generated the red and thermally unstable iron(I1) amide intermediate,
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[PhBP™'5]Fe' (dbabh). Upon warming to 0 °C, this intermediate underwent clean first-
order decay to release one equivalent of anthracene and the desired diamagnetic product,
[PhBP"™';]Fe(N). Owing to its many spin active nuclei and its diamagnetism, solution
NMR characterization of [PhBP"*";]Fe(N) was straightforward. For example, a diagnostic
>N NMR chemical shift of 952 ppm was observed for the nitride, in accordance with the
chemical shift noted for terminal M(N) species.”®* The solution IR spectrum showed an
Fe-N stretch at 1034 cm™ which is consistent with that of other M(N) species.> Upon
>N-labelling, the stretch shifts to 1007 cm™, in agreement with that calculated (27 cm™)
assuming an Fe-N harmonic oscillator. The Méssbauer spectrum of [PhBP'™5]Fe(N) was
also obtained, and established an isomer shift of & -0.34 mm/s, and an unusually large
quadrupole-splitting parameter, AEq = 6.01 mms™.*® This large quadrupole splitting
results from the highly anisotropic electric field gradient that arises from electronic
population of dx?-y? and dxy orbitals orthogonal to the B-Fe-N vector, and has proven
diagnostic of LsFe'V(N) species (vide infra). Spontaneous nitride coupling to generate the
formal diiron(l) product, {[PhBP™"3]Fe}.(uu-Ny), occured upon concentration or attempts
to crystallize [PhBP™3]JFe=N.®¢ We canvassed one other scaffold, ‘[PhBP®"2%Y;]Fe’
(CH,Cy = cyclohexylmethyl) and successfully generated and characterized
[PhBPC™2%Y;]Fe(N) at low temperature.®® Though nitride coupling does not occur for this
latter  system, ({[PhBP“"?%¥;]Fe},(u-N,) is not an accessible species,’
[PhBP“H?%Y;]Fe(N) proved to be unstable above -50 °C, and poorly defined degradation
pathways frustrated our ability to crystallize this species. Additionally, a short Fe-N bond

distance of 1.53(2) A was obtained for these species by EXAFS.*’
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The respective groups of Meyer and Smith have also targeted terminally bonded
iron(IV) nitrides in recent years using the carbene ligand frameworks introduced above.
Meyer’s 4-coordinate nitrides, [(TIMENF)Fe(N)][PPhs] (R = mes, xyl), formed via
photolysis of 4-coordinate azide precursors, [(TIMEN®)Fe(Ns)][BPh4], proved thermally
stable and hence amenable to single-crystal XRD characterization (Scheme 1.9).2" Such
data revealed an Fe-Npyige bond distance of 1.526(2) A for [(TIMEN™)Fe(N)][PPh]
(Table 1.3). This complex represented the first reported terminal iron nitride species to be
characterized by X-ray crystallography. Smith’s X-ray structure of [PhB(‘Bulm)s]Fe(N)

followed soon thereafter.*®

Meyer’s system provided experimental validation that a 4-
coordinate LsFe'V(N) system is energetically preferred relative to a corresponding 5-
coordinate L’LgFe'V(N) under local three-fold symmetry, since the apical amine donor
does not bind the iron center. The geometry about the iron centers in
[(TIMENR)Fe(N)][PPh4] are close to trigonal pyramidal, with the iron centers ca. 0.54 A
above the plane defined by the three carbene donors. The related [PhB(RIm)s]Fe(N)

system reported by Smith and coworkers was likewise generated via photolysis of
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terminal azide precursors. As noted for the calculated structure of [PhBP™'3]Fe(N),
[PhB('Bulm)s]Fe(N) is somewhat more tetrahedral in structure compared to the
corresponding iron(1V) imides (i.e., {[PhB(‘Bulm)s]Fe(NAd)}{OTf}), as the average C-
Fe-C angle increases from ca. 90° to ca. 96°. DFT calculations on the iron(IV) nitrides
supported by the three different ligand scaffolds indicate similar electronic
structures.*®*8"9 Hence, in all three scaffolds the tridentate L3 donor adopts a geometry
such that the a; orbital is destabilized to accommodate a favorable d* S = 0 (xy)*(x*
y9)3(z%)°(x2)°(yz)° electronic configuration. Note that this electronic structure is distinct
from the iron(1V) imides, which adopt an S = 1 ground state due to the fact that the a;
orbital of dz? parentage lies much closer in energy to the nonbonding dxy, dx?-y? e set of

orbitals (Figure 1.2).
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Table 1.3. Select spectroscopic and structural parameters of pseudotetrahedral LzFe''(N)
complexes

Complex Fe-N Fe-N Displacement N NMR MB MB AEq Ref
stretch  distance of Fe from Lj chemical ) (mms'l) K (mms'l)
MN/SN A plane (A) shift* &
(cm™)
[PhBP™;]JFeN 1034 / 1.51- - 952 -0.34(1) 6.01(1) 189,5
1007 1.54° 6-57
[PhBP®H*%Y;]JFeN - 1.55 - 929 -0.34(1) 6.01(1) 56-57
[(TIMEN™)FeN]|[BPh,] 1008/  1.526(2) 0.43 1121 -0.27(1) 6.04(1) 18f
982
[(TIMEN™)FeN][BPh,] . 1.527(3) 0.38 - - - 18f
[PhB(Bulm)s]FeN 1028/  1.512(1) 0.98 1019 - - 18d
999
[PhB(mesim)s]FeN - 1.499(5) 1.01 1004 - - 18c

Referenced to liquid NH; at 0 ppm, "Obtained by EXAFS.

While the reactivity patterns of these iron(IVV) complexes have not been reported
in great detail, there are a few transformations worthy of note. Treatment of both
[PhBP™'5]Fe(N) and [PhB(‘Bulm)s]Fe(N) with triphenylphosphine effected reductive

nucleophilic attack and afforded the corresponding high spin iron(ll) phosphiniminato
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complexes, [PhBP*5]Fe(N=PPhs) and [PhB(‘Bulm)s]Fe(N=PPhs), respectively.'¥*8 Our
own group was interested in determining whether the terminal nitride of [PhBP""s]Fe(N)
could liberate NHs3 on treatment with an e/H" source, a transformation motivated by a
hypothetical Fe-mediated distal scheme for N, reduction. It was found that NH3 could be
liberated upon addition of [lutidinium][BPhs] in the presence of CoCp,, albeit in
moderate yield (ca. 45%).*% Smith’s nitride, [PhB(mesIm)s]Fe(N), was treated with a
well-defined H-atom transfer equivalent, TEMPOH, and gave rise to an appreciably
higher yield of NH3 (74%) (TEMPOH = 1-hydroxy-2,2,6,6-tetramethylpiperidine).'* The
first step of this transformation is thought to occur via H-atom transfer (HAT) from
TEMPOH to the nitride, though a protonation/reduction could not be ruled out from the
measured free energy of activation. Smith’s nitride was also exposed to trityl radical to
generate the corresponding iron(lll) imide, [PhB(‘Bulm)s]Fe(NCPhs). This
transformation thereby established another synthetic route to iron imide species.

Perhaps the most interesting reaction to note concerns oxidation of
[PhB(‘Bulm)s]Fe(N). According to the d-orbital configuration proposed for LsFe'(N)
species, d-electron configurations less than d* should in principle also show electronic
stability. Removal of one electron to generate a d* LsFe"(N) species is therefore of
paramount interest. Such a reaction has very recently been demonstrated using the
[PhB('‘Bulm)s]Fe(N) precursor. Low temperature oxidation by [Cp,Fe][BArF24] was used
to generate the d* iron(V) nitride {[PhB(‘Bulm)s]Fe(N)}{BArF,.}, a low-spin species
that proved sufficiently stable to isolate and characterize by X-ray crystallography.”® As
should be expected for an (xy)?(x*-y?)*(z%)°(yz)° (xz)° electronic configuration, the Fe-N

distance remains virtually unchanged (Fe-N = 1.506(2) A) relative to its d* precursor, and
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the iron center remains ca. 1 A above the Lz donor plane. Also,
{[PhB('Bulm)s]Fe(N)}{BArF,,} likewise affords a diagnostic large quadrapole splitting

parameter AEq = 4.25 mms™.

1.3 Trigonal Bipyramidal (TBP) L’L3;-M(E) Structure Types
1.3.1 Orbital Considerations

An interesting question that follows the preceding discussion of LsM(NR) and
L3sM(N) species concerns how the electronic structure rules will vary upon coordination
of a fifth ligand in the site trans to the multiply bonded ligand E. Such coordination
preserves local three-fold symmetry and leads to an L’L3sM(E) structure type, where the
L3 donor set moves into the equatorial plane and L’ and E occupy axial sites. Qualitative
d-orbital splitting diagrams that provide a starting point for discussing L’LsM(E) species
are shown in Figure 1.7. This electronic picture was introduced in a brief in a review
article by Miskowski, Hopkins, and Gray.>® Assuming a o-only bonding picture, the
dxzlyz e set is stabilized by the absence of any o* interactions with the L’L3 donor set,
which contrasts the strongly destabilized o* dxz/yz e set in pseudotetrahedral LsM(E)
structures. As the E ligand py and py orbitals are of m symmetry, they can therefore
strongly overlap with the dxz/yz e set. If these p-orbitals and the dxz and dyz orbitals are
each filled with electron pairs, as they would be in a hypothetical species such as S =0
L’LsFe'v(N), then a destabilizing ©* interaction is present that removes net © bonding at
the Fe-N linkage. By contrast, if the ligand E has empty = acceptor orbitals (akin to a CO

or NO™ ligand, for example) then backbonding interactions will occur to stabilize the
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dxzlyz e set and lead to favorable metal-to-E multiple bonding. A degree of favorable net
n-bonding can also be achieved even in the case of n donating ligands such as oxos,
imides, and nitrides if only partial population of the dxz/yz e set occurs. Perhaps counter-
intuitively, the situation can therefore arise where a high-spin d-electron configuration
can feature greater multiple bond character than an intermediate- or low-spin
configuration for L’LsFe(E) structure types (see Figure 1.2 and 1.7). This may be, for
example, achieved using supporting ligands that confer a weak ligand field such that a
high-spin state is conferred. This scenario directly contrasts that of LsM(E) species,
where high spin configurations will always attenuate the degree of M(E) = bonding.
Below we discuss select and pedagogically informative examples of each of these cases,

beginning with systems that tend towards low spin configurations.
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Figure 1.7. Qualitative d-orbital splitting diagrams for 4- and 5-coordinate Cs, species, with the

anticipated spin-state for each M(E) type noted
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1.3.2 Trigonal Bipyramidal L’L3Fe(NR) Species

The well-studied pseudotetrahedral LsFe"'NR complexes feature bona fide
Fe=NR triple bonds resulting from two highly destabilized, unoccupied o*|3remt™Fen
orbitals (Figure 1.2). Introducing a ligand trans to the imido group and shifting the Fe
into the L3z plane of a TBP leads in principle to population of the m*pen Set, thereby
obliterating a significant degree of the Fe-N multiple bonding character presumed
responsible for the stability of pseudotetrahedral LsFe''NR species. Accordingly, until
very recently metal-ligand multiply bonded species in TBP configurations of the general
type L’LsM(E), where E is a prototypical n-donor ligand, had been isolated only for d-
electron counts of 0 or 1. TBP systems with higher d-electron counts would be expected
to dissociate the apical ligand and distort towards the more stable pseudotetrahedral
geometry when accommodating an axial metal-ligand multiple bond, as evident from
Meyer’s nitrides,*®" [(TIMENR)Fe(N)][BPh,] and imides,**® [(TIMEN®)Co(NAN)][BPh].

To explore a system where such distortion of the axial ligand is prohibited, our
group began to study the feasibility of L’LsFe(E) species using an anionic
tris(phosphino)silyl ligand, (2-R,PCgH4)sSi™ ((SiPRs); R = Ph or 'Pr), as the L’Ls
tetradentate scaffold.®® These ligands feature a strongly bound silyl donor in the axial
position of a TBP, and three tightly chelated phosphine donors in the equatorial plane.
Using this ligand scaffold, we have recently mapped the synthetic feasibility of iron
imides of the type (SiPR3)Fe(NR) for direct comparison to [PhBP3]Fe(NR) and related 4-
coordinate imides.

In contrast to the [PhBPR;]" ligand, which accommodates iron in both high- and

low-spin configurations depending on the apically bound ligand (e.g., S = 3/2
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[PhBP™;]Fe(PPhs) and S = 1/2 [PhBP™;]Fe(N'Bu)) , the (SiP?s) ligand appears to
exclusively enforce low- and intermediate-spin configurations. Hence, 5-coordinate
iron(l) d” (SiPR3)Fe-L complexes are S = Y%, as for the representative complexes
(SiPR5)Fe-N, and (SiPR5)Fe(PMes). Similarly, iron(ll) d® complexes of the type
{(SiP?35)Fe-L}" and (SiPR3)Fe-X (L = NHs, N2; X = Cl, Me) are invariably intermediate

spin S = 1. Removal of an additional electron, as for the complex {(SiPR;)Fe'"'-

CI}MBATrF,4}, again results in a d°, S = 3/2 intermediate-spin configuration.®®

Using a synthetic protocol analogous to that described for the generation of
[PhBPR]M"'(NR) complexes (M = Fe, Co), we explored the generation of
(SiPR3)Fe(NR).%** Our study showed that (SiP™";)Fe(NAr) species could be generated by
addition of arylazides to [SiP™'5]Fe-N,, but that they were unstable to subsequent decay
pathways (Scheme 1.11). The azide adduct intermediates were more thermally stable and
could be isolated for bulky alkyl azide derivatives, for example, (SiP"*"3)Fe(n’-N3sAd).
The dominant decay pathway we have discerned for the (SiP™™3)Fe(NAr) imide species
concerned bimolecular ‘NAr’ coupling to generate azoarenes ArN=NAr. Such a pathway
regenerated (SiP™'3)Fe'-N,, and hence arylazides could be catalytically degraded to the
azoarene byproducts. Chemical trapping experiments were used to further corroborate the
presence of the terminal imide moiety. For example, addition of '‘BuNC released the
carbodiimide 'BuN=C=N-p-tolyl and (SiP™3)Fe(CN'Bu). This two electron nitrene
transfer is diagnostic of isolable FeENR species (vide supra). Also, H-atom trapping by
9,10-dihydroanthracene afforded the d°® anilide (SiP"™3)Fe(HN-p-tolyl). Related HAT

chemistry has been observed in high-spin 4-coordinate FeNR species® and invoked in

other systems.'”® The ability of (SiP™5)FeNAr to fascilitate one (HAT), two (nitrene
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transfer), and four-electron (azoarene formation) transformations has hence been
demonstrated.

Direct detection of S = ¥ [SiP"*"5]Fe(N-p-tolyl) was accomplished using low
temperature EPR spectroscopy via in situ photolysis of the azide adduct precursor,
(SiP"™'5)Fe(Ns-p-tolyl), in a frozen glass®*® These data, in addition to an accompanying
DFT study, placed a majority of the unpaired spin density on iron for (SiP"™"5)Fe(N-p-
tolyl). A distortion away from three-fold symmetry was predicted in the DFT-minimized
S =% structure. The low-spin configuration seems to be energetically preferred in silico,
but was not appreciably lower in energy than the intermediate-spin S = 3/2 species, which
also shows a distortion from three-fold symmetry. For comparison, a ruthenium
congener, (SiP™5)Ru(N-p-trifluoromethylphenyl), could be prepared, isolated, and
thoroughly characterized, including XRD analysis.*®> However, its EPR spectrum
suggested an electronic structure distinct from that of (SiP"'5)Fe(N-p-tolyl), and
combined with accompanying X-ray data and DFT calculations, indicated that
(SiP"P"3)Ru(N-p-trifluoromethylphenyl) is best described as a ruthenium(ll) species with

an imidyl radical. This may account for its enhanced stability relative to (SiP""s)Fe(NA).
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Very recently our group has explored a ligand closely related to [SiP™'3], but
where the Si-atom is replaced by a B-atom. The tris(phosphino)borane ligand (2-
'Pr,PCgH.)3B, was originally introduced by Bourissou and coworkers,® and has been
abbreviated as TPB (not to be confused with TBP!). We adopt the same convention here.
The tris(phosphino)borane TPB ligand might better accommodate the terminal Fe(NR)
linkage due to its ability to undergo an axial distortion that would weaken the Fe-B
interaction, akin to that observed by Meyer in the tris(carbene)amine ligand scaffold.
While studies of (TPB)Fe species are in their early days in our labs, we have determined
that the complexes {(TPB)Fe(N2)} and (TPB)Fe(N-p-MeO-phenyl) can be prepared
(Scheme 1.12) and structurally characterized, and that the Fe-to-B bond distance adjusts
dramatically to accommodate a m-acidic N ligand (2.29 A in {(TPB)Fe(N2)}{Na(12-
crown-4),}) relative to a m-basic imide ligand (2.61 A in (TPB)Fe(N-p-MeO-phenyl)).

Indeed, the latter species is perhaps best formulated as trigonal pyramidal, as the iron sits
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0.68 A above the plane defined by the three phosphine donor ligands. However, a weak
Fe-B interaction is indicated by DFT analysis and the triarylborane framework remains
pyramidalized in the structure of (TPB)Fe(N-p-MeO-phenyl). The iron imide
functionality displays similar metrical parameters in the solid-state (Fe-N: 1.668 A, Fe-N-

C: 170.2°) to LsFe(NR) species in rigorously 4-coordinate geometries.®
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1.3.3 Trigonal Bipyramidal L’L3Fe(CR) and L’LsFe(N2R) Species

An alternative means of stabilizing metal-to-ligand multiple bonding in
complexes of the L’LsFe(E) structure type concerns coordination of a Lewis-acid (e.g.,
SiMes") to a m-acidic ligand (N, or CO), which should in turn enhance its m-acceptor
character. This is well illustrated by our group’s recent characterization of the terminal
carbyne complex (SiP™'5)Fe(C-OSiMes), generated via silylation of the coordinated CO
ligand in (SiP™"3)Fe(CO) (Scheme 1.13).% X-ray, Mossbauer, and DFT analysis of this
carbyne have established that the iron center is best described as d® with two electron
pairs strongly backdonating into the carbyne C-atom to afford an Fe-C bond distance of
1.67 A. The one caveat to this d® assignment concerns the presence of a filled Fe-Si o

bonding orbital within the d-orbital energy manifold. This orbital is not shown in Figure
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1.2, but if included, suggests that a d*° assignment is also plausible. Regardless, in
contrast to the Fe-N interaction in the imide species (SiPiPrg)Fe(N-p-tonI), the Fe-C
interaction in (SiP'™'5)Fe(COSiMes) definitely has triple bond character. Hence, one way
to circumvent the apparent incompatibility of a high d-electron count within the TBP
framework, and an axial metal-to-ligand multiple bond, is to reverse the polarity of the
multiply bonded ligand so that it is a n-acceptor rather than a n-donor (Figure 7). Such a
situation should thereby lead to stable complexes with high d-counts, and finds analogy
in the stability of d® FeLs structure types such as Fe(CO)s.?

Using a similar synthetic strategy (i.e., addition of an electrophilic silyl reagent to
an Fe(0) precursor), the diazenido complex (SiP™3)Fe(N,SiMes) could likewise be
generated.® This species is isoelectronic with (SiP™'s)Fe(COSiMes) and also features a
degree of Fe-to-N multiple bond character. The combined solid-state structure and
diamagnetic ground-state suggested that it too can be assigned a low-spin d®

configuration.
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1.3.4 Trigonal Bipyramidal L’L3Fe(O) Species

Owing to their postulated mechanistic role in non-heme oxygen activating
enzymes, there has been much recent interest in the development of synthetic iron(IV)
oxo model species.'®®” The S = 2 high spin ground state of the biological non-heme ferryl
intermediates is presumed to contribute to their highly reactive nature,?® and biomimetic
analogues that are high-spin have likewise proven comparatively difficult to generate and
characterize. The first generation of synthetic non-heme iron(IV) oxo complexes that
were thoroughly characterized, including X-ray crystallography, were introduced by Que
and Nam and featured local C4, symmetry and intermediate spin S = 1 ground states.*?
These have been thoroughly discussed elsewhere.™™®® A descent from four-fold symmetry
to three-fold symmetry proved necessary to access well-defined and relatively stable
high-spin iron oxo species that feature Fe=O multiple bond character.

Que and coworkers described the preparation of the first synthetic example of a
high-spin non-heme iron(1V) oxo species.”® Using the neutral tetrapodal ligand TMGstren
(TMGgtren = 1,1,1-tris{2-[N*-(1,1,3,3-tetramethylguanidino)Jethyl}amine), the trigonal
bipyramidal precursor species (TMGstren)Fe'(OTf)* was exploited. Treatment of
(TMGgtren)Fe'(OTF)*  with  2-(tert-butylsulfonyl)-iodosylbenzene resulted in the
formation of the unusual terminal oxo species (TMGstren)Fe'V(0)** (Scheme 1.14). Its
high-spin state was determined by Md&ssbauer spectroscopy, and further corroborated by
XAS and DFT calculations. The high-spin nature of (TMGstren)Fe'V(0)?* appeared to
contribute to its high degree of thermal instability. A facile intra-molecular self-decay
pathway afforded it a half-life of only ca. 30 s at 25 °C.”* The self-decay pathway was

thoroughly examined, and the proposed mechanism of decay is shown in Scheme 14.
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Kinetic studies on the decay of (TMGstren)Fe'v(0)** and (dss-TMGstren)Fe'V(0)**
revealed a large and primary KIE of 24 at 25 °C. This isotope effect lent added stability to
the deuterated analogue, and allowed for crystals suitable for X-ray data collection to be
obtained at -80 °C. The Fe-O bond distance in (dss-TMGstren)Fe'"(0)** was found to be
1.661(2) A, in agreement with that predicted by DFT and the distance obtained by
EXAFS. This bond distance is very similar to that of S = 1 Fe=0 species.'®**3*"? Taking
into account the different d-orbital splitting diagrams under C,4, and Cg, symmetry this is

to be expected, as in both cases the ©* orbitals are populated by only two electrons.
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Scheme 1.14.

The group of Borovik has also been able to prepare and isolate 5-coordinate high-
spin iron(IV) and iron(lll) oxo complexes that reside in local three-fold symmetric
environments. With the idea that H-bonding to a terminal oxo ligand may stabilize it, the
trianionic, tetrapodal ligand, tris[(N’-tert-butylureaylato)-N-ethyl)]Jaminato ([NN"33]*

(where H3 indicates the number of H-bond donors) was developed.” This ligand scaffold
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enforces a TBP geometry, and features three acidic C(O)NH(tBu) groups above the plane
of the anionic nitrogen donors, which can act as H-bond donors to an oxo ligand.
Treatment of the ligand, [NN™3]* with an equivalent of KH, followed by
treatment with Fe(OAc), and half an equivalent of O,, afforded the terminal oxo
[NN"3;]Fe"'(0)*.™ Its proposed mechanism of formation is shown in Scheme 1.15,
which accounts for the additional equivalent of base. This complex is remarkable in that
it is high-spin, and yet relatively stable. The solid-state structure of [NN";5]Fe"'(0)*
revealed that the oxo ligand is only 0.04 A displaced from the plane defined by the three
urea nitrogen atoms and supported by H-bonding. The Fe-O bond distance of 1.813(3) A
in [NN™%;]Fe""(0)? is comparable to those found in Fe"",(u-O) complexes,” and hence is
consistent with partial multiple bond character. This bond distance is however longer
than that found in the d® [FeO4]*, which features Fe-O bond distances that range from
1.660(2) to 1.671(2) A.” The stability of [NN™5]Fe""'(0)* is in part due to the formation
of hydrogen bonds, which decreases the covalency in the Fe-O bond and results in

elongation of the Fe-O bond.”’

1. KH By ‘Bu—l “
2. Fe(OAc), Bu, 0, M I
3.050, NHY,, 5.H o
NN > o NI
‘L"Fem_.N
N\ I
Q/N
intramolecular *
H* transfer
— - o] _ -
'Bu ¢ '‘Bu . L
5 ) \ /Bu . \ Bu
12 Bu, o Ny e H-atom Bu, o Ny ep
Felll INNM2,] NHT 4 o abstraction NH:-.. o4 o
s (0] N_n (0] N_T
05 0-0 — :{ SN —_— t{ 1SRl
[NNHZ5] Fel! N’("’ Te N'(" Ie\)

Scheme 1.15.
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The iron(lll) oxo species displayed modest HAT reactivity to give
[NN"35]Fe'(OH)?, though the acidity of [NN"%;]Fe'"(OH) allowed for facile protonation
as an alternative reaction pathway.”® Both the iron(lll) oxo and hydroxo species
underwent oxidation with [Cp,Fe]" to generate the S = 2 [NN"™]Fe'V(O) (Scheme
1.16).” This latter species was not thermally stable, and underwent H-atom abstraction

from solvent to give [NN"3;]Fe'"

(OH)" at room temperature, with a half-life of ca. 2.2
hours. The strong NH bond dissociation energy of the urea nitrogen atoms likely
precluded intramolecular degradation pathways, which resulted in heightened stability
compared to (TMGstren)Fe'V(0)?*. The solid-state structure of [NN"%;]Fe’v(0) was
obtained, and showed several discernable differences from its reduced congener. Now,
the Fe-O bond distance has decreased by ca. 0.13 A to 1.680(1) A, which suggests a
similar bonding description to that of (TMGstren)Fe'Y(0)?* (i.e., two electron population
of ©* orbitals). The oxo ligand is 0.262 A displaced from the plane defined by the three
urea H-bonding nitrogen atoms, and vibrational spectroscopy and DFT calculations

corroborate the absence of H-bonds interactions with the oxo moiety.”""
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1.4 Concluding Remarks
1.4.1 Summary

As is hopefully now evident, the field of mid-to-late transition metals that feature
metal-to-ligand multiple bonds has emerged as a rich and exciting area of coordination
chemistry over the past decade. While the scope of this review has been limited to
systems of iron and cobalt that reside in local three-fold symmetry, owing to our own
specific expertise and research interests, mid-to-late metals in a host of local geometries
and coordination numbers (e.g., linear 2-coordinate, C,, 3-coordinate, C4, 5- and 6-

coordinate) have now been demonstrated to be compatible with metal-to-ligand multiple
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bonds to terminal imides, oxos, and nitrides. Figure 1.8 displays a few select examples

from the recent literature.

dN s / NA
Me,Si— \ _, A N AN
._P BU2 "
N—Ru=N Ni
Me,Si / ph_Ph /_kPh Ph
(a) PtBuz N <S> N
\=/ Ph
Ph Ph Ph
2005 2008 2010

Figure 1.8. Select examples of M(E) species with low coordination numbers. (a)
[(‘Bu,PCH,SiMe,),NJRu"N,% (b) (Ar)Fe¥(NAd),,"* (c) (IANNi"(NAr*).2

Pseudotetrahedral iron and cobalt systems of local three-fold symmetry have
proven pedagogically informative in establishing how rich the redox chemistry of the
LsM(E) structural unit can be. For example, if one considers pseudotetrahedral iron
complexes of the type LsFe(NR) and LsFe(N), one can now find representative
complexes in the formal Fe(2+), Fe(3+), Fe(4+), and Fe(5+) oxidation states where a
bona fide Fe=Ny triple bond is maintained (Figure 1.2). These complexes constitute four
spectroscopically distinct d-electron configurations. If one disrupts the = manifold by
replacing the Ny ligand by a chemically distinct L donor (e.g., N2, PMe3) then one can
access Fe(1+) (e.g., [PhBP3]Fe(PMe3)) and even Fe(0) (e.g., {[PhBPs]Fe(N.)}) as
spectroscopically distinct species with different d-orbital pictures (d° and d®,
respectively). The lesson is a simple one. A pseudotetrahedral LsFe-X center can span six
formal oxidation states, with six unique d-orbital electronic structures, simply by varying
the identity of X! If one moves to iron centers of higher coordination number, one now

finds examples of Fe(4+), Fe(5+), and even Fe(6+). Once again, the d-orbital structures
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of these species are rich in terms of the spin-states that are accessible and compatible
with the multiply bonded ligand. The conclusion is very clear. Whereas a decade ago the
chemistry of well-defined iron complexes featuring bona fide and terminally bonded
imides, oxos, and nitrides, was in its infancy, this area of chemistry, which can span
every oxidation state from Fe(2+) to Fe(6+) and a host of spin-states ranging from low- to
intermediate- to high-spin, is as rich and perhaps even richer in terms of electronic

diversity than that of any other transition element.

1.4.2 Relevance to Small Molecule Activation

As stated in the introduction, multiply bonded species of mid-to-late transition
metals are postulated as key intermediates in several synthetic and enzymatic
transformations.

With regards to nitrogen fixation, two limiting mechanisms® have been proposed
to describe the biological reduction of N, to NHj; at the FeMo cofactor of nitrogenase.?*®
The first, termed distal, involves coordination of N, to one or more metal centers, with
subsequent addition of protons/electrons to a single nitrogen atom, which releases one
equivalent of ammonia and generates a nitride intermediate. Protonation/reduction of the
nitride species then releases a second equivalent of ammonia, and regenerates the starting
metal species (Scheme 1.17). Such a mechanistic scheme has been shown to be viable at
a single molybdenum center.”*® As there is evidence that N, reduction occurs at one or

83,85

more iron centers at the FeMo cofactor, there has been much interest in establishing
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an analogous iron-based system that can reduce N,. Many of the Fe(E) (E = N, NR)
species described serve as mimics for intermediates in the distal reduction scheme.

The second limiting reduction scheme, termed alternating, also involves initial
coordination of N, to one or more metal centers. However, the subsequent steps, the
addition of protons/electrons, differ, as they are delivered in an alternating fashion to the
two nitrogen atoms, such that diazene and hydrazine are intermediates (Scheme 1.17).3%%
This mechanistic scenario involves little or no oxidation state changes at the metal(s),
which contrasts with the distal reduction scheme. Some of the proposed intermediates in
this reduction scheme can also feature multiple bonds between the metal and the
nitrogenous ligand(s) (i.e., diazenido, hydrazido). This latter reduction scheme has
received relatively little attention by synthetic inorganic chemists,” though the
realization that diazene® and hydrazine® are also substrates for the FeMo cofactor of

nitrogenase is changing this.

distal:
NH, Fe—N=N —» Fe—N=NH— Fe-=N—NH,
Fe—NH, <«—— Fe=NH «———— Fe=N NH;
alternating:
Fe—N=N—Fe —» Fe—N=N—Fe —» Fe—N=N—Fe
2NH; H H H

H, H,
2Fe—NH; <«—— Fe—N -N —Fe -— Fe—”:H—Fe
2

Scheme 1.17.
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Another small molecule that is receiving much attention is CO,, which can be
reduced by several mechanisms to give a variety of reduction products, including CO,
formate, methanol, and oxalate.*® Some of these reduction products, as well as proposed
intermediates in the reduction chemistry, can also form multiple bonds to a metal center;
for example, the two electron reduction of CO, often results in decarbonylation,

generating oxo species.*

1.5 Chapter Summaries

Broadly, Chapters 2-5 focus on synthesizing, characterizing, and interconverting
nitrogenous ligands at mono- and diiron centers. These complexes serve as structural,
spectroscopic, and/or reactivity mimics for an iron mediated alternating reduction scheme
of N,. Chapter 6 focuses on the iron(l)-mediated reduction of CO,.

Chapter 2 describes the synthesis and characterization of several 6-coordinate
diiron complexes that coordinate NyHy ligands in a bridging mode. The reaction between
[PhBPR;]FeMe ([PhBPRs]" = PhB(CH:PRy)s; R = Ph, CH,Cy) and hydrazine affords
{[PhBPR;]Fe}s(u-n"m'-N2Hg)(u-n*n*N2H,). In one instance (R = CH,Cy), the bridging
nitrogen  ligands  disproportionate to  diazene and amides, generating
{[PhBP 2% 1Fe}o(u-ntm®-N2H2)(-NHa),. In another instance (R = Ph), the stepwise
oxidation of coordinated hydrazine to diazene, and diazene to dinitrogen is achieved,
forming first {[PhBP™3]Fe},(u-ntn -NoHo)(m-n®m?NoH,)  then {[PhBP™5]Fel}»(p-
NH).. This reactivity suggests that the microscopic reverse, dinitrogen reduction to

hydrazine, may be feasible at a diiron center.
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Chapter 3 discusses a 5-coordinate diiron diazene redox pair of complexes,
{[PhBP™";]Fe(CO)}2(u-1n'm*-N2H,)*". The electronic structure of the Fe-NH-NH-Fe core
is unusual in that it features a highly activated diazene ligand, which is unprecedented for
mid-to-late transition metals. These complexes were characterized by XRD, resonance
Raman, multinuclear-NMR and EPR spectroscopies, and (in collaboration with Prof.
Brian M. Hoffman at Northwestern) ENDOR spectroscopy. Their electronic structures
were also investigated by DFT methods. These combined studies indicate that there is
much n-covalency within the Fe-N(H)-N(H)-Fe core, and that the electronic structure of
the core is similar to that of butadiene and the butadiene anion.

Chapter 4 describes the synthesis and characterization of 5- and 6-coordinate
mononuclear iron hydrazido(-), hydrazine, and ammonia species of iron. Treatment of
[PhBP™;]FeMe with hydrazine generates the unusual 5-coordinate hydrazido(-)
complex, [PhBP™5]Fe(n?N,Hs), which features an Fe=N = bond. Reversible
coordination of an L-type ligand breaks the = bond and generates [PhBP™'5]Fe(L)(n’-
N2H3) (L = NzH4 or NH3). Both 5- and 6- coordinate iron complexes that coordinate
hydrazine were also synthesized, and the oxidation of these hydrazine and hydrazido(-)
species was explored. In most instances, oxidation results in disproportionation of the
NHy ligand, and [PhBPR;5]Fe(NH3)(OAc) (R = Ph, mter) is isolated. These results
contrast with that of the diiron species described in Chapters 2 and 3, and collectively,
they underscore the many reaction pathways that are accessible to NoHy radical species.

Chapter 5 presents a family of complexes which feature the same auxiliary

ligands (i.e., [PhBP®™2%Y;]Fe(OAC)), that are all iron(ll), and that only differ in the
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oxidation state of the nitrogenous ligand. Thus, {[PhBP“"?“Y;]Fe(OAC)}2(u-Ny),
{[PhBP "*;]Fe(OAC)}2(11-N2Hy), {[PhBP"*;]Fe(OAC)}2(11-N2Ha), and
{[PhBP“"?“Y;]JFe(OAC)(NHs) have all been prepared. These complexes have been
thoroughly characterized, and preliminary disproportionation and reduction reactions are
described.

Chapter 6 explores the one and two electron reductions of CO; that are mediated
by iron(l). In coordinating solvents, treatment of [PhBP“H*“Y;]Fe(PR;) with CO,
generates the one electron reduction product, {[PhBP“™2%Y;]Fe},(u—n?n*~oxalato). In
contrast, when the reaction is run in non-coordinating solvents, the two-electron
reduction product, {[PhBP"?“Y;]Fe},(u-O)(u-CO), is exclusively observed. The role that
the solvent plays is discussed, as well as the role of the auxiliary ligand. Combined with
DFT calculations on the proposed intermediate “Fe-CO,” species, a mechanistic scheme
is proposed, in which reductive coupling of CO, ensues from two electronically saturated
19-electron iron centers, and decarbonylation occurs when this electronic configuration

cannot be achieved.
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Abstract

A series of fascinating diiron complexes featuring bridging NxH, ligands stabilized by
tris(phosphine)borate ([PhB(CH2PR,)s] = [PhBP®;]) ligands have been characterized.
Hydrazine activation by [PhBP®;]FeMe (R = Ph or CH,Cy) leads to diiron Fey(p-n*m*-
N,H.)(p-n’m?N2H,) complexes featuring both bridging hydrazine and hydrazido ligands
(R=Ph, 2.3; R = CH,Cy, 2.4). Thermolysis of {[PhBP"*~Y;]Fe}>(n-n" " -NaoHa)(n-nm?-
N,H,) at 22 °C leads to a structurally unusual {[PhBP"*?*¥]Fe},(u-n'n*-NaHo)(n-NHy),
(2.5) complex featuring bridging HN=NH and NH; ligands. This contrasts with
{[PhBP"3]Fe}o(u-n':n'-NaoHa)(n-n”m>N,H,), which can be chemically oxidized to
produce either {[PhBP™5]Fe}>(u-ntmt-NoHo)(-n?m>NaH,) (2.6) or {[PhBP™"5]Fe},(u-
NH); (2.7), depending on the conditions. The former product is the only known complex
to contain bridging N2H; ligands in each of their limiting states of oxidation (HN=NH vs.
HN-NH”). The latter product constitutes the first example of a diiron Fey(u-NH),

diamond-shaped core.



63

2.1 Introduction

Mechanistic proposals concerning the pathway of N, reduction in biology at the
MoFe-cofactor of nitrogenase continue to be advanced.' In addition to nitrogen,
hydrazine® and diazene' are nitrogenase substrates, and recent DFT calculations and
spectroscopic studies suggest that whereas initial N, binding may occur at one iron
center, diiron pathways may be involved at certain N,H, intermediate stages en route to

. . 1a3
ammonia formation.

In this broad context, recent work has explored the synthesis and
spectroscopic characterization of structurally unusual mono- and bimetallic iron
complexes featuring nitrogenous ligand functionalities.* The demand for such model
complexes continues in light of recent ENDOR and ESEEM spectroscopic data that has
been obtained under turnover conditions at the cofactor.'*’ To date there are few
synthetic iron systems that feature parent hydrazine (N,Hy),® hydrazido (N,H,”), diazene
(N,H,),” amide (NH,),® and imide (NH*)* ligands. Herein we describe the synthesis and

characterization of a series of structurally distinct diiron complexes that feature each of

these ligand types.

2.2 Results and Discussion

Entry into the NyH, chemistry of present interest is realized with the iron(II) alkyl
precursors [PhBP®;]FeMe ([PhBP®;] = PhB(CH,PR);) (R = Ph and CH,Cy). These
high-spin complexes are prepared either by addition of excess Me,Mg to a benzene
solution of [PhBPPh3]FeC1, or by addition of MeLi to a thawing THF solution of

[PhBP“"*“Y;]FeCl. The room temperature addition of one equivalent of hydrazine to
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yellow THF solutions of either [PhBP™;]FeMe (2.1) or [PhBP“"*“;]FeMe (2.2) results

in the immediate release of methane and clean conversion to red and diamagnetic

{[PhBP™;]Fe}»(p-n'm'-NoHa)(u-n*m>-NoHy),

(2.3), or and diamagnetic

purple

{[PhBP“"*Y3]Fe},»(u-n"m"'-NyHy)(u-n*m*-NyH,), (2.4), respectively (Scheme 2.1).

|\I/|e H,N " NH,
LN "",-Fpe.;R _R 2 NoHg, THF P, F/ N, \ P
rR—F ) P~R -2 MeH /le\ /lx
B P
| THF, RT (2.3)R = Ph
Ph 36V (2.4) R = CH,Cy
(21)R=Ph
(2.2) R = CH,Cy HN=—=NH Pb(OAc),
H
AN "
3 -2 HOAc
-~
P’ | N | e - Pb(OAC),
(2.5) R= CHQCy
HN——=NH
P H P para-benzoquinone “H \
P’ wN < THF F"n.,,F ol ] P
h...' ot n,,‘ e' e
/F "‘N’Fe{'p - N, . P’ | ‘s”/ | \F’
H = - hydrobenzoquinone P P
(2.7)R=Ph (2.6)R = Ph
Scheme 2.1.

The solid-state structures of the diiron cores of 2.3 and 2.4 are nearly identical

(see Appendix 3). Only that of 2.3 is shown in Figure 2.1. Its two iron centers are bridged
by N,H, and N,H,* ligands. We assign the end-on bridging ligand as N,Hy, and the side-
bonded bridging ligand as N,H,>.” The N3-N4 bond distance of 1.429(3) A in 2.3 is
consistent with an N-N single bond, and hence best assigned as an N,H,* ligand rather
than HN=NH. The '"H NMR spectrum (ds-THF) of 2.3 reveals a solution structure similar
to that observed in the solid-state. An N,H, resonance is noted at 2.54 ppm and an N,H,*

resonance at 2.59 ppm. Each of these peaks split into an apparent doublet when 2.3 is
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prepared using BN,H, (IJNH = 59.5, N2H22'; g = 72.0, NoH4). The breadth of the
doublets precludes the observation of higher order NH and HH coupling.'® The
corresponding "N NMR spectrum shows a doublet at -10.0 ppm for N,H,* and a triplet
at 58.37 ppm for N,H,,'" both of which collapse into singlets upon 'H decoupling.
Complex 2.4 displays similar "N NMR characteristics (N,H,>: 0.86 ppm, doublet, J =

45.2 Hz; N,Hy: 50.86 ppm, triplet, J = 68.9 Hz).

N4

Figure 2.1. 50% thermal ellipsoid representation of the core atoms of {[PhBP™;]Fe}(u-n":n*
NoHa)(u-n%n%NoH,), (2.3) and {[PhBP™;]Fe}(u-n":n™-NoHo)(u-n%n%-N,oH,), (2.6). Selected
bond lengths (A) for 2.3: Fel-N4 1.9789(2), Fel-N1 2.028(3), Fel-N3 2.030(2), Fe2-N3
1.999(2), Fe2-N4 2.023(2), Fe2-N2 2.026(3), N1-N2 1.465(3), N3-N4 1.429(3). Selected bond
lengths (A) for 2.6: Fe1-N1 1.884(4), Fel-N4 1.972(4), Fel-N3 1.980(4), Fe2-N2 1.889(4), Fe2-
N3 1.975(4), Fe2-N4 1.005(4), N1-N2 1.281(5), N3-N4 1.458(5)

Whereas Sellmann previously reported a few examples of diiron p-n':n'-HN=NH
species,’ the bimetallic iron cores of 2.3 and 2.4 are unique. Schrock has characterized a
ditungsten (u-n':m'-NoH)(u-n>:n*-N>H,) complex whose core is closely related to 2.3

and 2.4."
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Though solutions of 2.3 are stable for days at 60 °C, purple solutions of 2.4 prove
to be thermally unstable even at 22 °C (¢, = 4 h) and decay quantitatively to the isolable
green diamagnetic product {[PhBP“™*;]Fel(u-n'm'-NoH,)(u-NH,),, (2.5). Signature
NMR data for 2.5 are as follows. Its 'H NMR spectrum (ds-THF) features three broad
singlets at 16.21, -1.65 and -3.85 ppm, corresponding to bound HN=NH and
diastereotopic NH,™ protons, respectively. Each of these 'H NMR resonances is split into
a doublet upon 15N—labeling. Its "N NMR spectrum gives rise to a doublet at 419.1 ppm
("Jnu = 65.1 Hz) that collapses to a singlet upon decoupling of the proton resonance at
16.21 ppm. The NH, nitrogens are observed as a triplet at -58.1 ppm (J = 59.5 Hz).

The solid-state structure of 2.5 is shown in Figure 2.2. Both the Fe-N1 bond
distance of 1.882(8) A and the N1-N1’ bond distance of 1.283(15) A are similar to those
found in Sellmann’s Fe,(u-n':n'-HN=NH) complex.’ In addition, the Fe-N bond distance
contraction of 0.17 A that occurs upon oxidation of hydrazine to diazene is also
consistent with other structurally characterized diazene complexes,7’13 and may be due to
either the smaller covalent radii of sp’-hybridized nitrogen compared to sp’-hybridized
nitrogen, or multiple bond character. Notable in the structure of 2.5 is the presence of a
cis-diazene. Whereas mono-substituted diazenes (HN=NR) are known to bind transition
metals in a cis conformation,'* to our knowledge all known complexes of HN=NH show

trans ligation. Hence 2.5 appears to be structurally distinct in this context.
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H2
PC Cy

Figure 2.2. 50% thermal ellipsoid representation of the core atoms of {[PhB slFe}a(u-ntm’-
NoH,)(u-NH,),, (2.5) and {[PhBP™;]Fe},(u-NH),, (2.7). The two imido ligands in 2.7 are
disordered over 3 positions, and only the major sites of occupation are shown. Selected bond
lengths (A) for 2.5: Fel-N1 1.882(8), Fel-N2 2.049(8), Fel-N2’ 2.034(9), N1-N1° 1.28(2).
Selected bond lengths (A) for 2.7: Fe1-N1 1.794(9), Fe1l-N2 1.835(3)

The addition of 2.2 equiv of Pb(OAc)4 to red 2.3 leads to oxidation of the bound
N>H4'® to afford green and diamagnetic {[PhBPPhg]Fe}z(u—n1:n1—N2H2)(u—n2:n2—N2H2)
(2.6) as the major product, with concurrent release of acetic acid. The solid-state structure
of 2.6 is shown in Figure 2.1. Most striking is the presence of both an n':n' bridging cis-
HN=NH ligand, and a p-n’*n*> HN-NH* ligand. To our knowledge, 2.6 is the only
transition metal complex featuring the N,H, ligand in each of its limiting states of
oxidation. The N1-N2 bond distance of 1.281(5) A for the ligand assigned as HN=NH is
similar to that found for the bridging HN=NH ligand of 2.5. The N3-N4 bond distance of
1.458(5) A for the ligand assigned as N,H,” is slightly elongated compared with that of
the NoH,* ligand of 2.3. The average Fe-Ngiaene bond distance of 1.89 A is appreciably

shorter than the average Fe-Npydrazido2- bond distance of 1.99 A.
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As was observed for 2.3 and 2.4, the structure of 2.6 is preserved in solution. In
the "H NMR spectrum (C¢Ds) of 2.6, broad singlets at 13.20 and 4.16 ppm are assigned to
the HN=NH and the N,H,” protons, respectively; both of these peaks split into broad
doublets when samples of 2.6 are prepared using 'N-enriched 2.6. The "N NMR
spectrum of 2.6 contains a doublet at 58.0 ppm (‘Jxu = 58.1 Hz) for the N,H,* N-atoms
and a doublet of doublets at 407.5 ppm ('Jau = 69.2 Hz, J =~ 20 Hz) corresponding to the
HN=NH ligand.

Complex 2.6 can further be oxidized with para-benzoquinone to cleanly generate
a new diamagnetic species, {[PhBP™;]Fe},(u-NH), (2.7), with the generation of
hydroquinone as a byproduct. In order to ascertain the fate of the bound diazene, the
reaction was repeated on a high vacuum manifold, and by Toepler pump analysis we
found that one equivalent of N, is liberated. This complex can alternatively be prepared
by addition of 5 equiv of para-benzoquinone to 2.3. The *'P NMR spectrum of 2.7
displays a single resonance at 32.5 ppm at 22 °C. The "H NMR spectrum shows a single
set of [PhBP™"3] resonances, with an additional singlet at 25.3 ppm that integrates to one
proton per [PhBP""3]. When 2.7 is prepared using isotopically enriched 2.3, the singlet at
25.3 ppm splits into a doublet ('Jyu = 64.0 Hz); the "N NMR spectrum displays a peak at
563.5 ppm, which is split into a doublet due to proton coupling. Based on these NMR and
IR data (see SI), the solution structure of 2.7 is assigned as the diferric { [PhBPPh3]Fe} 2(p-
NH),. The spectroscopy of the bridging NH ligand in 2.7 is similar to that previously
reported for {([PhBP™;]Fe),(u-NH)(u-H)} {Na}.*

Crystals of 2.7 can be grown from a THF/cyclopentane solution, and its solid-

state structure is shown in Figure 2.2. The bridging imides were disordered over three
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positions (see SI), and modeled satisfactorily with a population ratio of 0.93:0.75:0.32.
The average Fe-N distance of 1.84 A is ca. 0.17 A longer than that found in
{[PhBP"";]Fe,(u-NH)(p-H)} {Na}.* The average Fe-P distance of 2.33 A is ca. 0.075 A
longer than those found in 2.3 and 2.6, consistent with its assignment as an anti-

ferromagnetically coupled diiron(IIl) complex.

2.3 Conclusions

In conclusion, we have characterized a series of structurally fascinating diiron
NiHy species that contain hydrazine, hydrazido, and cis-diazene bridges. Thermal and
oxidative transformations also lead to unusual examples of diiron species featuring p-
NH; and p-NH ligands. Low temperature experiments reveal the presence of intermediate
species in certain instances. Ongoing work concerns detailed vibrational characterization

of the species described herein, in addition to mechanistic studies.

2.4 Experimental Section
2.4.1 General Considerations

All manipulations were carried out using standard Schlenk or glove-box
techniques under a dinitrogen atmosphere. Unless otherwise noted, solvents were
deoxygenated and dried by sparging with Ar followed by passage through an activated
alumina column from S.G. Water (Nashua, N.H.). Nonhalogenated solvents were tested
with a standard purple solution of benzophenone ketyl in THF to confirm effective

oxygen and moisture removal. Deuterated solvents were purchased from Cambridge
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Isotopes Laboratories, Inc. and were degassed and stored over activated 3-A molecular
sieves prior to use. Elemental analyses were performed by Columbia Analytics (Tucson,

AZ) and Midwest Microlab (Indianapolis, IN).

2.4.2 NMR and IR Spectroscopy

Both Varian 300 MHz and 500 MHz spectrometers were used to record the 'H
NMR and *'P NMR spectra at ambient temperature, and a Varian 500 MHz spectrometer
was used to record "N NMR spectra. 'H chemical shifts were referenced to residual
solvent, and *'P NMR chemical shifts were referenced to 85% H3;POy at & = 0 ppm. All
N NMR spectra are externally referenced to neat H;CCN (8§ = 245 ppm) in
comparison to liquid NH3 (6 = 0 ppm). The protons that correspond to the NyH, ligand all
appeared as broad singlets or apparent doublets ('*N and "°N respectively) in the "H NMR
spectra, with the half-height peak widths ranging from 13-20 Hz (digital resolution of
0.22 Hz). The half-height peak widths ranged from 14-22 Hz in the ’N NMR (digital
resolution of 6.5 Hz). Solution magnetic moments were measured using Evans’ method."

IR measurements were obtained with a KBr solution cell or a KBr pellet using a
Bio-Rad Excalibur FTS 3000 spectrometer controlled by Varian Resolutions Pro software

set at 4 cm™! resolution.

2.4.3 Electrochemistry

Electrochemical measurements were carried out in a glovebox under a dinitrogen

atmosphere in a one-compartment cell using a BAS model 100/W electrochemical
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analyzer. A glassy carbon electrode and platinum wire were used as the working and
auxillary electrodes, respectively. The reference electrode was Ag/AgNO; in THF.
Solutions (THF) of electrolyte (0.4 M tetra-n-butylammonium hexafluorophosphate) and

analyte were also prepared in a glovebox.

2.4.4 X-Ray Crystallography Procedures

Low-temperature diffraction data were collected on a Siemens or Bruker Platform
three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with
graphite-monochromated Mo or Cu Ka radiation (4 = 0.71073 or 1.54178 A,
respectively), performing ¢-and w-scans. The structures were solved by direct or
Patterson methods using SHELXS'® and refined against F~ on all data by full-matrix least
squares with SHELXL-97."" All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms (except hydrogen atoms on nitrogen) were included into the model at
geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups).

The structures were refined using established methods.'® Several of the structures
reported suffered from disorder in parts of the [PhBP®;] ligand and all of the structures
showed disorder of solvent molecules (some over more than two independent positions).
All disorders were refined with the help of similarity restraints on 1-2 and 1-3 distances
and displacement parameters as well as rigid bond restraints for anisotropic displacement

parameters. All close contacts, both inter and intramolecular, reported by the Platon
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validation software'® involve at least one partner from a minor component of a disorder.
While it is conceivable that more components of the [PhBP®;] are disordered and
parameterization of these disordered components would remove the close contacts, the
data at hand did not allow for further modeling of the disorder. In spite of the relatively
poor quality and resolution of the datasets and the severity of the ligand and solvent
disorders, the diiron cores of 2.3, 2.4, 2.5, and 2.6 are surprisingly well determined. Even
the hydrogen atoms on the iron-bound nitrogen atoms could be located in the difference
Fourier synthesis and subsequently those H atoms were refined semi-freely with the help
of distance restraints.

The diiron core of 2.7 displays disorder of the two imides over three positions.
The occupancies of the three components of this disorder were refined freely, while
restraining their sum to be 2.0. The population distribution was found to be
0.93:0.75:0.32 for N1:N2:N3. As NMR spectroscopy confirms the assignment of 2.7 as
[PhBPPh3FC]Fez(M-NH)2, we are confident in our procedure for modeling this core
disorder. Despite the disorder, we were able to locate the hydrogen atoms on all three
imide nitrogen atoms. As N3 is the least highly occupied component of the disorder,
when mention is made to the angles or distances to the bridging nitrogen atoms in the
main text, those that involve N3 are omitted. The distances between the most highly
populated nitrogen (N1) and the two iron centers were found to be identical within
experimental error. Therefore, in order to counteract correlation effects, we restrained all

six independent Fe-N distances to be equal within a standard uncertainty of 0.02 A.
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2.4.5 Starting Materials and Reagents

[PhBP®5Fe]Cl (R = Ph, CH,Cy),”® ""N,H,* and Me,Mg? were prepared
according to literature methods. Pb(OAc)s was purchased from Aldrich (99.999+%),
purified as described in the literature,” and recrystallized from cold THF to afford a
white crystalline solid. All other reagents were purchased from commercial vendors and

used without further purification.

2.4.6 Synthesis of Compounds

Synthesis of [PhBP"";]FeMe, 2.1. Solid Me,Mg (0.5063 g, 9.310 mmol) was added to a
stirring solution of PhBP3FeCl (1.0886 g, 1.4010 mmol) in 20 mL of benzene. After 2 h,
the reaction was filtered through a Celite-lined frit, and the filtrate was lyophilized. The
resulting powder was extracted into toluene, filtered through a Celite-lined frit, and the
volatiles removed, to give 0.983 mg (93%) of an analytically pure amber solid. *H NMR
(CeDs, 300 MHz): & 47.2, 22.5, 20.7, 2.72, -12.7, -52.8 (bs), -106 (bs). Evans Method
(CeDg): 5.1 B.M. UV-vis (CgHg) Amax, NM (e, M™* cm™): 390 (sh, 1500), 345 (sh, 2640).

Anal. Calcd. for C4¢H44BFeP3: C 73.04; H 5.86; N 0. Found: C 72.72; H 5.89; N 0.

Synthesis of [PhBP“"?Y;]FeMe, 2.2. A solution of MeLi in diethyl ether (1 mL, 0.075
mmol) was added dropwise to a thawing solution of [PhBP®"?<Y;]FeClI (67.3 mg, 0.0749
mmol) in 7 mL THF. The reaction was stirred, and allowed to warm to room temperature,
during which time it changed color from pale yellow to golden yellow. After 1.5 h, the

volatiles were removed, and the solids were extracted into benzene, filtered through
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Celite, and lyophilized (56.0 mg, 85.1%). Crystals can be grown out of DME/THF at -35
°C. 'H NMR (CgDs, 300 MHz): & 82 (bs), 46.0 , 22.1, 20.0, 2.5, 0.8, 0.5, -0.3, -0.5, -1.0, -
6.8, -8.0, -17.5, -21 (bs), -23.0, -33 (bs), -39 (bs), -53 (bs), -126 (bs). Evans Method
(CeDs): 5.6 B.M. UV-Vis (THF) Amax, NM (¢, Mt cm™): 370 (1100), 300 (sh, 1200). Anal.

Calcd. for CspHgyBFeP3: C 71.23; H 10.58. Found: C 71.44; H 10.62.

Synthesis of {PhBP""sFe}o(n-n'in-NaHa)(p-n?:n?-N2H,), 2.3. Complex 2.1 (0.983 mg,
1.30 mmol) was dissolved in 15 mL of THF, and stirred. Anhydrous hydrazine (98%,
46.3 uL, 1.43 mmol) was added neat, which resulted in an immediate color change from
amber to dark red with vigorous effervescence. After 5 min., the reaction was capped and
allowed to stir for an additional 10 min. The volatiles were removed, to afford
analytically pure solids (974.2 mg, 96.9 %). Crystals suitable for X-ray diffraction were
grown by layering pentane onto a benzene solution. *H NMR (C¢Ds, 300 MHz): & 8.12-
8.30 (m, 14H), 7.719 (t, J = 7.48 Hz, 8H), 7.46 (t, J = 7.12 Hz, 4H), 7.2 (m, 4H), 6.91 (t,
J = 7.12 Hz, 12H), 6.75 (t, J = 7.32 Hz, 4H), 6.66 (t, J = 7.12 Hz, 4H), 6.50-6.61 (m,
20H), 2.829 (s, NH, 2H), 2.68 (s, NHy, 4H), 1.95 (d, J = 10.5 Hz, 8H), 1.57 (d, J = 12.3
Hz, 4H). *H NMR (dg-THF, 300 MHz): 8 2.59 (s, NH, 2H), 2.54 (s, NH,, 4H). All other
resonances were as reported for CgDe. **P{"H} NMR (C¢Ds, 300 MHz): & 63.4 (d, “Jpp =
53.3 Hz, 4P), 52.5 (t, 2Jpp = 53.3 Hz, 2P). IR (KBr) (cm™): 3316, 3299, 3225, 3140. UV-
Vis (CeHs) Amax, NM (g, M cm™): 355 (19000), 455 (sh, 2900), 566 (1840). Anal. Calcd.

for CooHggBoFeP3N4: C 69.88; H 5.75; N 3.62. Found: C 69.4; H5.6; N 3.5.
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A sample of 95% ™N-enriched 2.3 was synthesized using an analogous synthetic
procedure with ®NH,°NH,. *H NMR (dg-THF, 500 MHz): §2.59 (d, *Jny = 59.5 Hz,
NH, 2H), 2.54 (d, 3wy = 72.03 Hz, NH,, 4H). **P{*H} NMR (C¢Ds, 300 MHz): & 63.4
(d, 2Jpp = 53.3 Hz, 4P), 52.5 (dt, 2Jpp = 53.3 Hz, Jon = 10.0 Hz, 2P). ®*N NMR (ds-THF,
500 MHz): § 58.37 (t, YJnn = 72.9 Hz, NH,, 2N), -10.02 (d, *Jnn = 64.5 Hz, NH, 2N). IR

(KBr) (cm™): 3316, 3283, 3241, 3219, 3139.

Synthesis of {[PhBP“H?%Y;]Fe},(u-n"in*-NoHa)(p-n?n>NoHo),, 2.4. Neat hydrazine
(98%, 2.8 uL, 0.082 mmol) was added to a stirring solution of 2.2 (71.2 mg, 0.081 mmol)
in 6 mL of THF. An immediate color change from yellow to dark pink was observed,
with evolution of gas bubbles. After 20 min, the volatiles were removed, and the resulting
solids were stored at -35 °C. Crystals suitable for X-ray diffraction were grown from a
cold DME solution stored at -35 °C. *H NMR (dg-THF, 500 MHz): & 7.18 (d, J = 7.2 Hz,
0-CH, 4H), 6.93 (t, J = 7.0 Hz, m-CH, 4H), 6.74 (t, J = 7.0 Hz, p-CH, 2H), 0.6 — 2.2 (m,
160H), 0.75 (bs, 8H). *'P{"H} NMR (CgDs, 300 MHz): & 64.9 (t, 2Jpp = 57.8 Hz), 57.8 (t,
J = 57.8 Hz). IR (KBr/THF) (cm™): 3398, 3327 (br). UV-vis (THF) Amax, NM (¢, M cm’

1: 420 (1600), 517 (1350).

A sample of 95% '°N-enriched 2.4 was synthesized using an analogous synthetic
procedure with >NH,**NH,. No differences were observed in the *H NMR spectrum. *°N
NMR (dg-THF, 500 MH2Z): 5 50.86 (t, “Jnw = 68.9 Hz, NHy, 2N), 0.86 (d, “Jnn = 45.2,

NH, 2N).
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Synthesis of {[PhBP“"?%Y;]Fe}o(n-n'n'-N2H2)(u-NH,),, 2.5. Neat hydrazine (98%, 5.8
uL, 0.179 mmol) was added to a stirring solution of 2.2 (157.2 mg, 0.179 mmol) in 10
mL of DME. An immediate color change from yellow to dark pink was observed, with
evolution of gas bubbles. After 5 min, the reaction was capped and allowed to stir for 36
h, during which time a second color change to green was observed. The volatiles were
removed to afford a grass-green powder (135.2 mg, 86.7%). Crystals suitable for X-ray
diffraction were grown from a cold DME/THF solution stored at -35 °C. *H NMR (ds-
THF, 500 MHz): § 16.209 (s, NH, 2H), 7.25 (d, J = 6.0 Hz, 0-CH, 4H), 6.95 (t, J = 6.5
Hz, m-CH, 4H), 6.76 (t, J = 6.5 Hz, p-CH, 2H), 0.8 — 2.6 (m, 168H), -1.05 (s, NH,, 2H), -
3.85 (s, NH,, 2H). *H NMR (C¢Ds, 300 MHz): & 15.96 (s, NH, 2H), -0.65 (s, NH2, 2H), -
3.60 (s, NH,, 2H). All other resonances were identical to those reported in dg-THF.

31pL*H} NMR (C¢Ds, 300 MHz): & 45.6 (d, 2Jpp = 51.6 Hz, 4P), 40.0 (t, 2Jpp = 51.6 Hz,
2P). IR (KBr) (cm™): 3273, 3234. UV-vis (THF) Ama, M (e, M cm™): 420 (5800), 699
(9250). Anal. Calcd. For CigoH184B2PsFe;,N4: C 68.60; H 10.39; N 314. Found: C 68.15;

H 10.24; N 2.94.

A sample of 95% '°N-enriched 2.5 was synthesized using an analogous synthetic
procedure with >NH,™NH,. *H NMR (dg-THF, 500 MHz): § 16.21 (d, *Jnn = 65.03 Hz,
NH, 2H), -1.05 (d, J = 61.53 Hz, NH,, 2H), -3.85 (d, J = 59.53 Hz, NH,, 2H). >N NMR
(dg-THF, 500 MHz): & 419.1 (d, *Jyy = 65.1 Hz, NH, 2N), 58.13 (t, J = 59.5 Hz, NH,,

2N). IR (KBr) (cm™): 3316, 3283, 3241, 3219.
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Synthesis of {PhBP""sFe}(p-n*n -NoH2)(p-n%n?-N2H,), 2.6. To a solution of 2.3
(0.264 mmol) in 40 mL THF prepared in situ, a solution of Pb(OAc), (0.2570 g, 0.580
mmol) in 10 mL THF was added over 2°, in the dark. The solution changed color from
red to green, and evolution of gas bubbles was observed. After 3h, an aliquot of the
reaction mixture showed ca. 66.6% conversion to the product by **P NMR spectroscopy.
An additional equivalent of solid Pb(OAc)4 (0.1124 g, 0.254 mmol) was added, and the
reaction stirred an additional 12 h. The solution was then filtered through Celite, and the
volatiles removed. The resulting solids were extracted into toluene, filtered, and the
solution layered with pentanes and stored at -35 °C to afford crystalline solids (45.1 mg,
11%). The mother liquor was pumped down, dissolved in THF, and layered with
pentanes to afford a second crop (88.1 mg, 22%). Crystals suitable for X-ray diffraction
were grown by layering pentane onto a benzene solution. *H NMR (CgDg, 300 MHz): &
13.20 (s, HN=NH, 2H), 8.29 (d, 4H J = 7.5 Hz), 7.75 (t, 2H, J = 7.5 Hz), 7.42-7.61 (m,
12H), 7.06 (bs, 8 H), 6.96 (t, J = 7.5 Hz, 12 H), 6.86 (t, 8H, J = 6.3 Hz), 6.64-6.80 (m,
16H), 6.48 (t, 8H, J = 7.5 Hz), 4.16 (s, HN-NH, 2H), 2.11 (d, 8H, CH,, J = 36.0 Hz), 1.84
(d, 4H, CH,, J = 11.7 Hz). *P{*H} NMR (CsDs, 300 MHz): §53.8 (d, 2Jpp = 51.9 Hz,
4P), 44.4 (t, 2Jpp = 51.9 Hz, 2P). IR (KBr) (cm™): 3320, 3224, 3210. UV-vis (CsHs) Amax,
nm (g, M* cm™): 423 (sh 2700), 480 (sh, 1520), 644 (2560). Anal. Calcd. for

CooHgsB2FePsN4: C 70.06; H 5.62; N 3.63. Found: C 70.10; H 5.72; N 3.21.
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A sample of 95% ™N-enriched 2.6 was synthesized using an analogous synthetic
procedure with *NH,"°NH,. *H NMR (C¢Dg, 500 MHz): & 13.20 (d, Iy = 66.03 Hz,
HN=NH, 2H), 4.161 (*Jnn, J = 60.53 Hz, HN-NH, 2H). >N NMR (C¢Ds, 500 MHz):
8 407.52 (dd, “Jnp = 69.2 Hz, J = 20 Hz, HN=NH, 2N), 58.04 (d, 'Jnyn = 58.14 Hz, HN-
NH, 2N). *P{*H} NMR (CsDg, 300 MHz): & 53.8 (d, 2Jpp = 51.9 Hz, 4P), 44.4 (dt, “Jpp =

51.9 Hz, 2Jpn = 17.4 Hz, 2P). IR (KBr) (cm™): 3307, 3217, 3202.

Synthesis of {PhBPPthe}z(u-NH)z, 2.7. A solution of para-benzoguinone (0.0538 g,
0.488 mmol) in 3 mL THF was added dropwise in the dark to a suspension of 2.6 (0.1510
g, 0.098 mmol) in 15 mL THF. The reaction was stirred for 12 h, and was filtered
through a Celite-lined frit, leaving behind purple solids. The volatiles were removed, and
the resulting solids were rinsed with diethyl ether. The solids were extracted into THF,
and layered with methylcyclohexane, to give amorphous solids (0.0350 g, 23.6%).
Crystals suitable for X-ray diffraction can be grown via vapor diffusion of cyclopentane
into a THF solution of 7. *H NMR (C¢Dg, 300 MHz): & 25.26 (s, 2H), 8.41 (d, 4H, J = 6.0
Hz), 7.79 (t, 4H, J = 6.0 Hz), 755 (t, 2H, J = 6.0 Hz), 6.85 (d, 24H, J = 6.0 Hz), 6.77 (¢,
12H, J = 6.0 Hz), 6.57 (t, 24H, J = 7.5 Hz), 2.37 (bs, 12H). 3P{*H} NMR (CsDg, 300
MHz): §32.5. IR (KBr) (cm™): 3308, 3287. UV-vis (THF) Amax, NM (¢, M™* cm™): 336
(sh, 10890), 448 (9190), 512 (sh, 6380), 602 (4120), 919 (2000). Anal. Calcd. for

CooHgaB2FesN,: C 71.42; H 5.60; N 1.85. Found: C 71.08; H 5.88; N 1.42.
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A sample of 95% 'N-enriched 2.7 was synthesized using an analogous synthetic
procedure with >NH,™NH,. *H NMR (dg-THF, 500 MHz): & 25.04 (d, "I 1 = 64.0 Hz,
NH, 2H). >N NMR (dg-THF, 500 MHz) & 563.5 (d, “Jnw = 64.6 Hz, NH, 2N). IR (KBr)

(cm™): 3298, 3272.

2.4.7 Toepler Pump Analysis

Toepler pump analysis of the reaction between 2.3 and excess para-benzoquinone.
Solid 2.3 (0.3759 g, 0.2430 mmol) and para-benzoquinone (0.1367 g, 1.239 mmol) were
added to a 100 mL RB flask fitted with a stir bar and a teflon plug. The vessel was cooled
in a dry ice/acetone bath and evacuated on a high vacuum manifold (10 torr), and 50 mL
of THF was vac transferred. The flask was allowed to warm to room temperature, and
stirred for 18 h in the dark. At this time, the solution as cooled in a dry ice/acetone bath,
and the teflon plug opened to the Toepler pump. After 2 h (= 40 cycles), 0.276 mmol of
gas was transferred over, corresponding to an 88 % release of gas. The volatiles were
removed from the reaction vessel, and the proton NMR spectrum of the resulting solids
revealed 88% conversion to 2.7, and 12% conversion to 2.6. An aliquot of the pumped
gas was subjected to a GC analysis (N carrier gas), which did not show a peak that
corresponds to H,. Addition of 0.09 mmol more para-benzophenone to the reaction
mixture (re-suspended in 50 mL of THF) led to complete conversion to 2.7 after stirring
for 18 h. The volatiles were again removed, the solids collected on a frit, and washed
profusely with pentanes and diethyl ether, leaving behind a pure powder of 2.7 (0.3518 g,

96%).
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Chapter 3: Transformation of an [Fe(n’-N,H;)]'" Species to -

Delocalized [Fe,(u-N,H,)]*"”"* Complexes
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Abstract

A monomeric iron Fe(n?-N2H3) species (3.1) has been prepared, and exposure to oxygen
yields a diiron complex that features five-coordinate iron centers and an activated
bridging diazene ligand (NH=NH). Combined structural, theoretical, and spectroscopic
data for the redox pair of complexes [Fe,(u-NoH2)]*"** (3.2, 3.3) are consistent with 4-
center, 4-electron n-delocalized bonding picture across the Fe-NH-NH-Fe core that finds

analogy in butadiene and the butadiene anion.
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3.1 Introduction

Several mechanisms have been proposed to describe the reduction of N, to NH3 at
the cofactor of MoFe-nitrogenase." Although experimental evidence is consistent with
initial coordination of N, through a single metal center of the cofactor,? recent DFT
studies have pointed to plausible diiron intermediates of the type Fe,(N2Hy) (y = 1-4) en
route to NH3 formation.? In this context, it is noteworthy that diazene* and hydrazine® are
readily reduced to NH; by nitrogenase under turnover conditions. Diiron model

complexes that feature the Fea(N,H,) core are therefore of timely interest,®”®

especially
as a spectral reference point to aid in the interpretation of ENDOR/ESEEM data that is
being obtained with the enzymatic system during catalysis.*®

Herein we describe the characterization of an [Fe(m*N,H3)]™" species that gives
rise to a binuclear complex with an [Fex(u-N2H2)]?* core upon exposure to O,. The latter
complex is unique in that combined structural, spectroscopic, and DFT calculations
suggest that the bridging ‘diazene’ is best formulated as N,H,*. While this level of
diazene activation has been observed in complexes of highly reducing early transition
metals,® it is not well established for the later transition metals, including iron.”*® One-
electron reduction of the [Fe,(u-N2H2)]?* complex furnishes the EPR-active mixed-valent

[Fes(u-N2oH2)]* complex, whose electronic structure characterization by combined

EPR/ENDOR spectroscopy is described.
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3.2 Results and Discussion

Entry to this chemical manifold arises from the addition of N,H, to the iron alkyl
precursor [PhBP3]FeMe (2.1) ([PhBPs]” = PhB(CH,PPh,)3) in the presence of a suitable
trap. We have previously reported that the room temperature reaction between 2.1 and
N,H, quantitatively forms {[PhBPs]Fe}a(u-n":n'-NoHa)(n-n%n?NaHy), (2.3), with
concomitant loss of methane.”™ A hydrazido complex of the type “[PhBP3]Fe(N,Hs3)” is a
plausible thermally unstable intermediate to invoke, and a strong-field trapping ligand
was hence pursued. Addition of 1 equiv of N,H,4 to 2.1 at -78 °C, followed by addition of
1 equiv of CO, affords orange [PhBP3]Fe(n?-N2H3)(CO), (3.1), in ca. 70% chemical yield
(Scheme 3.1). Several side reactions compete with formation of 3.1, and the crude
reaction mixtures invariably contain {[PhBPs]Fe}a(r-n'in*-NoHa)(u-n%n%-NoHy),”
[PhBP3]Fe(CO),H (see Appendix 2), and several other unidentified species. The similar
solubilities of [PhBP3]Fe(CO),H and 3.1 diminish the isolated yield of 3.1 in analytically

pure form.
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The solid-state structure of 3.1 was obtained and indicates that the N,H3" ligand

coordinates n? to the Fe center (Figure 3.1). The Fe-N distances of 1.992(3) and 2.018(3)

A are as expected for coordination of sp-hybridized nitrogen to Fe, and are similar to

those observed in the related six-coordinate Fe(n?-N2H,) and Fe(n?-N,H,) species.®® The

N1-N2 bond distance of 1.383(3) A is shorter than that expected for an N-N single bond,

but consistent with that of a related NoHs” complex of tungsten.**
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Figure 3.1. (left) Displacement ellipsoid (50%) representation of 3.1. (right) Simulation (top) of
the N NMR spectrum of 3.1 (-75 °C, dg-THF) and experimental spectrum (bottom). Pertinent
fitting parameters: & 31.8 (NHNH,, “Jy = 86 Hz, “Jyy = 79 Hz, “Jyn = 10 Hz), 32.2 (NHNH,,
LI = 56 Hz, 3y = 10 Hz), linewidth = 7 Hz

The N NMR spectrum (-75 °C, dg-THF) of 3.1 shows a complicated signal
centered around 32 ppm, which was fit to obtain chemical shifts and coupling constants.
The NH-NH; and NH-NH, chemical shifts are noted at 31.8 ppm and 32.2 ppm,
respectively, with 'Jyn = 10 Hz. The *H NMR spectrum (-75 °C, dg-THF) of 3.1 shows
three distinct protons for the hydrazido ligand that split into doublets when samples of 3.1
are prepared with °N,H,. The NH-NH, chemical shift is noted at 2.85 ppm (}Jnu = 56
Hz), and the inequivalent NH-NH, protons appear at 6.55 (*Jyy = 86 Hz) and 1.88 ({Jnw
=79 Hz) ppm. The NMR data collectively indicates that the N,H3™ ligand is comprised of
two sp>-hybridized nitrogen atoms.

The orange hydrazido(-) complex 3.1 undergoes decay to the bridged blue diazene
complex, {[PhBP3]Fe(CO)}»(u-n":n'-N2H,), (3.2), in the presence of 0.5 equiv oxygen

(Scheme 3.1). Other oxidants (e.g., Pb(OAc)s, Cp.Fe’, p-quinone), acids (e.g.,
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pyridinium, FeCls, Sm(OTf)3), and bases (e.g., NoHas, "BuLi, ‘BuN=P(cyclo-NC,Hs))
were canvassed but do not facilitate this transformation. The reaction is solvent
dependent and proceeds in benzene but not in THF, perhaps owing to hydrogen bond
stabilization of 3.1 by THF solvent.

The N NMR spectrum of 3.2 (prepared from *N-3.1) displays a broad doublet
at 292 ppm, indicative of an sp>-hybridized nitrogen atom. The diazene protons are
magnetically inequivalent, and the corresponding *H{*'P} NMR spectrum of 3.2 shows a
AA’XX’ splitting pattern centered at 9.5 ppm. The chemical shifts of both the H and N
atoms of the diazene ligand differ from those observed in the related {[PhBP3]Fe}.(u-
ntn-NoHo) (unZn%-NoH,) (°N NMR: 407.5, 58.0; *H NMR: 13.20, 4.16)," and suggest
that the extent of diazene activation in the two complexes may be different. Simulation of
the *H{*'P} spectrum of 3.2 gives the following coupling constants: *Jny = -71.0 Hz, 2Jnw
= -2.1 Hz, *Jun = 14.8 Hz, and YJyn = 9.5 Hz. The magnitude of the three-bond HH
coupling is consistent with a trans configuration, and can furthermore be used as a probe
for the extent of NN activation.'? For example, %34y = 28.0 Hz for [(CO)sCr],(trans-p-
N,H,),** which has an N-N bond distance of 1.25 A,** while *Juy = 9.4 Hz for [(n°-
CsMe4H),Zr1],(trans-p-N2Hs,), which has an N-N bond distance of 1.414(3) A.% Hence,
the observed 334y coupling in 3.2 is most consistent with a single bond.

The solid-state structure of 3.2 was obtained and its core atoms are shown in
Figure 3.2. Both Fe centers have similar metrical parameters, and adopt a distorted
trigonal bipyramidal geometry, with the approximate equatorial plane defined by two

phosphorous and one nitrogen atom. The two Fe centers are related by a 133° rotation
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about the Fe-Fe vector. The trans protons on the diazene were located in the difference
map, and form a planar diazene. However, the Fe-N-N-Fe linkage departs from planarity
and features a 20.3° dihedral angle (Figure 3.2). The average Fe-N bond distance of 1.83
A in 3.2 indicates the presence of n-bonding, while the elongated N-N bond distance of
1.362(4) A establishes a significantly activated diazene unit. This distance is closer to

that expected for a N(sp?)-N(sp?) single bond than that for a double bond (ca. 1.41 A and

7,15

1.24 A, respectively).

Fe-N= 1.824(3) A Fe-N= 1.876(2) A
@ 1.841(3) A @ 1.884(2) A
N-N= 1.362(4) A N-N= 1.342(3)A

Figure 3.2. Displacement ellipsoid (50%) representations of the core atoms of 3.2 (left, top) and
3.3 (right, top), and an overlay of their core atoms (bottom, left; blue, 3.2; purple, 3.3), and a
representation showing the twist of the Fe-N-N-Fe linkage of 3.3 (bottom, right)

Complex 3.2 is intensely colored and displays a transition at 716 nm (g = 8500 M"
! em™) that is presumably charge transfer in nature by analogy to assignments made for
similar bands observed for related dinuclear M(n*:n*-N;H2)M complexes.’®** The

rRaman spectrum of 3.2 (633 nm excitation) contains an NN vibration at 1060 cm™,
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which shifts to 1032 cm™ in samples of *>N-enriched 3.2 (calculated shift for a diatomic
harmonic oscillator: 1023 cm™). In addition, a second vibration is observed at 665 cm™
(*°N: 651 cm™), which is tentatively assigned as the vs(FeN) vibraton that couples with
the NN vibration. Both of these vibrations are distinct from those measured by Lehnart
and coworkers in an octahedral Fex(u-n'n*-NoH,) complex (v(NN) = 1365 cm™;
vas(FeN) = 496 cm™),*” and consistent with appreciably stronger Fe-N and weaker N-N
bonds in 3.2. The combined structural, NMR, and vibrational data suggest that the
diazene bridge in 3.2 might better be regarded as a dianionic hydrazido, NoH,>, as in the

lower left resonance form shown in Figure 3.2.

N2H22' NZHZ

Figure 3.3. (top) HOMO and LUMO of 3.2 (isocontour = 0.04); see Sl for computational details.

(bottom) Plausible resonance contributors to the electronic structure of 3.2.
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Cyclic voltammetry of 3.2 shows a reversible one-electron reduction to 3.3 at -
1.54 V (vs. Fc/Fc®), and chemical treatment of 3.3 with one equiv of Na/Hg in THF
cleanly generates the purple mixed-valence [Fes(u-NoH2)]** complex, [{[PhBPs]Fe}x(u-
nhnt-N2H2)][Na(THF)g], (3.3). Crystals of 3.3 suitable for XRD were grown by vapor
diffusion of cyclopentane into a saturated THF solution of 3.3.

The geometry of the [Fe,(u-NaoH,)]™ core of 3.3 is very similar to that of the
[Fea(u-N2H2)]** core of 3.2, as shown by an overlay of their core atoms (Figure 3.2).
Upon reduction the average Fe-N distance increases by ca. 0.03 A to 1.88 A. Consistent
with this, the vs(FeN) stretch decreases from 665 cm™ to 643 cm™ (*°N: 624 cm™) upon
reduction.’® The N-N bond distance in 3.3 is found to exhibit a marginal decrease to
1.342(3) A upon reduction. These observations are collectively consistent with -
delocalization within the Fe-N-N-Fe core, with the unpaired electron populating an
orbital that is predominantly Fe-N antibonding in character.

DFT calculations (see Section 3.4.5 and Appendix 2 for details) were performed
to further probe the electronic structures of both 3.2 and 3.3. The frontier orbitals of 3.2
are isolobal to those of butadiene, and both the HOMO and LUMO are primarily
composed of the Fe-N-N-Fe n-system. The HOMO displays Fe-N m-bonding and N-N
n -bonding character (Figure 3.2, top). The LUMO features N-N n-bonding, and Fe-N
n*-bonding character. Population of the LUMO should therefore result in a decrease in
the N-N bond distance, and an increase in the Fe-N bond distance. However, the SOMO
of 3.3 has only minimal density on the N-N bridge, and so the actual change should be

small, as observed. The observation that the reduction of 3.2 to 3.3 yields a shortened N-
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N distance in the NH, ligand in the present case is consistent with the DFT calculations.

A similar result has been provided for a series of [Moa(u-N2)]**/"¢*

species where formal
overall oxidation of the complex leads to a more ‘activated’ bridging N> ligand.*®

To further probe the electronic structure of the [Fen(pn-NoH,)]* core of 3.3, we
turned to EPR/ENDOR spectroscopy. Complex 3.3 is paramagnetic, with a rhombic S =
Y% EPR signal (9:1 THF:Me-THF; g = [2.125, 2.040, 2.020]) that remains essentially
invariant from 77 K to 2 K. To test the model of a symmetrical, n-delocalized Fe-N-N-Fe
core, 35 GHz N electron-nuclear double resonance (ENDOR) measurements were
performed at 2 K on °N-3.3.% Figure 3.4 displays "N ENDOR spectra selected from a
2D field-frequency pattern of ENDOR spectra (v« manifold) collected across the EPR
envelope of °N-3.3 (see Section 3.4.2 and Appendix 2). The 2D pattern can be simulated
with a single type of N, having a nearly axial hyperfine coupling tensor, principal
values, A(**N) = + [6.7, 5.6, 17.8] MHz, isotropic coupling, ais("°N) = +10 MHz, and
anisotropic coupling, T(**N) = + [-3.3, -4.5, 7.8] MHz (see Section 3.4.2 and Appendix
2). The absence of a Mims ENDOR response associated with a second, more weakly
coupled N nucleus (not shown),?* indicates that the two N atoms from the bridge are

magnetically equivalent and contribute equally to the ENDOR response depicted in

Figure 3.4, as expected for a delocalized [Fe,(p-N2H,)]™ ground state.
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Figure 3.4. 35 GHz Davies >N pulsed ENDOR spectra (black traces; v. manifold (v. = v, +
A/2)) from °N-3.3 at the indicated g values. Simulations (red, o. = +7°, blue, a. = 0° and 15°) are

described in the text and Section 3.4.2.

The strong anisotropy of A requires that the spin density on the two N atoms is of
n character (A; parallel to the m-orbital for each N).?> The positive sign of A for °N
indicates that the = spin density on the N-N bridge, p"(N), is negative (see Sl), with the
anisotropic coupling corresponding to p"(N) ~ -0.05 spins/nitrogen; the majority of the
remaining spin density likely resides on Fe. The DFT computations on 3.3 give p"(N) ~ -
0.36 spins/nitrogen, which is in satisfactory agreement with experiment given that DFT is
well known to overestimate the effects of spin polarization.”® This finding of rather low
spin delocalization onto the bridging nitrogens of 3.3 illustrates why it is instructive to
consider 3.2 in terms of the butadiene-like resonance structure shown in Figure 3.4. The
butadiene anion is the corresponding analogue to 3.3, and its SOMO is minimally
delocalized onto the central atoms. In 3.3, delocalization would be decreased further due

to the greater electronegativity of N compared to that of Fe.



95

The orientations of the >N hyperfine tensors also are informative. The
observation of a single, very sharp *®N ENDOR feature at g; indicates the g; axis is
coincident with the N-N vector and normal to the spin-bearing = orbitals on N; (i = 1,
2). These are expected to be primarily defined by the Fe;j-Hi-N; (j = 2, 1) planes (Figure
3.2, bottom right), and thus lie essentially normal to the g; axis. Indeed, the 2D ENDOR
pattern is satisfactorily simulated by taking the gs axis to bisect the angle between the two
Fei-Hi-N; planes, 2a. ~ 14°, and then orienting each N; hyperfine tensor along the normal
to its plane, which corresponds closely to simply rotating the hyperfine tensors of N1 and
N2 around g; by equal and opposite angles, o ~ 7° (see Figure 3.4, blue trace).
Unfortunately, the data does not define these rotations with precision; not only is
agreement with experiment at g, improved with o = 15° (Figure 3.4), but also, the
observation of broad features in the ENDOR spectrum at gs, in contrast to the narrow
peak at gi, suggests that there may be a distribution of angles in the frozen solution.
Overall, the >N ENDOR results support that 3.3, at 2 K, contains a n-delocalized Fe-N-
N-Fe core, as predicted by DFT computations, with the m-orbital ‘twist’ indicated by the

X-ray structure.

3.3 Conclusions

In summary, we have prepared an Fe(n’-N,Hs) species, and have shown that the
coordinated hydrazido ligand is converted to diazene in the presence of oxygen. The end-
on diazene ligands in the [Feg(u-NgHg)]z”1+ cores of 3.2 and 3.3, are best regarded as

‘NzH,",” a bonding formulation previously observed for diazene complexes of highly
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reducing early-transition metals. Combined structural, theoretical, and spectroscopic data
for the dinuclear complex 3.2 indicate the presence of 4-center, 4-electron n-delocalized
bonding across the Fe-N-N-Fe diiron p-diazene core. This picture is consistent with DFT
studies, as well as a combined EPR/ENDOR study of its 1-electron reduced congener 3.4.
This electronic structure, in which the HOMO is N-N =-bonding, provides access to

21+ oxidation states. Whether such a

stable diazene complexes in both the [Fe,(u-N2H2)]
fragment arises in the reaction pathway by which nitrogenase reduces N, to 2NHs is
being explored by detailed comparisons of the results presented here with ENDOR results

for nitrogenase intermediates.?*

3.4 Experimental Section
3.4.1 General Considerations

All manipulations were carried out using standard Schlenk, high-vac, or glove-
box techniques under a dinitrogen atmosphere. Unless otherwise noted, solvents were
deoxygenated and dried by sparging with Ar followed by passage through an activated
alumina column from S.G. Water (Nashua, N.H.). Cyclopentane and 2-
methyltetrahydrofuran were stirred over sodium and dried with sodium ketyl radical, and
vac-transferred after the solution remained purple for 48 h. Nonhalogenated solvents
were tested with a standard purple solution of benzophenone ketyl in THF to confirm
effective oxygen and moisture removal. Deuterated solvents were purchased from

Cambridge Isotopes Laboratories, Inc. and were degassed and stored over activated 3-A
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molecular sieves prior to use. Elemental analyses were performed Midwest Microlab

(Indianapolis, IN).

3.4.2 Spectroscopic Measurements

Varian 300, 400, and 500 MHz spectrometers were used to record the *H NMR,
1P NMR, and *®N NMR spectra (400 or 500 MHz). *H chemical shifts were referenced
to residual solvent. *P NMR chemical shifts were referenced to 85% H3sPO, at & = 0
ppm, and >N NMR chemical shifts were referenced to neat CgHs™"NO, (& = 370 ppm) in
comparison to liquid ammonia (5 = 0 ppm). MestReNova (6.1.0) was used for NMR data
workup, as well as for simulation of spectra.

IR measurements were obtained with a KBr solution cell or a KBr pellet using a
Bio-Rad Excalibur FTS 3000 spectrometer controlled by Varian Resolutions Pro software
set at 4 cm™ resolution.

The rRaman samples were prepared by loading solutions into capillaries in the
glove-box, which were then flame-sealed (for room temperature data collection), or were
transferred to a sealable NMR tube which was subsequently flame-sealed (for data
collection at 77 K). Excitation was performed at 632.8 nm using a HeNe laser (10 mW)
or at 514 nm using an Ar-ion laser. A lens collected the light that scattered at 90° and
focused it through a low-pass filter and into the entrance slit of a SPEX 750M
monochromator. The dispersed light was detected by a LN/CCD array (5 cm™
resolution), and the spectra recorded using Winspec (Princeton Instrument) software.

Conversion from pixels to wavenumber was done by obtaining the spectrum of
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cyclohexane, and deriving the linear plot of pixels vs. wavenumber for known vibrations.
All spectra were recorded in THF or Me-THF, and in some instances, solvent subtraction
or baseline correction was performed.

Optical spectroscopy measurements were taken on a Cary 50 UV-Vis
spectrophotometer using a 1 cm two-window quartz cell sealed with standard ground-
glass joints or Teflon plugs.

Samples of 3.3 suitable for 35 GHz EPR and ENDOR measurements were
prepared in 9:1 THF:2-MeTHF solvent mixtures (3 mM) and transferred into quartz tubes
in the glovebox. The samples were frozen in the glovebox, and transferred/stored at 77K.
EPR and ENDOR data were collected on a home-built spectrometer, described
previously,? that was equipped with a liquid helium immersion dewar for measurements
at 2 K. Echo-detected EPR spectra of °N-3.3 were simulated using the Simfonia
program.?

Signs of the hyperfine couplings measured from ENDOR spectra (more
specifically, the sign of gnucAnuc) have been obtained by application of the Pulse-Endor-
SaTuration-REcovery (PESTRE) protocol, a pulse sequence comprised of multiple
Davies ENDOR sequences, carried out in three distinct experimental phases: (I) an EPR
saturation phase (RF off) of 100 Davies sequences whose spin-echo intensities quickly
converge to the steady-state ‘baseline’ (BSL); (II) an ENDOR perturbation phase of 24
sequences, in which each sequence contains a fixed RF set at one or the other of the
branches of the ENDOR spectrum (v4); (I11) and an EPR recovery phase (RF off) of 132
sequences during which the spin echo corresponds to the spin-echo ‘dynamic reference

level’ (drl) associated with ENDOR-induced spin polarization created in the second
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phase, with the drl relaxing to the BSL during this phase. In the slow-relaxation regime,
the sign of Anyc IS unambiguously given by the sign of the difference between the drl and
BSL echo intensities as observed for either ENDOR branch.?’

Under the typical conditions for a PESTRE experiment tnx, defined as the time
between the first and the second of the three microwave pulses within a single Davies
sequence, is short relative to the electron spin-lattice relaxation time, Tie (T1e >> tmix ~ 5
us). However, for °N-3.3, in this regime the PESTRE responses, namely the differences
between the drl and BSL in phase Ill, are too small to make a reliable hyperfine sign
assignment for both the nu+ and nu- manifolds. However, when tpix is long and Ty are of
the same order of magnitude the difference between drl and BSL becomes readily
measured. In this regime, the expected differences between the drl and BSL are of
opposite sign to the short-tmix experiment: for {A, X g.} > 0, if v, is being interrogated,
the drl relaxes to the BSL from above; if v. is interrogated, the drl relaxes to the BSL
from below; the opposite behavior will be observed for {A, x g} < 0.%8

For ®N-3.3 in the long-tmix regime, at v+ we observe the drl relaxing to the BSL
from below; at v., we observe the drl relaxing to the BSL from above, which implies that
{An x gn} <0. As A, is proportional to the product of gn and the spin density, the {A, x
gn} has the sign of the spin density. The experiment thus implies that the spin density on

N is negative.
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3.4.3 Electrochemistry

Electrochemical measurements were carried out in a glovebox under a dinitrogen
atmosphere in a one-compartment cell using a BAS model 100/W electrochemical
analyzer. A glassy carbon electrode and platinum wire were used as the working and
auxillary electrodes, respectively. The reference electrode was Ag/AgNOs in THF, and
ferrocene was used as an internal standard. Solutions (THF) of electrolyte (0.4 M tetra-n-

butylammonium hexafluorophosphate) and analyte were also prepared in a glovebox.

3.4.4 X-Ray Crystallography Procedures

Low-temperature diffraction data were collected on a Siemens or Bruker Platform
three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with
graphite-monochromated Mo or Cu Ka radiation (4 = 0.71073 or 1.54178 A,
respectively), performing ¢-and w-scans. The structures were solved by direct or
Patterson methods using SHELXS? and refined against F* on all data by full-matrix least
squares with SHELXL-97.*° All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms (except hydrogen atoms on nitrogen) were included into the model at
geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups). Hydrogen atoms directly
coordinated to nitrogen were located in the Fourier difference map, and refined semi-
freely with the aid of distance restraints. If these hydrogen atoms could not be located in

the difference map, they were left out of the final refinement model.
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The structures were refined using established methods.*! Several of the structures
reported suffered from disorder in parts of the [PhBPR3] ligand and all of the structures
showed disorder of solvent molecules (some over more than two independent positions).
All disorders were refined with the help of similarity restraints on 1-2 and 1-3 distances
and displacement parameters as well as rigid bond restraints for anisotropic displacement
parameters. All close contacts, both inter and intramolecular, reported by the Platon
validation software™ involve at least one partner from a minor component of a disorder.
While it is conceivable that more components of the molecule(s) are disordered and
parameterization of these disordered components would remove the close contacts, the
data at hand did not allow for further modeling of the disorder.

Crystals of 3.3 proved to be highly sensitive, with noticeable solvent
loss/discoloration after ca. 1 minute in paratone oil. Their instability and small size did
not allow us to collect a dataset using the above methods, and the dataset was collected at
the Stanford Synchatron Radiation Laboratory (SSRL) beam line 12-2 at 17keV using a
single phi axis and recorded on a Dectris Pilatus 6M. The ability to rotate just one-axis
gave a dataset that was only 88.7% complete. The images were processed using XDS,”
and XPREP was used to create appropriate files for use with the SHELXL-97 program.

The crystal structures have been deposited in the Cambridge Crystallographic

Data Centre and have the following deposition numbers: CCDC 795818-795821.
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3.4.5 DFT Calculations

Density functional calculations were carried out using the Gaussian03 suite®

using the restricted B3LYP functional, unless otherwise noted. The 6-31+G* basis set
was used to obtain a minimized structure of 3.2, and the 6-311++G** basis set was used
to do a single-point energy calculation from the optimized coordinates. The 6-31+G*
basis set was used to obtain a minimized structure of 3.3 using the unrestricted BPV86
functional, and the 6-311++G** basis set was used to do a single-point energy
calculation from the optimized coordinates (B3LYP).

For geometry optimizations, coordinates were taken from the solid-state structures
of 3.2 and 3.3. Truncation of the ligand by replacing the Ph substituents on the
phosphines to Me groups gave a minimized structure in which the two carbonyl groups
were trans to one another, and hence all calculations were done with the full ligand,
which preserved the observed coordination at both Fe centers. Molecular orbital plots
were generated using GaussView 4.1°° with isocontor values of 0.04 (MO) and 0.002

(density).

3.4.6 Starting Materials and Reagents

[PhBP;]FeMe (2.1),”° [PhBP5]Fe(CO),Na(THF)e,*® and ""N,H,'" were prepared
according to literature methods. All other reagents were purchased from commercial

vendors and used without further purification.
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3.4.7 Synthesis of Compounds

Synthesis of [PhBP;]Fe(n’*-N,H;)(CO), 3.1.

1.) In the glovebox, a 20 mM THF solution of 2.1 (856.7 mg, 1.132 mmol) was
transferred to a 500 mL round bottom flask, and stirred at -78 °C. To this, a
solution of anhydrous hydrazine (55.0 uL, 1.699 mmol) in 5 mL THF was added
dropwise. After stirring for 10 min, a calibrated bulb (56.30 mL) that was fit with
Kontes Teflon plugs was attached to the flask, and the reaction taken out of the
glovebox and quickly transferred to a dry ice/acetone bath. The bulb was attached
to a high vacuum manifold and degassed. CO (1.132 mmol, 37.1 cmHg) was
added to the bulb, which was then closed to the manifold, and opened to the
reaction flask. The reaction was stirred for 18 h, during which time it gradually
warmed to room temperature. The volatiles were removed, and in the glovebox,
the solids were rinsed with 20 mL of pentane. The solids were then extracted into
minimum THEF, filtered, and layered with an equal volume of pentane and stored
at -35 °C. As [PhBP;]Fe(CO),H readily co-crystallizes with 3.1, crystals of
analytically pure 3.1 are only obtained after several re-crystallizations (yield: 36.1
mg, 4.0%). Synthetically useful samples of 3.1 can be obtained in yields that
range between 30—40%. Crystals of 3.1 suitable for diffraction can be grown by
slow evaporation of pentane into a saturated benzene solution of 3.1 that contains

hydrazine.
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2.) A 25 mL schlenk tube fitted with a 8 mm Kontes Teflon plug was charged with a
stir bar and a 25 mM solution of 2.1 (31.9 mg, 0.0423 mmol) in THF. The flask
was cooled to -78 °C using a dry ice/acetone bath. To this, a solution of anhydrous
hydrazine (2.1 pL, 0.0633 mmol) in 0.4 mL THF was added dropwise, and a color
change from amber to strawberry red was noted. The flask was sealed, removed
from the glovebox, and immediately placed in a dry ice/acetone bath. The flask
was connected to a calibrated bulb (3.24 mL) which was attached to a high
vacuum manifold. Once full vacuum was attained (5.1 x 10 torr), the flask was
degassed and closed to the vacuum manifold. CO (0.0423 mmol, 24.0 cmHg) was
added to the caliberated bulb, which was then closed to the vacuum manifold and
opened to the reaction flask. The reaction was stirred, and allowed to gradually
warm to room temperature over the course of 14 h. At this time, the volatiles were
removed to yield an orange solid. The solid was taken up in C¢Ds, and 3'P NMR
data was collected, indicating 68% conversion to 3.1, with 18% conversion to
{[PhBP;]Fe} z(p—nz:nz—Nsz)(u—n ! m 1—N2H4) and 10%  conversion  to

[PhBP;]Fe(CO),H (integration against an internal standard of PPhj).

'H NMR (THF-dg, 500 MHz, -75 °C): § 6.2-8.0 (m, 36H), 2.84 (s, 1H), 1.87 (s, 1H), 1.39
(bs, 4H), 0.95-1.20 (m, 2H). 3P NMR (THF-dg, 202 MHz, -75 °C): & 64.23 (d, J = 82.6
Hz), 58.99 (d, J = 55.5 Hz), 32.59 (dd, J = 82.3, 55.4 Hz). IR (KBr) (cm™): 3316, 3237,

1917 (CO). UV-vis (THF) Amax, Nm (g, M™* cm™): 365 (sh, 1580), 492 (sh, 190), 720
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(130). Anal. Calcd. for C4sH4sBFeP3N,O: C 69.02; H 5.54; N 3.50. Found: C 68.69; H

5.65; N 3.56.

A sample of 95% "’N-enriched 3.1 was synthesized using an analogous synthetic
procedure with ""NH,'°NH,. "H NMR (THF-ds, 500 MHz, -75 °C): & 6.45 (d, NHH, “J\y
= - 86 Hz, 1H), 2.88 (d, NHH, Jyn = - 79 Hz, 1H), 1.88 (d, NH, Jny = - 56 Hz, 1H).
Select *H{®*'P} decoupling indicates that the peak at 6.45 ppm is coupled to the P NMR
resonance at 32.59, suggesting that this proton resonance corresponds to the NHHyans t0
the phosphine. >N NMR (THF-ds, 50 MHz, -75 °C): & 32.2 (m, NH, *Jnn = - 86 Hz,
= 10 Hz), 31.8 (m, NH,, Iy = - 79 Hz, YJnn = - 86 Hz, YJwn = 10 Hz). Coupling
constants were obtained by simulation of the spectrum. IR (KBr) (cm™): 3300, 3250,

3226.

Synthesis of {[PhBP;]Fe(CO)},(n-n':n'-trans-N,Hy), 3.2. Complex 3.1 (0.0224 g,
0.0280 mmol) was taken up in 1 mL C¢Dg and transferred to a J.Young tube. The tube
was attached to a calibrated bulb (3.24 mL) on a high vacuum manifold. The solution was
frozen and evacuated. Oxygen (0.0140 mmol, 8.0 cmHg) was added to the bulb, which
was then closed to the manifold. The oxygen was condensed into the tube (liquid
nitrogen), and sealed. The reaction was thawed, and shaken once. After 18 h, the solution
had changed color from orange to blue-green. The NMR tube was rotated for an
additional 6 h, during which the color changed to blue. In the glovebox, the volatiles were
removed, and the solid residue was washed with pentane and diethyl ether, to afford 3.2

as an analytically pure blue solid (yield: 0.0136 g, 61.9%). Crystals suitable for
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diffraction could be grown by diffusion of pentane into a benzene solution of 3.2.
'H{*'P} NMR (400 MHz, THF-ds) & 9.5 (bs, 2H, NH), 7.72 (d, J = 7.4 Hz, 4H), 7.67 (d,
J = 6.4 Hz, CH,,so 8H), 7.24 (t, J = 7.5 Hz, 8H), 6.9-7.15 (m, 50 H), 1.89 (s, CH,, 4H),
1.53 (d, J = 13.4 Hz,CHH, 4H), 1.20 (d, J = 14.4 Hz, CHH, 4H). *'P NMR (162 MHz,
THF-ds) & 57.04 (d, J = 55.3 Hz), 38.95 (t, J = 55.6 Hz). IR (THF/KBr) (cm™): 3270
(NH), 569. IR (KBr) (cm'l): 1931 (CO). rRaman (633 nm) (cm'l): 1060 (NN), 665 (FeN).
UV-vis (THF) Amaxe, nm (e, M cm™): 527 (sh, 2650), 716 (8470). Anal. Calcd. for

CorHg4B,FesPsN-O,: C 70.43; H 5.40; N 1.78. Found: C 71.08; H 6.34; N 1.57.

A sample of 95% '“N-enriched 3.2 was synthesized using an analogous synthetic
procedure with "N-enriched 2. "H{*'P} NMR (400 MHz, THF-ds) 6 9.495 (m, "Jxu = -
71.0 Hz, *Jxu = -2.1 Hz, *Juy = 14.8 Hz, 'Jxn = -9.5 Hz, 2H, NH). Coupling constants
were obtained by simulation of the spectrum. *°N NMR (THF-ds, 40 MHz): & 291.9 (d, J
~ 71 Hz). IR (THE/KBr) (cm™): 3264 (NH), 565. rRaman (633 nm) (cm™): 1030 (NN),

651 (FeN).

Synthesis of {[PhBP3]Fe(CO)},(p-n':n'-trans-N,H,).Na(THF)s, 3.3. A solution of 3.2
(3.7 mg, 0.0024 mmol) in 2 mL THF was added to a stirring 0.32 wt % Na/Hg amalgam
(16.9 mg, 0.0024 mmol). After an hour, the reaction solution changed color from blue to
purple. The reaction was filtered, and the volatiles were removed to give pure 3.3 (4.4
mg, 92%). Crystals suitable for X-ray diffraction were grown by slow diffusion of
cyclopentane into a saturated THF solution of 3.3. 'H NMR (300 MHz, THF-ds) & 8.3

(bs), 7.51, 7.18, 6.86. 4.73, 3.64 (coordinated THF), 1.78 (coordinated THF), 1.23, 0.89.
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UV-vis (THF) Amae, nm (e, M cm™): 532 (5000), 630 (3690). rRaman (514 nm, 77K)
(cm™): 643 (FeN). EPR (35 GHz, 2K, 9:1 THF:2MeTHF): g = [2.125, 2.040, 2.020].
Anal. Caled. for Ci16Hi3.B,Fe,PeN,OgNa: C 68.82; H 6.57; N 1.38. Found: C 62.55; H

5.71; N 2.04.

A sample of 95% '°N-enriched 3.3 was synthesized using an analogous synthetic

procedure with '*N-enriched 3.3. rRaman (514 nm, 77K) (cm™): 624 (FeN).

Independent Synthesis of [PhBP;]Fe(CO),H. A solution of triflic acid (10.8 uL, 0.123
mmol) in 2 mL THF was added dropwise to a stirring solution of
[PhBP;]Fe(CO),Na(THF)s (0.1450 g, 0.1225 mmol) in 10 mL THF. After 10 min, the
solution changed color from bright orange to pale yellow, and the volatiles were
removed. The resulting solid was rinsed with pentane, extracted into benzene and filtered
through celite. Layering the benzene solution with pentane gave crystals suitable for
diffraction (0.0779 g, 98%). 'H NMR (300 MHz, C¢D¢) & 7.99 (d, J = 7.1 Hz, 2H), 7.54-
7.66 (m, 12H), 7.36 (t, J = 7.2 Hz, 1H), 6.66-6.86 (m, 20H), 1.76 (d, 2H, Jpy = 13.0 Hz),
1.66 (bs, 4H), -9.42 (td, J=42.1, 21.2 Hz, 1H). *'P NMR (121 MHz, C¢D) & 47.55 (dd, J
=41.0, 9.8 Hz, 2P), 37.66 (t, J = 41.6 Hz, 1P). IR (KBr) (cm™): 2004, 1914 (CO). Anal.

Calcd. for C47H4,BFeP;0,: C 70.70; H 5.30; N 0. Found: C 70.65; H 5.67; N 0.
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Chapter 4: Multiply Bonded Iron Hydrazido(-) Complexes and

Oxidation of Iron Hydrazine/Hydrazido(-) Complexes
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Abstract

This chapter describes the synthesis and characterization of several low-spin iron(Il)
complexes that coordinate hydrazine (N,Hj), hydrazido(N,Hj3), and ammonia. The
sterically encumbered tris(di-meta-terphenylphosphino)borate  ligand, [PhBP™3]
([PhBP®;] = PhB(CH,PR,)3), is introduced to provide access to species that cannot be
stabilized with the [PhBP™;] ligand. Treatment of [PhBP™*;]JFeMe with hydrazine
generates the unusual 5-coordinate hydrazido complex [PhBP™ ;]Fe(n>-N,H;) (4.1),
which features an Fe=N n bond. Coordination of an L-type ligand breaks the © bond and
generates [PhBP""";]Fe(L)(n>-N,H3) (L = N,Hy (4.3) or NH; (4.4)). In contrast, treatment
of [PhBP™;]FeMe with hydrazine forms the adduct [PhBPPh3]Fe(Me)(r|2—N2H4) (4.5).
Complex 4.5 is thermally unstable to methane loss to generate the intermediate
[PhBP™;]Fe(n’-N,H;)  which  undergoes bimolecular coupling to produce
{[PhBPPhg]Fe}z(u—nl:nl—Nsz)(u—nzznz—Nsz). The oxidation of these hydrazine and
hydrazido species is also presented. For example, oxidation of 4.1 or 4.5 with Pb(OAc)s
results in disproportionation of the N,Hy ligand (x = 3, 4), and formation of
[PhBP®;]Fe(NH;)(OAc) (R = Ph (4.8) and mter(4.10)). This reactivity is discussed in the
context of earlier studies on related diiron species. Collectively, these findings underscore

the rich redox reactivity of N,Hy ligands when coordinated to [PhBP®;]Fe subunits.
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4.1 Introduction

An area of ongoing research is geared towards elucidating the mechanism by
which N is reduced to NHs at the FeMo-cofactor of nitrogenase.' Recent spectroscopic
studies of the enzyme acquired under turnover conditions suggest that N, initially
coordinates an iron center.” Though the mechanism of subsequent N, reduction remains
unknown, the ability of the cofactor to reduce both diazene and hydrazine implicates that
an alternating reduction scheme may be viable.* In this mechanistic scenario, the delivery
of protons and electrons alternates between the two nitrogen atoms (i.e., N=N —
HN=NH — H;N-NH, — 2NHj3). To corroborate the feasibility of such a mechanistic
scheme, model complexes that coordinate N,Hx ligands are required, so that the
spectroscopic signatures and/or reactivity patterns of these species can be studied.

In addition to their proposed role in N, reduction, hydrazine (N2Ry), hydrazido
(N2R3) and hydrazido(2-) (N;R,*) species have also been invoked as reactive
intermediates in several synthetic transformations, including the hydrohydrazination and
diamination of alkynes.* In light of this, most studies on M(N,Rs) species feature
substituted hydrazido ligands,” and only a few feature the parent hydrazido (N2Hs)
functionality.® This scarcity may also in part be due to the different inherent stabilities of
complexes that result from coordination of the parent and substituted hydrazido ligands.’

During the course of their studies on protonation of tungsten dinitrogen
complexes, both Chatt®® and Hidai® reported the isolation of terminal W(n-N,Hs)
species. This was followed by a Re(n'-N;Hsz) species isolated by Dilworth and

coworkers,®® and more recently, an Fe(n*-N,Hz) complex from our own group.®® Side-on



115

hydrazido species, M(n?-NzH3), are also uncommon. Schrock and coworkers have
prepared a series of high-valent W(n%N,H3)*®9 and Re(n?N,H3)®" species, and the
groups of Huttner® and Tyler® have respectively reported the preparation of Co(n?-N,Hs)
and Fe(n?-N,Hs) species.

As part of our group’s ongoing efforts to study the multi-electron reactivity of

mono- and diiron complexes that feature nitrogenous ligands,®*®

we recently turned to
hydrazine and hydrazido ligated species of iron. Using the tris(phosphino)borate ligand
scaffold (abbreviated as [PhBPF;], [PhBPR3] = [PhB(CH,PR,)s]; R = Ph, CH,Cy), low-
spin mono- and diiron complexes were explored. We found that the bridging hydrazine in
{[PhBP™";]Fe},(n-ntn -NoHa) (n-n®m®NaH,)  (2.3) undergoes clean  oxidation to
diazene, generating {[PhBP™;JFe}2(n-ntn'-NoH2)(u-n?m?NzH,) (2.6).° In a related
system, we found that O, effects the transformation of [PhBP™"5]Fe(CO)(n?N2Hs) (3.1)
to {[PhBPPhg]FE(CO)}z(M-NQHz) (3.2).1° These transformations suggest that the reverse
reaction, the reduction of diazene to hydrazine, might be realized at a diiron(l/11)
scaffold. Motivated by these results, we wanted to determine if similar transformations
could be achieved at a single iron center to form monomeric Fe-(n'-N,H,) or Fe-(n?-
N,H,)®! species. As added impetus to target these complexes, the group of Tyler
recently published a computational study that suggested that N, reduction to NH3 at a 6-
coordinate iron center likely proceeds via monomeric diazene and hydrazine
intermediates.™

In this study, we report hydrazine and hydrazido complexes of iron(Il). In order to

preclude formation of diiron species, a new tris(phosphino)borate ligand scaffold was



116

developed. The added steric protection of this ligand allowed us to isolate species that are
distinct from those obtained using less sterically encumbering ligands, and the
characterization of these species is described. The oxidation of these hydrazine and
hydrazido species of iron was also canvassed. In contrast to the above-mentioned
examples, treatment with oxidizing reagents results in disproportionation of the N;Hy

ligand to afford Fe(NHzs) species.

4.2 Results and Discussion
4.2.1 Synthesis and Characterization of [PhBP™";] Fe-X Species (X = CI, Me)

In order to prevent formation of diiron species that feature bridging NHy ligands
as discussed above,**® a new, more sterically encumbering [PhBP®;] ligand variant was
sought.®*%13 To achieve vertical bulk above the metal center while keeping the steric
congestion about the metal similar to that of the related [PhBP™3] ligand, the [PhBP™';]
variant was targeted (mter = meta-terphenyl). The incorporation of a bulky terphenyl
substituent into a ligand scaffold has successfully been used by others to prepare and
stabilize monomeric and/or coordinatively unsaturated metal complexes.*?

The synthesis of the ligand [PhBP™®'5]Tl is readily achieved following a similar
synthetic protocol to that employed for [PhBP™]TI (Scheme 4.1).}* The precursor
phosphine (m-terphenyl),PMe is prepared in 84 % yield by lithium-halogen exchange of
m-terphenyl bromide with "BuLi at -78 °C, followed by quenching with half an
equivalent of MePCl,. Subsequent deprotonation with *BuLi at — 78 °C in the presence of

TMEDA affords the phosphine carbanion, (m-terphenyl),P(CH,)Li(TMEDA) in 61 %
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yield. Addition of three equivalents of the carbanion to PhBClI,, followed by addition of
[TI[PFs] gives the desired ligand, [PhBP™®3]T1, which is isolated as a white powder in

62 % yield (32 % over three steps).’

Q 1) 6 "BuLi, -78 °C

2) 3 MePCl,
-78 °C to RT 3 SBuLi, 3 TMEDA
6 Q Br —————® 3 (mter);PMe 3 3 (mter),PCH,Li(TMEDA)
-78°C to RT

Q 1) PhBCI,
2) TIPFg

N / Q
[ s Me,M FeCl,
RFe R | 20 [PhBP™|FeCl <€——— [PhBP™e]T]

R % X -
R:P( p)\P \© - MgCl, TICI
B)
I
Ph
[PhBP™e";]FeMe Q

Scheme 4.1.

Likewise, the syntheses of the Fe(ll) complexes, [PhBP™®5]FeCl and
[PhBP™s]FeMe, are achieved using similar protocols to those used for the syntheses of
[PhBPP;]FeCI® and [PhBP™";]FeMe® (Scheme 4.1). Thus, mixing of [PhBP™5]TI with
FeCl, affords yellow and high-spin [PhBP™;]FeCl, and treatment of [PhBP™'s]FeCl
with excess Me,Mg in benzene results in formation of amber and high-spin
[PhBP™;]FeMe.

The steric and electronic parameters of the [PhBP™

3] ligand were investigated
by comparison of the [PhBPR;]FeCl species (R = mter, Ph). The solid-state structure of
[PhBP™;]FeCl was obtained and reveals Fe-P and Fe-Cl bond distances and angles

similar to those of [PhBP™"5]FeCl1.2* Space-filling representations of the structures of both
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[PhBP™;]FeCl and [PhBP™s]FeCl are shown in Figure 4.1. The m-terphenyl
substituents clearly add vertical protection, as the chlorine atom no longer extends
beyond the pocket of the aryl substituents. As the m-terphenyl substituents are not locked
in a rigid position, the congestion about the iron center is similar in both species. The
cyclic voltammogram (CV) of [PhBP™*;]FeCl was also obtained, and features an
irreversible reduction at -1.52 V vs. Fc/Fc” that is very close to the analogous reduction
observed in the CV of [PhBP™5]FeClI. For comparison, these reductions are ca. 0.4-0.5 VV
more positive than those for the alkyl substituted complexes, [PhBP®;]FeCl (R = 'Pr,
CH,Cy).'® Combined, these studies suggest that the two ligand scaffolds have similar
electron-donating capabilities, yet different steric properties. It is anticipated that these

differences might result in different reaction pathways or stabilities of iron species.

[PhBPP;]FeCI [PhBP™e;]FeCl

Figure 4.1. Space-filling models of [PhBP™;]FeCl (left) and [PhBP™5]FeCl (right). The
representation perpendicular to the B-Fe-Cl vector (top) highlights the added vertical steric
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protection that the bulkier [PhBP™5]" provides, and the representation parallel to the B-Fe-Cl
vector (bottom) indicates that the two ligand scaffolds give a similar level of steric congestion
about the Fe. CI atoms are shown in yellow, Fe in blue, P in red, C in grey, H in white, and B in

orange.

4.2.2 Synthesis and Characterization of 5-Coordinate and zBonded [PhBP®;]Fe(r*-

N2R ’3) Species

The room temperature addition of one equiv of hydrazine to [PhBP™*;]FeMe
results in the formation of green and diamagnetic [PhBP™'5]Fe-(n%-N,Hs), (4.1), with
concomitant release of methane (Scheme 4.2). When the addition is carried out at -78 °C,
a short-lived red intermediate is observed (vide infra). The room temperature NMR
spectra of 4.1 display broad peaks that sharpen up upon cooling to -25 °C, in accordance
with it being diamagnetic.

The *'P NMR spectrum of 4.1 (-25 °C, THF-dg) features a single resonance at
89.1 ppm. The equivalence of the three phosphines suggests that the iron center in 4.1 is
either 4-coordinate and pseudotetrahedral, or 5-coordinate and fluxional. As 4-coordinate
[PhBPR;]Fe"'-X species display high-spin S = 2 electronic configurations in the absence

of an Fe=X triple bond linkage,®*" 4.1 is most likely 5-coordinate in solution.
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Scheme 4.2.

The *H NMR spectrum (-25 °C, THF-dg) of °N-4.1 features broad doublets
centered at 6.43 and 3.81 ppm. These peaks integrate to one and two protons (relative to
ligand), consistent with the presence of a hydrazido ligand. In the corresponding *°
NMR spectrum (-25 °C, THF-dg) of °N-4.1, the NH, nitrogen resonates at -14.5 ppm (dt,
1Jnn = 83 Hz, “Jnn = 11.3 Hz), while the NH nitrogen resonates at 139.0 ppm (dd, “Jny =
79 Hz, }nn = 11.3 Hz). The *Juy and the 23y coupling could not be resolved in either
the *H or >N NMR spectra.

The ®N NMR chemical shifts for Fe(n?-N;Hy) species (x = 2, 3, 4) are summarized in
Table 4.1. Most of these species have >N NMR chemical shifts that are in the range for
free hydrazines and amines, and are consistent with sp>-hybridized nitrogen atoms (Table
4.1)."® For reference, free hydrazine resonates around 50 ppm, and ammonia resonates at

0 ppm. In the case of hydrazido species, similar chemical shifts are observed for both
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types of nitrogen atoms (i.e. NH and NH,). These complexes are all 6-coordinate and
iron(ll), and hence similar coordination shifts associated with each ligand type are
anticipated.'® Thus, the low-field chemical shift for the hydrazido NH nitrogen atom of
4.1 is unusual, and suggests a different bonding scenario, in which = bonding between an
sp?-hybridized nitrogen atom and the iron is present. A similar discrepancy between the
hydrazido NH and NH; chemical shifts was noted by Schrock and coworkers for
WCp*Mes(n>N,Hs)* (NH: 241.26 ppm, NH2: 30.97 ppm).®® The presence of a = bond in
this latter species was further validated by its solid-state structure, which features a W-NH

bond distance of 1.86(1) A and a W-NH, bond distance of 2.15(1) A.
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Table 4.1. NMR and structural parameters for Fe(n?-N,H,) species (x = 2, 3, 4)

Compound BN NMR IHNMR Fe-N bond distance Ref
chemical shift  chemical shift () A
)
{cis-[Fe(N,H4)(dmpe),]}{BPh,},° -11.9 5.39, 4.69 1.981(2), 2.003(2) 1
{cis-[Fe(N,H4)(DMeOPIPE),] H{BPh,},* -19.9° 48,38 1.993(2), 2.006(2) 108
[PhBP™";]Fe(Me)(N,H,)" 171 4.33,3.13 = this
work
{[PhBP";]Fe(NH2)(NH,) HPFe} - - 2.006(2), 2.025(3) this
work
{[PhBP"";]Fe(CO)(N,H,)}{PF¢c} - 5.48,2.90 1.984(4), 2.005(3) this
work
{cis-[Fe(N,H3)(DMeOPrPE),] }{BPh,}* 8.4/6.1 (NH)*®  1.05/0.65 (NH)" -- g
-1.4 (NH,)° 4.23/4.14 (NHH)®
3.66/3.44 (NHH)"
[PhBP™";]Fe(N,H3)" 139.0 (NH) 6.43 (NH) = this
-14.5 (NH,) 3.81 (NH,) work
[PhBP™®"5]Fe(N,H3)(NoH,)' 40.6 (NH) 3.18 (NH) - this
~23(NH,  2.52-4.66 (NHy) work
N Hy)
47,4 (N H,)
[PhBP™";]Fe(N,Hz)(NH,) 31.8 (NH) 1.83 (NH) 2.003(2) (Fe-NH) this
26.0 (NH,) 5.32 (NHH) 2.076(2) (Fe-NH,) work
-18.9 (NH,) 3.58 (NHH)
0.41 (NH3)
[PhBPP";]Fe(CO)(NHNH,)* 32.2 (NH) 2.85 (NH) 1.992(3), 2.018(3) 10
31.8 (NHy) 1.88 (NHH)
6.55 (NHH)'
[PhBP™";]Fe(NHNMe,) = 4.00 1.788(2) (Fe-NH) this
2.058(2) (Fe-NMe,) ~ Work
cis-[Fe(N,H,)(dmpe),]° 65.3° 2.04 2.016(5), 2.032(7) 1
cis-[Fe(N,H,)(DMeOPrPE),]° 60.8° 2.1 = b

*Chemical shifts are referenced to liquid ammonia at 0 ppm. "Converted from the
nitromethane referencing scale. The chemical shift of nitromethane was taken as 376 ppm
relative to liquid ammonia. “The two chemical shifts correspond to different isomers.
ddmpe = 1,2-bis- (d|methylphosph|no)ethane *DMeOPrPE = 1,2-
b|s[§1 ethoxypropyl)phosphino]ethane. 'NMR collected at -50 °C. °NMR collected at -85

NMR collected at -25 °C. 'NMR collected at -40 °C. 'NMR collected at -45 °C.
I‘NMR collected at -75 °C. 'Due to H-bonding, the chemical shift of this proton is highly
dependent on solvent, concentration, and temperature.
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To further address the hybridization of the hydrazido NH in 4.1, the related
complex [PhBPPhg]FE(T]Z-NHNMez) (4.2) was prepared. The synthesis of 4.2 is readily
achieved by addition of NH,NMe, to a benzene solution of [PhBP™;]JFeMe (Scheme
4.3). On the basis of the similarities between the UV-vis spectra and *'P NMR chemical
shifts for 4.1 and 4.2, the coordination mode of the hydrazido ligand is inferred to be the

same in both complexes.

H
H H<N
Me
Ph NaH,, -78 °C p.. | .N/ H -30 °C P-.... I\
[PhBPP";JFeMe — g """ Fe™ | A _~Fe=N-H
P SN_H  -MeH P™
P OH P
1) AcOH (4.5) |
NH>NMe; - MeH
- MeH 2) NaHy l co l-so °C
Me _NH; (o] H
Mes THZ CI: N/H P 1 P
P.. / P.. .0 P..... F / ....... NH" “““
A “Fel >— AL 0.5 ‘Fe’ | “Fe
/Il:e—N H P/l So P Fl, N\ P/l \NH’l \P
! J H P J
(4.2) (4.7) (3.1) (2.3)
Scheme 4.3.

The solid-state structure of 4.2 was obtained, and is shown in Figure 4.2. The
geometry about the Fe center is best described as distorted trigonal bipyramidal, with P1,
P3, and N1 comprising the equatorial plane. The sum of the angles about N1 is 352°
indicating a nearly planar sp?-hybridized nitrogen atom. The Fe-NMe, distance of
2.058(2) A is similar to the Fe-N(sp®) bond distances observed in other hydrazido and

hydrazine species of iron (Table 4.1). The Fe-NH bond distance of 1.788(2) A is
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significantly shorter, and indicates the presence of a single = bond. For comparison, the
bond distance in the low-spin imido species, [PhBP™5]Fe(NAr), which features a bona
fide Fe=N triple bond, is 1.6578(2) A.% and the bond distance in the high-spin amido
species [PhBP™;]Fe(NHAT) (Ar = p-tolyl) is 1.913(2) A ¥ though caution must be taken

in comparing the Fe-N bond distances in these species to 4.2, as the m>-coorination

affects the Fe-N distance relative to n'-coordination.

Figure 4.2. Solid-state structure (50% displacement ellipsoids) of 4.2 (left) and 4.4 (right). Most
hydrogen atoms, solvent molecules, and minor components of disorder have been removed for
clarity. The protons directly coordinated to nitrogen were located in the difference map and are
shown. The core atoms of 4.4 are also shown with H-bonded THF molecules. Select bond
distances (A) and angles (deg) for 4.2: Fel-N1 1.788(2), Fel-N2 2.058(2), Fel-P1 2.2054(6),
Fel-P2 2.1775(6), Fel-P3 2.1777(6), N1-N2 1.423(2), N1-Fel-N2 42.72(6), P1-Fel-P2 90.52(3),
P1-Fel-P3 91.23(2), P2-Fel-P3 90.09(3), N1-Fel-P1 139.71(5), N1-Fel-P2 147.07(4), N1-Fel-
P3 110.92(5), N2-Fel-P1 113.16(5), N2-Fel-P2 147.07(4), N2-Fel-P3 110.92(5). Select bond
distances (A) and angles (deg) for 4.4: Fe1-N1 2.076(2), Fe1-N2 2.003(2), Fe1-N3 1.968(2), Fel-
P1 2.2188(7), Fel-P2 2.1964(7), Fel-P3 2.2173(7), N2-N3 1.418(3), N2-Fel-N3 67.8(1). Donor
acceptor distances (A) and angles (deg) for hydrogen-bonds: N1-O1T 3.087(3), N1-O1S 3.11(2),
N2-O1T 3.471(3), N3-O1S 2.94(2), N1-HIN-O1T 169(2), N1-H2N-O1S 144(2), N2-H4N-O1T
169(3), N3-H6N-01S 159(3)
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Though formation of a = bond in M(n?>-NRNRy) species is typical for early-to-

mid transition metal complexes of this type,*°*¢°¢6e20

the high d-electron counts for
later transition metals usually precludes this coordination mode. As a result, most M(n?-
NRNR)% and M(n*-NRNRy)**®42! species of the later transition metals feature an sp*-
hybridized hydrazido NR atom (vide infra). An exception is Huttner’s d’ LzCo(n’-
N,Hs)* species,® which adopts a distorted trigonal bipyramidal geometry akin to that of
4.2 (L3 = MeC(CH2PPhy)3). Like 4.2, the Co-NH and Co-NH, bond distances are distinct
(1.898(11) A and 1.950(9) A respectively), albeit the discrepancy is less than in 4.2. Also,

the short M-N bond is in the pseudo-trigonal plane.

4.2.3 Synthesis and Characterization of 6-Coordinate [PhBP™"5] Fe(7°-N,H3) Species

The open coordination site in 4.1 readily binds L-type ligands. For example,
addition of one equivalent of hydrazine produces orange [PhBP™5]Fe(n?-N,Hs)(n'-
N2H4), (4.3) (Scheme 4.2). The hydrazine is labile, and exposure to vacuum or dilution
regenerates 1. The coupled *H NMR spectrum of °N-4.3 (-50 °C, THF-dg) displays six
distinct NH doublets, ranging from 2.52 to 4.66 ppm, indicating that all but two of the
NH, protons are unique (see Appendix 3). The N NMR spectrum of *®N-4.3 (-50 °C,
THF-dg) features four resonances between 23 and 48 ppm that are associated with four
chemically inequivalent sp*-hybridized nitrogen atoms. The chemical shift of the
hydrazido NH is readily assigned by its splitting into a doublet (d, *Jny ~ 58 Hz), and is

observed at 40.6 ppm. The assignments of the hydrazido NH, and hydrazine N,H, and

NgH> nitrogen atoms are less obvious, as three triplets are observed in the N NMR
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spectrum of °N-3: one at 47.4 ppm (t, YJxy = 68 Hz), and two at ca. 23 ppm
(overlapping). Select *H{**N} decoupling of the resonances at 23 ppm results in collapse
of four NH doublets. As the inequivalence of the (n>-N,Hs) nitrogen atoms renders the
hydrazine N,H, protons inequivalent, the resonances at 23 ppm are assigned to the
hydrazido NH, and the hydrazine N,H,. In contrast, ‘H{*°N} decoupling of the resonance
at 47.4 ppm results in collapse of a single NH doublet at 4.66 ppm in the *H NMR
spectrum, indicating identical NHH and NHH protons. Thus, the peak at 47.4 ppm is
assigned to the hydrazine NgH,.

Our attempts to grow crystals of 4.3 resulted in isolation of a related adduct
species [PhBP™5]Fe(n’-N,oHs)(NHs3) (4.4), presumably through disproportionation of the
coordinated hydrazine.?” This species can alternatively be prepared by addition of one
atmosphere of ammonia to 1. The >N NMR spectrum of °N-4.4 (-45 °C, THF-dg)
displays chemical shifts distinct from those of 4.3, with resonances at 31.8, 26.0, and -
18.9 ppm which are assigned to the hydrazido NH, the hydrazido NH,, and the NH;
nitrogen atoms, respectively.

The solid-state structure of 4.4 is shown in Figure 4.2. Though 4.4 does not pack
well, resulting in large solvent channels that affect the overall quality of the dataset, all of
the protons directly coordinated to nitrogen atoms were located in the difference map and
were refined semi-freely with the aid of distance restraints.?® The structure clearly
establishes the presence of n?-N,Hs and NHs ligands coordinating the iron center, with
several of the protons engaging in hydrogen bonds to THF solvent molecules that co-

crystallize with 4.4. The Fe-NHs distance of 2.076(2) A is consistent with that of other
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low-spin Fe-NHz complexes.?* The similar Fe-NH and Fe-NH, distances of 2.003(2) A
and 1.968(2) A, respectively, are close to those observed in [PhBP™";]Fe(CO)(n?N,Hs),*°
and is in contrast to the disparity in bond distances observed in 4.2. Thus, upon
coordination of a ligand, the change in geometry from trigonal bipyramidal to octahedral

disrupts the Fe=N = bond in 4.1.

4.2.4 Synthesis and Characterization of [PhBP™";]Fe(r”-N,Hs) and [PhBP™"s]Fe(s*-
NoH4) Species

In contrast to the reaction between [PhBP™¢'

]JFeMe and hydrazine, the room
temperature addition of one equivalent of hydrazine to [PhBP™"JFeMe results in
quantitative formation of the diiron species {[PhBP™"3]Fe}a(p-ntm -NaHa)(u-n?n
N,H,) (Scheme 4.3).° To establish whether this reaction proceeds through an intermediate
hydrazido species akin to 4.1, the reaction between [PhBP""JFeMe and hydrazine was
repeated at -78 °C. VT NMR studies (see Appendix 3) on this reaction manifold
established that at -78 °C, an initial hydrazine adduct [PhBP™"Fe(Me)(n*N,H,) (4.5)
forms. The *H NMR spectrum of 4.5 (-50 °C, THF-dg) shows a broad singlet at -0.2 ppm
corresponding to the Me protons. In addition, two broad singlets at 4.33 and 3.13 ppm are
observed that correspond to the hydrazine protons that are cis and trans to the Me group,
respectively, as ascertained by a NOESY experiment. These resonances split into broad
doublets when 4.5 is prepared with ®N,Hs; ({Jwu = 77, 75 Hz, respectively). The

corresponding N NMR spectrum displays a triplet at 17.3 ppm (*Jnu = 76 Hz), similar

to that of other Fe(nz-N2H4) species (Table 4.1). Consistent with the assignment of 4.5 as
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[PhBP"Fe(Me)(n?-N,H,), the 3P NMR spectrum (-50 °C) of 4.5 shows a triplet (52.5
ppm) that corresponds to the unique phosphine trans to the Me ligand and a broad doublet
centered at 79.2 ppm for the phosphines trans to the hydrazine ligand.

The VT NMR profile of 4.5 establishes that this species is stable in solution
below -30 °C. At this temperature, resonances ascribed to methane and
{[PhBP™5]Fe}s(u-n"m"-N2Ha) (u-n*n>N2Hz) begin to grow in. Additionally, the
hydrazido species “[PhBP™5]Fe(N,Hs)” appears to be detectable by a single sharp
resonance at 84.0 ppm in the *'P NMR spectrum, similar to that of 4.1 and 4.2. Though
this species does not appreciably build up in solution, trapping with CO generates the 6-
coordinate species, [PhBP™;]Fe(CO)(n%N,Hs) (3.1).%°

The synthesis of thermally stable hydrazine complexes was also sought. Following a
similar protocol to that employed by both Tyler'® and Field,** one equivalent of hydrazine
was added to a THF solution of [PhBP™5]FeCl in the presence of [TI][PFs] to generate
{[PhBP™s]Fe(n*-NoH) KX}, (4.6) (X = Cl, PFe) (Scheme 4.4). This reaction is
hampered by an equilibrium between [PhBP™FeCl and {[PhBP™";]Fe(n>-N,H.)HCI}.
Addition of excess hydrazine to the equilibrium mixture results in precipitation of an
unidentified but presumably iron containing species, and formation of free Ph,PMe, a
byproduct of ligand degradation.”® Likewise, the addition of excess [TI]J[PFs] results in
precipitation of an unidentified but presumably iron containing species, and formation of
[PhBP™][TI]. Similar results were obtained when [Na][BPh,] was used as the halide
abstractor. The hydrazine species 6 could hence not be obtained in analytically pure form,

as the chloride and hexafluorophosphate salt co-crystallize. Nonetheless, a structure of
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4.6 was obtained (see Appendix 3 for structure). The disorder present was satisfactorily

modeled and the structure established connectivity and a 5-coordinate square pyramidal

geometry.
H H_l PFs
Cl TI[PF
N e T T M
P |:|> N [TICI] P | TN
(4.6)
Scheme 4.4,

An end-on coordinated hydrazine species of iron was also targeted. Treatment of
[PhBPP;]FeMe with one equiv of AcOH, followed by addition of one equiv of hydrazine
results in clean formation of [PhBP™;]JFe(OAC)(n'-NoH,), (4.7). Now, the acetate
enforces an end-on coordination of the hydrazine, as shown in the solid-state structure of
4.7 (Figure 4.3). This coordination mode is preserved in solution, and two chemical shifts
for the hydrazine N,H> and NgH> nitrogen atoms are respectively noted at 56.2 and 33.3
ppm in the >N NMR spectrum of *N-4.7.2% In the corresponding *H NMR spectrum (-50
°C, THF-dg), the NoH; protons resonate at 4.61 ppm and the NgH, protons resonate at
3.94 ppm. As 4.7 has approximate Cs symmetry, the two protons attached to each

nitrogen atom are equivalent.
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Figure 4.3. Solid-state structure (50% displacement ellipsoids) of 4.7 (a), 4.8 (b), and 4.9 (c).
Hydrogen atoms, solvent molecules, minor components of disorder have been removed for
clarity, as well as the {PF¢} counteranion of 4.9. The protons directly coordinated to nitrogen
were located in the difference map and are shown. Select bond distances (A) and angles (deg) for
4.7: Fel-N1 2.071(2), N1-N2 1.450(3). Select bond distances (A) for 4.8: Fel-N1 2.064(1).
Select bond distances (A) and angles (deg) for 4.9: Fe1-N1 2.006(2), Fe1-N2 2.025(3), Fe1-N3
2.076(2), N1-N2 1.451(3), N1-Fe1-N2 42.20(9), N1-Fel-N3 85.14(9), N2-Fel-N3 86.3(1)

4.2.5 Exploring the Oxidation of Hydrazine and Hydrazido(-) Species

The instability of free diazene precludes its use as a reagent for the synthesis of
M(N,H,) species.’” The oxidation of hydrazine complexes has thus proven to be a
valuable route for the generation of 6-coordinate M,(u-n":n*-N2H,) species (M = Fe %
Ru® Cr* Mn* cu®) and Mn'-N,H,) species (M = W, Re,** Ru,*® 0s*). The
hydrazine species described above may therefore be reasonably expected to serve as
precursors to Fe(n'-N,H,) species. However, the present system gives an alternative

reaction, in which hydrazine disproportionation ensues and Fe(NHs;) species are instead

isolated.
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Treatment of the hydrazine adduct 4.5 with Pb(OAc), at -78 °C (Scheme 4.5)
results in a color change from red to purple and formation of [PhBP™;]Fe(OAC)(NHs),
(4.8). The identity of 4.8 was readily deduced by NMR spectroscopy (*°N: -13.8 ppm, Fe-
NHa; *H: 2.36 ppm, Fe-NH;). Additionally, its solid-state structure was obtained and is
depicted in Figure 4.3. Addition of Pb(OAc), to either side-on or end-on hydrazine
adducts 4.6 or 4.7 likewise generates 4.8. Thus, oxidation results in disproportionation of
the coordinated hydrazine ligand in both n*-N,H, and n%-N,H, coordination modes, with
loss of an oxidized N,Hy fragment, presumably N, or N,H,. When 4.5 is treated with
quinone oxidants, for example para-benzoquinone or 3,5-di-'‘Bu-ortho-quinone, no

nitrogen-containing iron species could be isolated (see Appendix 3).

Me M n 1PFs H |PFs
Pon, | wN_H  NoHa, [FCIIPFg] NH; / n
;Fe\ I\\H —_— P, | P"luF \\“Ny
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P H A, | N\ N
ve) N O P H
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(4.5) Ao ©
4 (4.9) Q (4.6)
4NH2 NH2
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Pu, ) O Pb(OAc), P .0 Pb(OAc) P., \ P.. | N~
" Fe! Mgy = W 4 0 —N- y = >
P~ “o>_ —_— Fel >— -———— p-Fe=N-H or “Fell n
B P~ |0 P” | N
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4.7) (4.8)R=Ph 4.1) 4.3)
(4.10) R = mter
Scheme 4.5.

To establish whether the hydrazine disproportionation in 4.5 results from formal
loss of an electron or loss of an H-atom, 4.5 was treated with [Fc][PFs]. Now, addition of
[Fc][PFe] to a THF solution of 4.5 at -78 °C gives an ill-defined reaction mixture, though
in the presence of an additional equiv of hydrazine, the 6-coordinate ammonia complex

{[PhBP™"5]Fe(NH3)(n*N,H4)}(PFe)} (4.9) is cleanly generated (Figure 4.3). These
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results suggest that the disproportionation of the bound hydrazine in 4.5 results from
oxidation via electron loss, not H-atom loss.

This reactivity pathway contrasts that of {[PhBP™5]Fe},(u-n'n-NaoHa) (n-n?m?-
N2H,) (2.3), which when treated with Pb(OAc), results in oxidation of hydrazine to
diazene, and generation of {[PhBP""s]Fe},(n-ntn*-NoHo)(u-n%n%-N,H,) (2.6). In this
reaction, the oxidation ensues by loss of two H-atoms. When 2.3 is treated with
[Fc][PFs], no net reaction ensues, despite it exhibiting a quasi-reversible oxidation at -
0.38 V vs. Fc/Fc*.? As hydrazine disproportionation to generate N, (or NoH,) and NH;
likely proceeds through a bimolecular mechanism, the stability of 2.3 towards
disproportionation may be attributed to the steric protection afforded by the diiron
complex; it is unlikely that two dimers can come together to facilitate this
disproportionation reaction.

Examples of parent diazenido species are rare in the literature, and are formed by
protonation of a dinitrogen complex.® Akin to hydrazine oxidation to diazene, oxidation
of hydrazido species could, in principle, give diazenido species. However, treatment of
hydrazido 4.1 or 4.3 with one equivalent of Pb(OAc), results in a color change to purple
and formation of the ammonia complex [PhBP™*'3]Fe(OAc)(NHs), (4.10). This species
displays similar spectroscopic and structural parameters as that of 4.8 (see Appendix 3).
Again, treatment with Pb(OAc), results in disproportionation of the N,Hy ligand. When
para-benzoquinone is instead used as a potential H-atom abstractor, no nitrogen

containing iron species could be isolated (see Appendix 3).
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Finally, the oxidation of [PhBP™"5]Fe(CO)(n*-N2Hs) (3.1) was further explored.
We recently reported that exposure of 3.1 to 0.5 equiv O, forms the diiron species,
{[PhBP™";]Fe(CO)}2(u-n :n*-N2Hy) (3.2).2° The use of O, as an oxidant was previously
used by Sellman for oxidation of Fe,(u-n'm*-N,H,) species to Fex(u-ntin*-NyHy).2
Treatment of 3.1 with [Fc][PFs] gives the hydrazine complex {[PhBPPhg]Fe(CO)(T]z-
NoHz)HPFe}, (4.11). This transformation likely proceeds via an intermediate
[PhBPF’hg,]Fe(CO)(nz-NzHg)‘+ species that abstracts an H-atom from solvent. In contrast,
the reaction between 3.1 and Pb(OACc), results in formation of [PhBP""5]Fe(CO)(OAc),
(4.12). This reactivity contrasts that observed between hydrazido species 4.1 or 4.3 and
Pb(OAc),, and may be due to the presence of the carbonyl, which might affect the

stability of intermediate species.
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4.3 Concluding Remarks

With this report, we have extended our study of the chemistry of hydrazine and
hydrazido coordinated iron(ll) complexes to include low-spin monomeric species. The
coordination chemistry of N,H3™ remains relatively scarce, with most examples involving
high-valent early metals for both parent and substituted hydrazido ligands. Here we
showed that in a 6-coordinate metal environment, the hydrazido ligand acts as an L,-type
ligand, with the lone-pair of the sp>-hybridized NH nitrogen atom not engaging in =
bonding interactions with the metal. In contrast, in a 5-coordinate environment the iron
adopts a trigonal bipyramidal geometry that allows for formation of a = bond between the
Fe center and an sp®-hybridized NH nitrogen atom. This latter coordination mode of
N2R3™ was previously not known for iron and is rare for late transition metals. In the
absence of structural data, the coordination mode is readily discernable by >N NMR
spectroscopy; a downfield shift is observed for the sp>-hybridized nitrogen relative to the
NH, nitrogen atom, whereas similar chemical shifts are observed when both nitrogen
atoms are sp>-hybridized.

Oxidation of the monomeric hydrazine complexes invariably results in
disproportionation, and we isolate ammonia complexes of iron. These results contrast the
reactivity that we previously described for a diiron species, whereby oxidation occurs via
formal loss of two H-atoms to generate a diazene species. Similarly, the oxidation of the
hydrazido species 4.1 or 4.3 also resulted in isolation of an ammonia species. Finally, the

oxidation of 3.1 by O, generates a diiron diazene species, whilst the oxidation of 3.1 by
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[Fc][PFs] gave the cationic hydrazine species 3.11. Collectively, these oxidation reactions

highlight the diverse redox reactions of N,Hy ligands.

4.4 Experimental Section
4.4.1 General Considerations

All manipulations were carried out using standard Schlenk or glove-box
techniques under a dinitrogen atmosphere. Unless otherwise noted, solvents were
deoxygenated and dried by sparging with Ar followed by passage through an activated
alumina column from S.G. Water (Nashua, N.H.). Non-halogenated solvents were tested
with a standard purple solution of benzophenone ketyl in THF to confirm effective
oxygen and moisture removal. Deuterated solvents were purchased from Cambridge
Isotopes Laboratories, Inc. and were degassed and stored over activated 3-A molecular
sieves prior to use. Elemental analyses were performed by Midwest Microlab,
Indianapolis, IN. In certain instances, the coordinated NyH, ligand proved too labile to

obtain satisfactory EA analysis.

4.4.2 NMR and IR Spectroscopy

Both Varian 300 MHz and 500 MHz spectrometers were used to record the *H
NMR and *P NMR spectra at ambient temperature, and either a Varian 400 MHz or 500
MHz spectrometer was used to record >N NMR spectra and all VT- NMR spectra. *H

NMR chemical shifts were referenced to residual solvent, and P NMR chemical shifts

15
were referenced to 85% H3PO, at 6 0 ppm. All N NMR spectra were externally
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15
referenced to neat H ,CC N (8 = 245 ppm) in comparison to liquid NH, (3 = 0 ppm).

Select decoupling experiments were used to correlate *H and N NMR chemical shifts.
IR measurements were obtained with a KBr solution cell or a KBr pellet using a Bio-Rad
Excalibur FTS 3000 spectrometer controlled by Varian Resolutions Pro software set at 4

cm’ resolution. Solution magnetic moments were measured using Evans method.*’

4.4.3 X-Ray Crystallography Procedures

X-ray quality crystals were grown as indicated in the experimental procedures per
individual complex. The crystals were mounted on a glass fiber with paratone N oil, and
data were collected on a Siemens or Bruker Platform three-circle diffractometer coupled
to a Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo or Cu Ko
radiation (1 = 0.71073 or 1.54178 A, respectively), performing ¢-and w-scans. The
structures were solved by direct or Patterson methods using SHELXS® and refined
against F2 on all data by full-matrix least squares with SHELXL-97.%° All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms (except hydrogen atoms on
nitrogen) were included into the model at geometrically calculated positions and refined
using a riding model. The isotropic displacement parameters of all hydrogen atoms were
fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl
groups). Hydrogen atoms directly coordinated to nitrogen were located in the Fourier
difference map, and refined semi-freely with the aid of distance restraints. If these
hydrogen atoms could not be located in the difference map, they were left out of the final

refinement model.
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Some of the structures reported suffered from disorder in parts of the [PhBPR]
ligand, and the disorder was modeled over two positions. Similarity restraints on 1,2 and
1-3 distances were applied where possible. Similar ADP and rigid bond restraints were
applied to all atoms. In addition, several of the structures had solvent disorder, which was
modeled as 2 or more component disorder. In some instances, discrete solvent molecules
were disordered over several positions, and were modeled using the SUMP command. In
other instances, several molecules of solvent were disordered over several positions. In
order to determine the total number of solvent molecules, different free variables were
assigned to each partially occupied solvent molecule, and the structure refined. The sum
of the free variables was then restrained using the SUMP command to whatever value
was obtained without the restraint. Some of the crystals were comprised of two or three
different species that co-crystallized. {[PhBP™5]Fe(N,H)}{PFs} (4.6), co-crystallized
with {[PhBP™;]Fe(N2H,)(CI) and [PhBP™5]FeCl. With the aid of free variables, it was
determined that there was a 3% impurity of [PhBP™;]FeCl and 20%
{[PhBP™";]Fe(N2H4)(CI). [PhBP™;]FeCl co-crystallized with [PhBP™5]TI (3%). This
was modeled with the aid of a free variable (part 1: Fe, CI, part 2: TI). All close contacts,
both inter and intramolecular, involve at least one partner from a minor component of a
disorder. Specific details concerning the refinement of each structure is included in the

.cif file.
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4.4.4 Starting Materials and Reagents

[PhBP™;Fe]Me (2.1),"° 3.1," ®NH,*NH,,"™* meta-terphenyl,*” and Me,Mg*
were prepared according to literature methods. Pb(OAc), was purchased from Aldrich
(99.999+%), purified as described in the literature,* and recrystallized from cold THF to
afford a white crystalline solid. Acetic acid was dried according to literature methods.*®
All other reagents were purchased from commercial vendors and used without further

purification.

4.4.5 Synthesis of Complexes

Synthesis of MeP(m-terphenyl),. Terphenyl bromide (8.909 g, 28.81 mmol) was
dissolved in 75 mL THF and chilled at -78 °C. "BuLi (1.6 M in hexanes, 28.8 mmol) was
added dropwise over 15 min, and the reaction was stirred cold for 1 h. In the meantime,
MePCl; (1.736 g, 14.4 mmol) was diluted in 15 mL toluene and chilled at -78 °C. After 1
h, the phosphine was added dropwise over 10 min to the reaction, which was then stirred
for 15 h, slowly warming to RT. The reaction solution was concentrated in vacuo. The
resulting residue was washed profusely with petroleum ether, giving cream-colored
solids, which were extracted into benzene, filtered through a Celite-lined frit, and
lyophilized to afford the desired phosphine (5.765 g, 84% vyield). *"H NMR (CgDg, 300
MHz): 8 7.92 (d, J = 6.9 Hz, 4H), 7.73 (s, 2H), 7.46 (d, J = 6.9 Hz, 8H), 7.18 — 7.11 (m,

12H), 1.56 (d, 2Ju = 3.6 Hz, 3H, CH3P). *P NMR (CsDs, 121 MHz): & -24.2 ppm.
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Synthesis of (m-terphenyl),PCH,Li(TMEDA). In a 125 mL Erlenmeyer flask with a
stir bar, MeP(m-terphenyl), (3.7379 g, 7.405 mmol) and TMEDA (1.05 mL, 7.41 mmol)
was dissolved in 30 ml of a 2:1 mixture of THF:Et,O and chilled to -78 °C. *BuLi (1.4 M
in cyclohexane, 8.15 mmol) was added dropwise to the reaction over 10 minutes. The
reaction was stirred for 12 h during which it warmed to room temperature. The resulting
red/brown solution was concentrated in vacuo and the resulting solids were triturated
with Et,0 to afford yellow solids which were collected on a frit, and rinsed with Et,O and
pentane. (2.7826 g, 61% yield). '"H NMR (THF-dg, 300 MHz): §7.92 (d, J = 6.9 Hz,
4H), 7.63 (d, J = 6.9 Hz, 8H), 7.50 (s, 2H), 7.35 (t, J = 6.9 Hz, 8H), 7.23 (t, J = 6.9 Hz,
4H), 2.30 (4H), 2.15 (12H), -0.14 (d, 2Ju.p = 3.3 Hz, 2H). 3P NMR (THF, 121 MHz): § -

4.08 ppm.

Synthesis of [PhBP™"3]TI. In a vial, (m-terphenyl),PCH,Li(TMEDA) (365.0 mg, 608.6
umol) was dissolved in 10 mL Et,O and then chilled to -90 °C. PhBClI; (33.2 mg, 202.8
umol) was diluted in 3 mL toluene and added drop wise to the solution. The reaction was
stirred for 18 h, slowly warming to RT to give [PhBP"'s]Li(tmeda) (*'P NMR: -10.4
ppm). The reaction was concentrated under reduced pressure to dryness and then
suspended in 10 mL EtOH. TIPFg (61.1 mg, 202.8 mmol) was added, and the reaction
was stirred for 12 h. The white solids in the reaction were collected on a frit and washed
with EtOH and petroleum ether (237.1 mg, 62% yield). *"H NMR (CgDs, 500 MHz):
58.65 (br d, J = 6.0 Hz, 2H), 7.88 — 7.85 (m, 13H), 7.68 (t, J = 6.0 Hz, 2H), 7.16 — 7.13

(overlaps with solvent peak, ~18H), 7.00 — 6.99 (overlapping s, 48H), 2.77 (br, 6H). 3P
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NMR (CGDG, 121 MHZ): 0217 ppm (d, 1J'|'||:> = 4870 HZ). Anal. Calcd. for C117H398P3T|:

C77.93;H498;NO. Found: C;H;N.

Synthesis of [PhBP™®"5]FeCl. [PhBP™* 5] T1 (0.473 g, 0.262 mmol) and FeCl, (0.034 g,
0.262 mmol) were stirred in 8 mL THF for 12 h. The reaction was filtered through Celite
and concentrated under reduced pressure to dryness. The yellow residue was mashed to a
fine powder and washed with petroleum ether and Et,O (0.369 g, 83%). Single crystals
suitable for X-ray diffraction were grown from vapor diffusion of petroleum ether into a
benzene solution. *H NMR (CgDs, 300 MHz): & 206.1 (s), 40.9 (s), 19.8 (s), 18.4 (s), 7.1
(s), 6.9 (5), 3.6 (5), -14.3 (s), -37.3 (s). Evans Method (C¢Ds): 5.32 B.M. Anal. Calcd. for

C117HgoBCIFeP3: C 83.15; H 5.31; N 0. Found: C 83.09; H 5.41; N none found.

Synthesis of [PhBP™";]FeMe. A solution of [PhBP™*3]FeCl (0.2096 g, 0.141 mmol) in
15 mL benzene was added to a stirring slurry of Me,Mg (0.0186g, 0.342 mmol) in 2 mL
benzene. After stirring for an hour, the reaction was filtered through a Celite-lined frit,
and the solution was lyophilized to dryness. The residue was extracted into 20 mL
benzene, filtered through a Celite-lined frit, and again lyophilized to yield analytically
pure [PhBP™";]FeMe (0.1629 g, 78.8 %). *H NMR (CgDs, 300 MHz): & 46.1 (s), 22.0
(s), 20.3 (s), 6.8 (s), 6.6 (s), 1.7 (S), -13.5 (S), -49.8 (S). Evans Method (CgDg): 4.9 B.M.
UV-vis (CsHg) Ama, M (¢, M cm™): 405 (1750), 370 (2300). Anal. Calcd. for

C11gHg2BFeP3: C 84.88; H 5.55. Found: C 84.67; H 5.62.
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Synthesis of [PhBPPhg]Fe(OAc). Neat acetic acid (29.5 pL, 0.515 mmol) was added to a
solution of [PhBP™";]FeMe (2.1) (0.3892 g, 0.515 mmol) in 18 mL THF. After stirring
for 24 h, the volatiles were removed to afford analytically pure material. Crystals suitable
for XRD were grown from benzene/pentane. *H NMR (CgDs, 300 MHz): & 171 (bs),
130.0 (s), 30.1 (s), 16.0 (s), 14.8 (s), -7.1 (s), -26.4 (s). Evans Method (C¢Ds): 4.6 B.M.

Anal. Calcd. for C47H44BFeO,P3: C 70.52; H 5.74; N 0. Found: C 71.85; H 5.74; N O.

Synthesis of [PhBP™*"5]Fe(n?-N,Hs), 4.1. [PhBP™';]FeMe (0.0318 g, 0.0217 mmol)
was dissolved in 2 mL of THF, and a solution of hydrazine (0.77 pL, 0.0217 mmol) in 1
mL THF was added dropwise. The stirring reaction immediately changed color from
yellow to green, and 1 was quantitatively formed. Micro-crystals of 4.1 were grown by
slow evaporation of pentane into a THF solution (16.1 mg, 50.0 %). Complex 4.1
displays broad NMR spectra at all temperatures, -25 °C was found to give the sharpest
spectra. *H NMR (THF-dg, 500 MHz, -25 °C): & 6.75-8.20 (bm, 83H), 6.43 (s, 1H, NH),
3.81 (s, 2H, NH,). 1.79 (m, 6H, CH,, overlapping with THF). 3'P NMR (THF-ds, 202.3
MHz, -25 °C): § 89.1. IR (KBr) (cm™): 3301, 3174. UV-vis (THF) Amax, NmM (g, M cm™):
348 (sh, 4900), 420 (sh, 1600), 605 (625), 708 (500). Anal. Calcd. for C117Hg,BFeN,P3: C

83.36; H 5.50; N 1.66. Found: C 82.97; H 5.76; N 1.55.

A sample of 95% '°N-enriched 4.1 was synthesized using an analogous synthetic

procedure with >NH,">NH,. *H NMR (THF-dg, 500 MHz, -25 °C): & 6.43 (d, "Jnn =~ 78
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Hz, 1H, NH), 3.81 (d, "Jnu = 83 Hz, 2H, NH,). ®N NMR (THF-dg, 50.7 MHz, -25 °C):

§ 139.0 (dd, “Iny = 78.6 Hz, Jnn = 11.3 Hz), -14.5 (dt, “Inn = 83 Hz, "Jnn = 11.3 Hz).

Synthesis of [PhBP™;]Fe(n®>-NHNMe,), 4.2. Neat NH,NMe; (28.2 uL, 0.363 mmol)
was added to a stirring solution of [PhBP™;]FeMe (0.2495 g, 0.3299 mmol) in 10 mL
benzene. The reaction was heated to 50 °C for 48 h, during which time the color changed
from yellow to green. The volatiles were removed to afford a green solid (0.2356 g, 89.5
%). Crystals suitable for XRD were grown from the slow evaporation of pentane into a
saturated benzene solution of 4.2. '"H NMR (CgDg, 300 MHz): §8.13 (d, 2H, J = 6 Hz),
7.64 (t, 2H, J = 6 Hz), 7.40 (t, 1H, J = 6 Hz), 7.31 (bs, 12H), 6.88 (t, 6H, J = 7 Hz), 6.76
(t, 12H, J = 7 Hz), 4.00 (s, 1H, NH), 2.16 (s, 6H, NMe,), 1.63 (bs, 6H, CH.). *}P NMR
(CeDe, 121.4 MHz): & 79.9. IR (KBr) (cm™): 3234. UV-vis (THF) Amax, nm (g, M cm™):
300 (sh, 8450), 340 (sh, 4400), 440 (700), 600 (466), 742 (320). Anal. Calcd. for

Ca7H4gBFeN,P3: C 70.52; H 6.04; N 3.50. Found: C 69.97; H 6.14; N 3.18.

Synthesis of [PhBP™*"3]Fe(n-N2H3)(m'-N2Hy), 4.3. [PhBP™';]FeMe (0.0269 g, 0.0184
mmol) was dissolved in 2 mL of THF, and a solution of hydrazine (3.00 uL, 0.0918
mmol) in 1 mL THF was added dropwise. The stirring reaction immediately changed
color from yellow to green to red, and 4.3 was formed. Micro-crystals of 4.3 can be
grown by evaporation of pentane into a THF solution containing 4.3 and excess
hydrazine (11.4 mg, 36.2 %). The coordinated hydrazine is labile, and exposure of 4.3 to

vacuum results in formation of 4.3. *H NMR (THF-dg, 500 MHz, -40 °C): & 9.90 (s, 1H),
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8.38 (m, 6H), 6.7-8.1 (m, 76H), 4.92 (s, 1H, NH, or N,H>), 4.66 (s, 2H, NgH>), 3.18 (s,
1H, NH, or NgHy), 2.91 (s, 1H, NH, or NuH,), 2.72 (s, 1H, NH), 2.52 (s, 1H, NH, or
NgH>), 2.18 (m, 2H, CH>), 1.20 (m, 4H, CH,). **P NMR (THF-dg, 202.3 MHz, -40 °C):
§ 76.45 (d, 1P, J = 39.7 Hz), 73.25 (bs, 1P), 59.58 (d, 1P, J = 66.2 Hz). The 3P coupling
was ill-defined at all temperatures scanned. IR (KBr) (cm™): 3305, 3170. UV-vis (THF,
with 20 equiv NoHs) Amae NM (e, M cm™): 383 (2600, sh), 512 (1280). EA was
performed on crystals of 3 (grown from THF/pentane) that were dried under an N,
atmosphere for 20 min prior to sealing in an ampule, and it thus is likely that THF or
pentane is still present in the crystals. Anal. Calcd. for C117HgsBFeN4P3: C 81.77; H 5.63;
N 3.26. Anal. Calcd. for [PhBP™"3]Fe(n?-N2Hs)(n -N2H4).5THF, Cia7H136BFeN,P30s: C

79.18; H 6.60; N 2.70 Found: C 78.95; H 6.16; N 3.09.

A sample of 95% '°N-enriched 4.3 was synthesized using an analogous synthetic
procedure with *NH,°NH,. *H NMR (THF-dg, 500 MHz, -40 °C): § 4.92 (d, Jxy = 80
Hz 1H, NH; or NoHs), 4.66 (d, "Jnn = 65 Hz, 2H, NpH,), 3.18 (d, "Jyw = 75 Hz 1H, NH;
or NoHy), 2.91 (d, YJnn = 75 Hz, 1H, NH; or NoH,), 2.72 (d, *Jwn = 60 Hz, 1H, NH), 2.52
(d, “Jnn = 80 Hz, 1H, NH; or NoH,). >N NMR (THF-dg, 50.7 MHz, -40 °C): § 47.4 (t,
NgHz, "Jnn = 68 Hz), 40.6 (d, NH, “Jyy = 58 Hz), 23.5 (t, NHz or NoH,, "Jnn = 75 Hz),
22.7 (t, NH, or NgH,, YJnn = 70 Hz). Select *H{*N} decoupling was employed to

confirm the HN connectivity.
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Synthesis of [PhBP™*"5]Fe(n®-N,H3)(NH3), 4.4. A solution of 4.1 (0.0150 g, 0.00890
mmol) in 1 mL THF was transferred to a 15 mL Shlenk tube, and evacuated. One atm of
NH3 was added, and the solution immediately turned red. Slow evaporation of pentane
into a THF solution of 4.4 afforded crystalline material (0.0122 g, 80.5 %). Exposure of
either solutions of 4.4 or crystals of 4.4 to vacuum resulted in formation of 4.1. Upon
removal of solvent, crystals of 4.4 rapidly changed color to green. *H NMR (THF- dg,
400 MHz, -45 °C): § 10.3 (s, 1H), 8.66 (s, 1H), 8.53 (s, 1H), 8.22 (s, 2H), 8.08 (s, 2H),
6.5-8.1 (m, 76H), 5.32 (s, 1H), 3.58 (s, 1H, overlapping with THF), 2.6 (s, 2H), 2.2 (s,
2H), 1.83 (s, 1H, overlapping with solvent), 1.5 (s, 2H), 0.41 (s, 3H, overlapping with
residual NH3). 3P NMR (THF-dg, 162 MHz, -45 °C): 8 81.1 (d, 1P, J = 47.7 Hz), 66.2
(d, 1P, J = 66.7 Hz), 52.3 (m, 1P). The *'P coupling was ill-defined at all temperatures
scanned (20 °C to -70 °C). IR (KBr) (cm™): 3245, 3198. UV-vis (THF, under 1 atm NHs)

Amax, NM (€, M cm™): 400 (2900, sh), 516 (1460).

A sample of 95% '°N-enriched 4.4 was synthesized using an analogous synthetic
procedure with **NH,°>NH,. *H NMR THF-dg, 400 MHz, -45 °C): §5.32 (d, *Jnu ~ 82
Hz, 1H, NHH), 3.58 (d, 1H, NHH), 1.83 (1H, NH), 0.41 (d, "Jy = 60 Hz, 3H, NHa).
gHMQC “N{*H} NMR (THF-dg, 40.5 MHz, -45 °C): §31.8 (NH), 26.0 (NH,), -18.9

(NHs). Select *H{**N} decoupling was employed to confirm the HN connectivity.

Synthesis of [PhBP™"5]Fe(Me)(m>-N2H,), 4.5. [PhBPPh3]JFeMe (0.0343 g, 0.0391

mmol) was dissolved in 500 uL THF, and stirred at -78 °C. To this, a solution of
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hydrazine (1.27 pL, 0.0391 mmol) dissolved in 280 uL of THF was added dropwise,
resulting in a color change from yellow to strawberry red and conversion to 4.5. *H NMR
(THF-dg, 500 MHz, -50 °C): § 7.56 (bs, 7H), 7.27 (m, 2H), 7.19 (m, 4H), 7.12 (m, 2H),
6.97 (m, 4H), 6.89 (bs, 8H), 6.74 (m, 8H), 4.33 (s, 2H, NHisH), 3.13 (s, 2H, NHHans),
1.30 (m, 6H, CH,), -0.2 (s, 3H, Me). NOESY was employed to assign the hydrazine
protons that are cis and trans to the methyl ligand. *'P NMR (THF- dg, 202.3 MHz, -50
°C): § 79.18 (d, 2P, J = 28.4 Hz), 52.50 (t, 1P, J = 32.1 Hz). The doublet is broad and not
well-resolved. UV-vis (THF, -78 °C) Amax, M (¢, M™* cm™): 524 (940). IR (THF/KBr, -

78 °C) (cm'™): 3302, 3246, 3161.

A sample of 95% "°N-enriched 4.5 was synthesized using an analogous synthetic
procedure with *NH,NH,. *H NMR (THF-dg, 500 MHz, -50 °C): & 4.31 (d, Jxn = 77
Hz, 1.5H, NHgsH), 3.12 (d, “Jnn = 75 Hz, 1.5H, NHHyans). °N NMR (THF-dg, 50.7
MHz, -50 °C): & 17.1 (t, "3Jyn = 71 Hz, 2N). IR (THE/KBr, -78 °C) (cm™): 3312, 3251,

3223.

Synthesis of {[PhBP"";]Fe(n’-NoH4){PFe}, 4.6. To a solution of PhBP™;FeCl (0.6023
g, 0.775 mmol) in 20 mL THF was added neat hydrazine (37.7 uL, 1.16 mmol) and solid
TIPFs (0.2764 g, 0.775 mmol). After stirring for 24 h, hydrazine was again added (12.2
pL, 0.39 mmol), and the reaction stirred an additional 24 h. The solution was filtered
through Celite, and the volatiles removed. The solid was extracted into DME, filtered

through a Celite-lined frit, and the volatiles removed to give 0.6739 g of a pink solid (95
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%). Crystals suitable for X-ray diffraction were grown from a THF/pentane solution. *H
NMR (THF-dg, 500 MHz, -20 °C): & 7.8 (m, 3H), 7.58 (d, J = 7.50 Hz, 2H), 7.44 (m,
3H), 7.38 (m, 3H), 7.19 (m, 5H), 7.12 (t, J = 7.54 Hz, 4H), 7.08 (t, J = 6.70, 2H), 7.00
(m, 5H), 6.83 (t, J = 7.54 Hz, 4H), 6.78 (J = 7.54 Hz, 4H), 4.78 (bs, NH,, 2H), 4.31 (bs,
NH,, 2H), 1.30 (d, CH,, *Jcp = 15.0 Hz, 6H). P NMR (THF-dg, 202.3 MHz, -20 °C):
§66.0 (d, J = 59.3 Hz, 2P), 58.9 (t, J = 59.3 Hz, 1P), -138.6 (m, 1P). IR (KBr) (cm™):
3335, 3281, 3143. UV-vis (THF) Amax, NM (¢, M™* cm™): 420 (250), 525 (675). Crystals
of 6 invariable contained both {[PhBP™"3]JFe(n>N,H4)}PFe} and {[PhBP™"s]Fe(n

N2H4)}{CI}, precluding our ability to obtain analytically pure material.

Synthesis of [PhBP™"s]Fe(n’-N,H,)(OAc), 4.7. Neat anhydrous hydrazine (10.2 uL,
0.3159 mmol) was added to a 2 mL THF solution of [PhBP™;]Fe(OAc) (0.2529 g,
0.3159 mmol). An immediate color change from pale yellow to purple was noted. After
stirring for 24 h, the reaction was filtered and solid 4.7 was rinsed with THF and pentane
to afford analytically pure material (0.1920 g, 73 %). Crystals suitable for diffraction
were grown by layering a saturated benzene solution of 4.7 with pentane. 'H NMR
(THF-dg, 500 MHz, -50 °C): & 6.5-8.0 (m, 35H), 4.61 (bs, NH,, 2H), 3.94 (bs, NH,, 2H),
1.5-1.8 (m, 3H, overlapping with THF), 1.5-1.8 (m, 6H) *'P NMR (THF-dg, 202.3 MHz, -
50 °C): §59.1 (bs, 2P), 50.5 (t, J = 57.0 Hz, 1P). IR (KBr) (cm™): 3378, 3313, 1464.
Anal. Calcd. for C47H4sBFePsN,O,: C 67.81; H 5.81; N 3.36. Found: C 67.43; H 5.62; N

3.06.
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A sample of 95% ™N-enriched 4.7 was synthesized using an analogous synthetic
procedure with *NH,*NH,. *H NMR (THF-dg, 500 MHz, -50 °C): & 4.61 (d, 'Jxy = 70
Hz, 2H, NoHy), 3.94 (d, }Jnn = 67 Hz, 2H, NgH,). *°N NMR (THF-dg, 50.7 MHz, -50 °C):
856.2 (t, Unu = 67 Hz, 1IN, NgH), 33.3 (t, "Jnw = 68 Hz, IN, NoHy). 'H{"*N}
experiments with selective decoupling were used to correlate the *H and >N NMR

chemical shifts. IR (KBr) (cm™): 3367, 3300, 3274.

Synthesis of [PhBP™";]Fe(NH;)(OAc), 4.8. A suspension of Pb(OAc), (0.0161 g, 0.0360
mmol) in 1 mL THF was added dropwise to a stirring solution of 4.6 (36.0 mg, 0.036
mmol) in 2 mL THF. The reaction gradually changed color from pink to purple, as
Pb(OACc), precipitated out. The volatiles were removed, and the solid residue was
extracted into benzene, and filtered through a Celite-lined frit. The solution was
lyophilized, extracted into benzene, and again filtered through a Celite-lined frit. Crystals
were grown by layering pentane over the benzene solution (10.3 mg, 35.5 %). Complex
4.8 is sparingly soluble and crystals of 4.8 are invariably covered with a white film,

presumably Pb(OAC),.

Complex 4.8 can alternatively be prepared by addition of 1 atmosphere of NH3 to a
solution of [PhBP™;]Fe(OAc) (0.0284 g, 0.0355 mmol) in 4 mL of benzene (in an
evacuated 50 mL Schlenk-tube). After stirring for 5 minutes, the solution was degassed,
filtered through Celite, and layered with pentane to afford crystalline material (0.0211 g,

72.7 %).
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'H NMR (THF-ds, 500 MHz, -40 °C): § 7.75 (bs, 5H), 7.51 (d, J = 6.9 Hz, 4H), 7.38 (m,
5H), 7.24 (m, 3H), 6.9-7.2 (m, 15H), 6.83 (M, 3H), 2.36 (s, 3H, NH3), 0.95-1.40 (m, 9H,
CH,/OAc). 3P NMR (ds-THF, 202.3 MHz, -40 °C) § 61.5 (bs, 2P), 46.9 (t, J = 58.6 Hz,
1P). IR (KBr) (cm™): 3362, 3334, 1466. UV-vis (THF) Ama, Nm (g, Mt cm™): 580 (855).
Crystals of 8 were exposed to minimal vacuum prior to sealing in an ampule/combustion
analysis. Anal. Calcd. for C47H47BFeP3NO,: C 69.05; H 5.80; N 1.71. Anal. Calcd. for
[PhBPP";]Fe(NHs)(OAC).CsHes, CssHssBFePsNO,: C 71.10; H 5.96; N 1.56. Found: C

70.70; H 6.06; N 1.50.

A sample of 95% **N-enriched 4.8 was synthesized following the alternative procedure,
using *>NHs. *H NMR (THF-dg, 400 MHz, -30 °C): & 2.36 (d, *Jnn = 67 Hz, 3H, NHs).
HSQC N{*H} NMR (THF-dg, 40.5 MHz, -30 °C): & -13.8. *'P NMR (THF-dg, 161.8
MHz, -40 °C): & 61.5 (bs, 2P), 46.9 (dt, *Jpp ~ 58.6 Hz, "J\p = 10 Hz, 1P). IR (KBr) (cm’

1): 3354, 3327, 1466.

Synthesis of {[PhBP™"5]Fe(n?N2H4)(NH3)KPFs}, 4.9. A solution of [PhBP™5]FeMe
(0.2181 g, 0.2883 mmol) in 15 mL THF was cooled to -41 °C and set stirring. To this, a
solution of hydrazine (18.7 uL, 0.5767 mmol) in 1 mL THF was added dropwise over the
course of 5 min. A suspension of FcPFg (0.0954 g, 0.2883 mmol) in 4 mL THF was
added dropwise, and the reaction was stirred for 1 h at -41 °C, and was then warmed to
RT and stirred an additional 12 h. Volatiles were removed from the reaction mixture, and

the pink residue was rinsed with 15 mL of pentane, followed by 10 mL of diethyl ether.
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Extraction of the remaining solid into THF, followed by layering with pentane, afforded
crystals of 4.9 (0.1887 g, 70.0 %). 'H NMR (THF-dg, 300 MHz): 8 6.5-8.5 (m, 35H), 5.5
(bs, NH,, 2H), 4.2 (bs, NH,, 2H), 2.7 (bs, NH3, 3H), 1.37 (m, CH,, 6H) 3P NMR (THF-
dg, 300 MHz): & 60.8 (bs, 2P), 53.5 (bs, 1P), -143.3 (m, 1P). IR (KBr) (cm™): 3334, 3260.
UV-vis (THF) Amae M (g, M cm™): 537 (750). Anal. Calcd. for CasHasBFeNsP4Fs: C

57.78; H5.17; N 4.49. Found: C 57.85; H 5.25; N 4.29.

Synthesis of [PhBP™"5]Fe(NH3)(OAc), 4.10. Hydrazine (6.4 pL, 0.020 mmol) was
added to a stirring solution of [PhBP™*';]FeMe (0.1439 g, 0.0982mmol) in 5 mL THF.
After stirring for 10 min, a suspension of Pb(OAc), (0.0871 g, 0.0196 mmol) in 5 mL
THF was added dropwise, and the solution stirred for 12 h. The volatiles were removed,
and the resulting residue was rinsed with pentane and extracted into DME. The resulting
solution was layered with pentane to yield crystalline 4.10 (0.0803 g, 53.6 %). The bulk

crystals contained a white precipitate, presumably Pb(OAC),.

Complex 4.10 can alternatively be prepared from [PhBP™;]FeMe. One equivalent of
AcOH (2.4 pL, 0.041 mmol) was added to a solution of [PhBP™s]FeMe (0.0686 g,
0.0411 mmol) in 2 mL benzene. After stirring for 10 min, the reaction was transferred to
a 5 mL Schlenk tube which was evacuated. One atmosphere of NH3; was added to the
Schlenk tube, and after stirring for 1 h, the reaction was degassed, the solution filtered

through Celite, and layered with pentane to afford crystalline material (0.0444 g, 62.4 %).
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'"H NMR (THF-dg, 400 MHz, -30 °C): 8.7 (bs, 6H), 7.6-8.4 (m, 7H), 6.8-8.4(m, 70H),
3.05 (bs, NHs, 3H), 1.5-2.0 (m, 6H, overlap with THF), 1.29 (s, 3H, OAc). *'P NMR
(THF-dg, 161.8 MHz, -30°C): & 60.7 (bs, 2P), 50.1 (t, J = 59.4 Hz, 1P), -143.3 (m, 1P).
IR (KBr) (cm™): 3365, 1450. UV-vis (THF) Ama, NM (¢, M™* cm™): 557 (580). Anal.

Calcd. for C13HosBFeNO,P3: C 85.36; H 5.53; N 0.81. Found: C 81.20; H 6.02; N 0.87.

A sample of 95% *°N-enriched 4.10 was synthesized using the alternative synthesis using
NH;. 'H NMR (THF-dg, 400 MHz, -30 °C): & 3.05 (d, *Jnn = 67 Hz, 3H, NH3). HSQC

BN{*H} NMR (THF-dg, 40.5 MHz, -30 °C): § -12.7. IR (KBr) (cm™): 3308, 3302.

Synthesis of {[PhBPPhg]FE(T]Z-NQH4)(CO)}{PF6}, 3.11. A suspension of FcPFg (15.0
mg, 0.0455 mmol) in 1 mL benzene was added dropwise to a stirring solution of 3.1 (36.4
mg, 0.0455 mmol) in 2 mL benzene. The reaction stirred for 24 h, during which a color
change from orange to red ensued. The reaction mixture was lyophilized, and the
resulting solids were rinsed with pentane and diethyl ether. The remaining solids were
extracted into THF, filtered, and layered with pentane, yielding analytically pure crystals
suitable for XRD (18.2 mg, 42.3 %). *H NMR (C¢Ds, 300 MHz): & 8.03 (bs, 2H), 7.66
(bs, 5H), 7.41 (bs, 5H), 7.03 (bs, 8H), 6.5-6.8 (m, 15H). 3P NMR (C¢Dg, 300 MHz) &
50.22 (d, 1Jpp = 63.6 Hz, 2P), 36.00 (t, “Jpp = 63.6 Hz, 1P), -142.7 (m, 1P). IR (KBr) (cm’
1): 3332, 3276, 3253, 1986. Anal. Calcd. for CysHssBFeN,OP4Fs: C 58.35; H 4.79; N

2.96. Found: C 58.56; H 5.02; N 2.60.
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Synthesis of [PhBPPhg]FE(OAC)(CO), 4.12. A suspension of Pb(OAc), in 1 mL THF
(13.5 mg, 0.0305 mmol) was added dropwise to a stirring solution of 3.1 (24.4 mg,
0.0305 mmol) in 2 mL THF. An immediate color change from orange to green was noted,
and after stirring for an additional 12 h, the volatiles were removed to yield a green
residue. The solids were rinsed with pentane, extracted into benzene, filtered, and
lyophilized. The green powder was then taken up in THF and layered with pentane to
yield crystalline material suitable for XRD (12.0 mg, 47.5 %). *H NMR (C¢Ds, 300
MHz): §8.13 (d, J = 6.8 Hz, 2H), 7.77 (bs, 4 H), 7.69 (t, J = 7.3 Hz, 2H), 7.42 (bs, 6H),
7.31 (t, J = 8.4 Hz, 4H), 6.99 (bs, 6H), 6.90 (bs, 4H), 6.82 (bs, 4H), 6.73 (t, J = 7.0 Hz,
3H), 2.1 — 2.3 (m, 4H), 1.76 (bs, 2H), 1.47 (s, 3H). **P NMR (121 MHz, C¢Dg) & 48.58

(d, J = 66.3 Hz, 2P), 29.81 (t, J = 66.4 Hz, 1P). IR (KBr) (cm™): 1976, 1469.
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Chapter 5: A Diiron Site Can Support Bridging N,, N,H,, and N,H,

Ligands
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Abstract

A family of complexes that feature the same auxiliary ligands (i.e.,
[PhBP“H?®Y;]Fe(OAC)), that are all iron(ll), and that only differ in the oxidation state of
the nitrogenous ligand are presented ([PhBP“"?%Y;] = PhB(CH.P(CH,Cy),)s). Thus,
{[PhBP<“;]Fe(0AC)}(u-N2),  (5.2),  {[PhBP ™;]Fe(OAC)}a(n-NoH),  (5.4),
[PhBPCHZY,] {[PhBP %Y ]Fe(OAC) }2(u-NoHy), (5.3), and
{[PhBP“H?“Y;]Fe(OAC)(NHs3), (5.5), have all been prepared. These complexes have been
thoroughly characterized, and preliminary disproportionation and reduction reactions are

described.
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5.1 Introduction

Due to its biological and industrial relevance, establishing mechanisms for the
reduction of N, to NHs is a longstanding goal of chemists.! Chatt proposed a distal
reduction scheme, in which the addition of protons and electrons to a M-N; species first
reduces the distal nitrogen atom, resulting in ammonia release and generation of a metal
nitride species, which is subsequently reduced to ammonia (i.e., M"-N=N — M"?3=N +
NH; — M" + NHs).? This mechanism was proposed for group six metals, and has since
been corroborated by Schrock and coworkers, who have shown that a single molybdenum
center can catalytically reduce N, to NHs;.® That the reduction occurs by such a
mechanism is supported by their isolation and characterization of several of the
intermediates in this cycle. A similar reduction scheme has since been proposed for iron-
mediated reduction of N, to NHj.*

A second reduction scheme, termed alternating, has also been proposed,® and
Sellmann was an early proponent for such a scheme.® In this mechanism, the protons and
electrons are delivered in an alternating manner to both of the nitrogen atoms of a M-N;
or M,(u-Ny) species (i.e., M"-N=N — M"-HN=NH — M"-H,N-NH, — M" + 2 NHj).
Though this mechanism has not been validated by a well-defined catalyst, support for
such a mechanism comes from the observation that diazene (N.H.)" and hydrazine
(N,H,)® are both substrates for nitrogenase. Additionally, computational studies on both
the enzyme active-site” and a model iron complex™ have favored this mechanism.

Driven by these findings, as well as recent studies on the FeMo cofactor that
suggest that N, reduction occurs at iron,*! there has been much interest in the preparation

and isolation of mono- and diiron species that coordinate NoHy (x = 2, 3, 4) ligands,®**?
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though species of this type remain relatively rare. Herein we report a family of dimeric
iron(ll) complexes that coordinate N,, N,H,, and N2H, in a bridging fashion, as well as a
monomeric iron species that coordinates NHs;. A key feature within this series of
complexes is the invariance of the ancillary ligands, which allows for direct comparisons
of members of this family to be made. In addition, this family represents the first iron
system that can coordinate Ny, N,H,, and NoH4.*3** The synthesis and spectroscopy of
these complexes are discussed, as well as preliminary disproportionation (of the N,Hy

ligand) and redox reactivity.

5.2 Results and Discussion

OA_O
tﬂ, - !::\P /\\1 ﬂb P_\/Fé
B}) [/_—‘/ P P
T (5.1)
(2.2)

Scheme 5.1.

Access to the NyHx chemistry of present interest is realized using a
tris(phosphino)borate ligand scaffold, ([PhBP“"*®Y5] = [PhB(CH,P(CH,Cy),)s]) to
support iron(11). Treatment of [PhBP“"?“Y;]FeMe (2.2) with one equiv of AcOH cleanly
generates the 5-coordinate complex, [PhBP®"?%Y;]Fe(OAc), (5.1) (Scheme 5.1). Unlike
the 4-coordinate species of the type [PhBPR:;]JFe-X, which are high-spin at all
temperatures,’® 5.1 exhibits temperature dependent two-phase spin cross-over

behavior."®*" Thus, cooling solid samples of 5.1 results in a spin-transition from S = 2 to



161

an intermediate spin system at 120 K, and from this state to S = 1 at 30 K (Figure 5.1).
Such behavior has been observed in six-coordinate iron(ll) systems,® though the spin
transition is typically S = 2 to S = 0. This behavior is described by magnetic coupling
between iron centers in the crystalline lattice, which together form discrete clusters of
two or three iron ions. Thus, it seems likely that the intermediate state observed between
30 and 120 K for 5.1 represents coupling between an S =1 and S = 2 iron center within

the crystalline lattice.

T c0000p0000Q0C00O0 Y00 g
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Figure 5.1. Solid-state magnetic susceptibility of 5.1, plotted as pes (ug) vs. T (K). The data was
collected by warming a zero-field cooled solid-sample of 5.1 in a 1 T field in a SQUID
magnetometer. The red line represents the spin-only magnetic moment for an isolated S = 2

center.

Despite the spin transitions, 5.1 readily binds L-type ligands to generate low-spin
6-coordinate mono- and diiron species (Scheme 5.2). Cooling solutions of 5.1 under an
N, atmosphere results in reversible binding of 0.5 equiv of N,, generating pink and
diamagnetic {[PhBP"*?;]Fe(OAC)},(u-Ny), (5.2). The coordinated N, ligand in 5.2 is

labile; THF solutions of 5.2 that are kept at -78 °C fully dissociate N, under a static
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vacuum, as determined by N, quantification with a Toepler pump. Thus, all analysis of

5.2 must be done at reduced temperatures.
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1 atm NH; (5.5) major in THF
aF—— 55
-
Scheme 5.2.

Crystals of 5.2 suitable for diffraction can be grown from saturated diethyl ether
solutions of 5.2 stored at -35 °C in the glove-box, and the solid-state structure has been
obtained. The core atoms are shown in Figure 5.2. The Fe-N and N-N distances of
1.874(3) and 1.120(5) A, respectively, indicate a small degree of N, activation, and are
similar to those observed in [((PPs)FeH)z(u-N2)]** (PPs=P(CH:CH:PMez)s)."® Consistent
with the small degree of N, activation, the rRaman spectrum of 5.2 (514 nm excitation,
MeTHF glass, 77K) exhibits the v(NN) stretch at 2083 cm™ which shifts to 2010 cm™
upon °N-isotopic labeling. This is in excellent agreement with the shift predicted

assuming a diatomic harmonic oscillator (2012 cm™), indicating minimal vibrational
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coupling between v(NN) and other vibrational modes about the iron centers. In solution,
as in the solid-state, 5.2 exists as a diiron species; the °N NMR spectrum of *N-5.2
(THF-ds, -75 °C) shows a single resonance at 328.6 ppm, which is split into a doublet by

the trans phosphine phosphorous atom (2Jpn = 15 Hz).

Figure 5.2. Displacement ellipsoid (50%) representation of (a) the core atoms of 5.2, (b) the core
atoms of 5.4 (major component only), and (c) 5.5. Protons that were not located in the difference
map have been removed for clarity. Select bond distances (A) and angles (°) for 5.2: Fel-P1
2.285(1); Fel-P2 2.2319(9); Fel-P3 2.2361(9); Fel-O1 2.076(2); Fel-O2 2.083(2); Fel-N1
1.874(3); N1-N1’ 1.120(5); Fel-N1-N1° 174.9(3). Select bond distances (A) and angles (°) for
5.3: Fel-P1 2.219(3); Fel-P2 2.311(4); Fel-P3 2.240(4); Fel-O1 2.082(8); Fel-O2 2.100(7);
Fel-N1 1.912(8); Fe2-N2 1.898(8); N1-N1’ 1.31(1); Fel-N1-N2 128.1(7); Fe2-N2-N1 129.0(7).
Select bond distances (A) for 5.5: Fel-P1 2.2333(5); Fel-P2 2.2422(5); Fel-P3 2.2159(5); Fel-
01 2.216(1); Fel-02 2.085(1); Fel-N1 2.061(2)

Treatment of 5.1 with 0.5 equiv N,H; generates the purple diiron species,
{[PhBP™2%Y;]Fe(OAC)}2(n-n'mi-N2Hy), (5.3). As for 5.2, the hydrazine ligand is labile;
at -30 °C resonance ascribed to 5.1 and 5.3 are observed by *H NMR spectroscopy. The
presence of a single >N NMR (THF-dg, -75 °C) chemical shift for 1°N-5.3 (103 ppm),
coupled with a single NH; resonance in the *H NMR spectrum (2.51 ppm), indicates a
bridging coordination mode of the hydrazine.**"®® The presence of a terminally

coordinated hydrazine ligand would give rise to two distinct resonances in both the °N
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and *H NMR spectra, which correspond to the o-NH, and p-NH, nitrogen and hydrogen
atoms, respectively. Indeed, this is observed in the previously described
[PhB™";]Fe(OAC)(n*-N,H,) species (4.7).

The hydrazine species 5.3 is not thermally stable, and further reacts to generate
the blue diazene species, {[PhBP“"*“Y;]Fe(OAC)},(trans-p-n'm*-NoHy), (5.4), as well as
the purple ammonia complex, [PhBP“"?%Y;]JFe(OAC)(NHs), (5.5) (Scheme 5.2). The
diethyl ether insolubility of 5.4 allows for facile separation and isolation of both 5.4 and
5.5. The relative amounts of the disproportionation products 5.4 and 5.5 vary according
to solvent and equivalents of hydrazine added to 5.1. For example, the room temperature
addition of 0.5 equiv of N,H4 to a benzene solution of 5.1 results in isolated yields of
75% and 15% for 5.4 and 5.5, respectively (after stirring for 24 h). Under identical
reaction conditions in THF, isolated yields of 25% and 66% for 5.4 and 5.5 are,
respectively, achieved. When the reaction is monitored by VT-NMR spectroscopy (THF-
dg), both 5.4 and 5.5 are observed as products of the initial reaction. Subsequent addition
of hydrazine to the reaction mixture results in complete conversion of 5.4 to 5.5. Thus,
when 2.5 equiv of N,H,4 are added to THF solutions of 5.1 and allowed to stir for 48 h,

only 5.5 is isolated. Similar disproportionation reactions have been observed at diiron*?"%

and diruthenium systems, %22

though in those systems, the stoichiometry is better
defined.

The presence of a bridging diazene ligand in 5.4 is readily discerned by NMR
spectroscopy. The *H{*'P} NMR spectrum of '°N-5.4 features an AA’XX’ multiplet

centered at 17.72 ppm, consistent with the presence of a diazene ligand (Figure

5.3).128120130.23 Tha gpjtting pattern was simulated, which allowed for coupling constants
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to be obtained. The *Juy can be used to infer cis or trans ligation, as well as to infer the
extent of diazene activation.”* For example, in the related species, {[PhB™";]Fe}»(cis-p-
ntnt-NaH,) (cis-p-n%n%-NoH,), 2.6, *Juy values of 13.0 and 9.0 Hz are obtained, which
correspond to the cis-n*:n*-N,H, (N-N bond distance: 1.281(5) A) and the cis-n’n?*
N,H, (N-N bond distance: 1.458(5) A) ligands, respectively.**" The large 3Jun = 21.0 Hz
of 5.4 suggests trans ligation, with a moderately activated diazene ligand. The extent of
diazene activation in 5.4 is between that of [(CO)sCr]a(trans-p-N2H,), which has a 2Juy =
28.0 Hz?® and an N-N bond distance of 1.25 A% and that of [(n°-CsMe4H),Zrl]x(trans-p-
N,H.), which has 3J4 = 9.4 Hz and an N-N bond distance of 1.414(3) A.?® In accordance
with the observed NMR parameters, the rRaman spectrum of 5.4 (633 nm, THF) reveals
the v(NN) stretch at 1299 cm™, which shifts to 1263 cm™ upon °N-labelling (1254 cm™
predicted assuming a diatomic harmonic oscillator). Several additional vibrations that are
sensitive to °N labeling are also observed in the Raman and IR spectra, and are likely
coupled to one another. Sellmann has observed similar stretching frequencies in related

6-coordinate diiron(11) species that have similar structural parameters (vide infra).?’

1798 1794 1790 1786 1782 1778 1774 1770 1766 1762 1758 1754  17.50
1H (ppm)

Figure 5.3. Diazene resonance of the "H{*'P} NMR spectrum (CsDs, 25 °C) of 5.4 indicating the
AA’XX’ splitting pattern (experimental, black; fit, red). The data was fit using the following
parameters: “Jyy = -71.0 Hz, 2y = -1.1 Hz, 33y = 21.0 Hz, "y = 12.0, linewidth = 3.5 Hz.
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To confirm the trans ligation of the diazene, the solid-state structure of 5.4 was
obtained (Figure 5.2). Crystals of 5.4 suitable for diffraction can be grown from the slow
diffusion of pentane into either THF or benzene solutions of 5.4, though they invariably
suffer from total molecule disorder. Nonetheless, a complete dataset for crystals of 5.4
was collected, and the disorder was modeled, with 12% of the molecules being slightly
translocated along the b-axis of the unit cell (monoclinic; P2(1)/c). Though the diazene
protons could not be located in the difference map, the structure confirms the trans
diazene ligation. The average Fe-N-N angle of 128.5° is consistent with sp?-hybridized
nitrogen atoms, and the N-N distance of 1.31(1) A and Fe-N distance of 1.89(8) A are the
same (within error) to those of other 6-coordinate diiron(ll) bridging diazene
complexes.®®*?

Finally, the ammonia complex, [PhBP“"2%Y;]Fe(OAC)(NH3), 5.5, has also been
structurally characterized (Figure 5.2). This species can alternatively be prepared by the
addition excess ammonia to a THF solution of 5.1 (Scheme 5.2). The NMR parameters
for 5.5 are similar to those of other low-spin iron(ll) ammonia complexes.”>?® For
example, the N NMR chemical shift for °N-5.5 is noted at -21.1 ppm, with the
ammonia protons resonating at 2.49 ppm in the corresponding *H NMR spectrum.

With this series of complexes in hand, it is of interest to establish whether the
nitrogenous ligands can be interconverted via oxidation or reduction (Scheme 5.3). The
present system is attractive for such studies, as the addition or removal of H-atom
equivalents should not result in major structural or coordination changes to the
“[PhBPCHZCyg]Fe(OAc)” fragment. Though the stoichiometric and catalytic reductions of

21-22

hydrazine by mono-*° and bimetallic systems are known, there are no well-defined
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examples of the reduction of diazene to hydrazine (or ammonia). Such a transformation is
inferred in the catalytic reduction of hydrazine by a related diiron species, “{Cp*Fe(u-
SR),}”,% though the transformation was not explicitly observed. Likewise, there are no
well-defined examples of complexes that can reduce N, to diazene (or to hydrazine or

ammonia via diazene).

A . A ;A

00 PP o o

A

oo ? oo

E $ . B H
5 B 2 H* 3 R P e E H; PP o E
P—Fe—N=N—Fs—P = P—Fe—Ns, }: . 2He F_\Fe_N\ 2R o 2 P—Fe—NH,
% —Fe— N—Fe—P
P P o, .0 P P H /™ PP Hy /% P’ P

(5.2) Y (5.4) OYO (5.3) OYO (5.5)

Scheme 5.3.

Initial oxidation studies suggest that the diazene species 5.4 can be oxidized to 5.2
by addition of either Pb(OAc)s or TEMPO. This reactivity suggests that the reverse,
reduction of N, to diazene, may be feasible. Initial attempts to reduce 5.2 to 5.4 focused
on using well-defined H-atom transfer agents (i.e., catechol, hydroquinone, BusSnH, or
cyclohexadiene), none of which reacted in the desired fashion. Likewise, the addition of
reductants (i.e., Cp*,Fe, Cp*,Co, Cp,Co) and acids (i.e., HOAc, HOTT, [lutH][BPh,]) did
not yield the desired transformation, and in most instances, 5.2 is isolated as the only
iron-containing species. Cyclic voltammetry on 5.2 (at -35 °C) establish a quasi-
reversible reduction at -2.3 V vs. Fc/Fc', suggesting that stronger reductants may be
required to facilitate the reduction (the reduction event is absent in the cyclic
voltammogram of 5.1).%

Initial attempts to reduce the diazene species 5.4 with 4 equiv of Cp*;Fe and
[lutH][BPh4] (THF, -78 °C and 22 °C) did not yield hydrazine or ammonia. Treatment of

5.3 with 2 equiv of Cp*,Fe and [lutH][BPh] did yield 40 % NHs,3* though caution must
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be taken in interpreting this preliminary result, as ammonia is also formed in the
disproportionation reaction of 5.3. Under the reaction conditions described for the
reduction of 5.3 or 5.4, protonation of the [PhBP"*“Y;] ligand to release free
(CH,Cy),PMe is observed, along with competitive formation of [PhBP“™2<Y;]Fe(n°®-
CsHsBPhg). This latter product is also observed in initial attempts to reduce 5.2 when
[lutH][BPh4] is used as the acid source. These findings suggest that AcOH may be a
suitable acid for these studies. Its higher pKj, relative to [lutH][BPh4] should result in less

ligand degradation,*

and will also allow for its use in combination with stronger
reductants.®® Additionally, as the series of iron(I1) complexes already feature an acetate
ligand, counter-anion exchange with acetate is degenerate, and thus formation of different

and inactive iron(ll) species is avoided.

5.3 Summary

In summary, a series of iron(ll) complexes that can coordinate N, N2H2, NoHa,
and NHs; have been prepared and characterized. This family of complexes only differ in
the oxidation state of the coordinating N,Hy ligand, and represent the first such series for
iron. Reduction studies aimed at interconverting these species are ongoing, with the

hopes of achieving the stoichiometric reduction of N, to NoH,, or NoH, to NoH4 (or NH3).
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5.4 Experimental Section
5.4.1 General Considerations

All manipulations were carried out using standard Schlenk or glove-box
techniques under a dinitrogen atmosphere. Unless otherwise noted, solvents were
deoxygenated and dried by sparging with Ar followed by passage through an activated
alumina column from S.G. Water (Nashua, N.H.). Nonhalogenated solvents were tested
with a standard purple solution of benzophenone ketyl in THF to confirm effective
oxygen and moisture removal. Deuterated solvents were purchased from Cambridge
Isotopes Laboratories, Inc. and were degassed and stored over activated 3-A molecular
sieves prior to use. Elemental analyses were performed by Midwest Microlab

(Indianapolis, IN).

3.4.2 Spectroscopic Measurements

Varian 300, 400, and 500 MHz spectrometers were used to record the *H NMR,
1P NMR, and >N NMR spectra (400 or 500 MHz). *H chemical shifts were referenced
to residual solvent. 3P NMR chemical shifts were referenced to 85% HsPO4 at & = 0
ppm, and >N NMR chemical shifts were referenced to neat CgHs™"NO, (& = 370 ppm) in
comparison to liquid ammonia (6 = 0 ppm). MestReNova (6.1.0) was used for NMR data
workup, as well as for simulation of spectra.

IR measurements were obtained with a KBr solution cell or a KBr pellet using a
Bio-Rad Excalibur FTS 3000 spectrometer controlled by Varian Resolutions Pro software

set at 4 cm™ resolution.
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The rRaman samples were prepared by loading solutions into capillaries in the
glove-box, which were then flame-sealed (for room temperature data collection), or were
transferred to a sealable NMR tube which was subsequently flame-sealed (for data
collection at 77 K). Excitation was performed at 632.8 nm using a HeNe laser (10 mW)
or at 514 nm using an Ar-ion laser. A lens collected the light that scattered at 90° and
focused it through a low-pass filter and into the entrance slit of a SPEX 750M
monochromator. The dispersed light was detected by a LN/CCD array (5 cm™
resolution), and the spectra recorded using Winspec (Princeton Instrument) software.
Conversion from pixels to wavenumber was done by obtaining the spectrum of
cyclohexane, and deriving the linear plot of pixels vs. wavenumber for known vibrations.
All spectra were recorded in THF or Me-THF, and in some instances, solvent subtraction
or baseline correction was performed.

Optical spectroscopy measurements were taken on a Cary 50 UV-Vis
spectrophotometer using a 1 cm two-window quartz cell sealed with standard ground-

glass joints or Teflon plugs.

5.4.3 Electrochemistry

Electrochemical measurements were carried out in a glovebox under a dinitrogen
atmosphere in a one-compartment cell using a BAS model 100/W electrochemical
analyzer. A glassy carbon electrode and platinum wire were used as the working and
auxillary electrodes, respectively. The reference electrode was Ag/AgNO; in THF.

Solutions (THF) of electrolyte (0.4 M tetra-n-butylammonium hexafluorophosphate) and
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analyte were also prepared in a glovebox. All experiments were conducted in a drop

freezer maintained at -35 °C.

5.4.4 SQUID Magnetometry

Solid-state magnetic susceptibility data was collected on a Quantum Design
SQUID magnetometer at a field strength set at 1 T. Data were collected between 4K and
400K. Samples were prepared by loading a fine powder of the compound of interest into
a polycarbonate capsule which was sealed with Teflon tape, poked with a hole, and
loaded into a plastic straw. Diamagnetic corrections were made using the corrections of
Pascal’s constants. The molar magnetic susceptibility was calculated by converting the
calculated magnetic susceptibility obtained from the magnetometer to a molar
susceptibility (using the multiplication factor {(molecular weight)/[sample weight)*(field
strength)]}). Effective magnetic moments were calculated from the molar susceptibility

(Meft = sqrt(7.997ymT). The data was analyzed using julX.*

5.4.5 X-Ray Crystallography Procedures

Low-temperature diffraction data were collected on a Siemens or Bruker Platform
three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with
graphite-monochromated Mo or Cu Ko radiation (4 = 0.71073 or 1.54178 A,
respectively), performing ¢-and w-scans. The structures were solved by direct or
Patterson methods using SHELXS™ and refined against F on all data by full-matrix least
squares with SHELXL-97.*® All non-hydrogen atoms were refined anisotropically. All

hydrogen atoms (except hydrogen atoms on nitrogen) were included into the model at
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geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups).

The structures were refined using established methods.?” Several of the structures

reported suffered from disorder in parts of the [PhBP“H2“Y

3] ligand and/or solvent
molecules (some over more than two independent positions). All disorders were refined
with the help of similarity restraints on 1-2 and 1-3 distances and displacement
parameters as well as rigid bond restraints for anisotropic displacement parameters. All
close contacts, both inter and intramolecular, reported by the Platon validation software®®
involve at least one partner from a minor component of a disorder. While it is
conceivable that more components of the [PhBP®3] are disordered and parameterization
of these disordered components would remove the close contacts, the data at hand did not
allow for further modeling of the disorder. The protons attached to the iron-bound
nitrogen atoms of 5.5 could be located in the difference Fourier synthesis and
subsequently those H atoms were refined semi-freely with the help of distance restraints.
The structure of 5.4 suffers from total molecule disorder, with 12% of the

molecules translocated along the b-axis of the unit cell. The data was modeled assuming

this disorder to obtain a satisfactory solution.

5.4.6 Starting Materials and Reagents
[PhBP“"2“Y;Fe]Cl (2.2),12f "N,H,,* and Me,Mg* were prepared according to
literature methods. Pb(OAc); was purchased from Aldrich (99.999+%), purified as

described in the literature,”’ and recrystallized from cold THF to afford a white
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crystalline solid. Acetic acid was dried according to literature methods.** All other

reagents were purchased from commercial vendors and used without further purification.

2.4.7 Synthesis of Compounds

Synthesis of [PhBP“H?%Y;]Fe(OAcC), 5.1. To a stirring solution of [PhBPH2%Y;]FeMe
(2.2) (0.2732 g, 0.3116 mmol) in 16 mL DME, neat anhydrous acetic acid (17.9 uL,
0.312 mmol) was added. The solution immediately changed color from yellow to pale
grey/purple. After stirring for 24 h, the volatiles were removed, and triturated with
pentane. The suspension was filtered through a frit, and analytically pure solid was
obtained. *H NMR (THF-dg, 400 MHz, 25 °C) § 98.1, 65 (bs), 25.2, 13.9, 12.8, 1.9, 1.2,
0.6, 0.1, -2.6, -7.3, -8.2, -9.0, -9.7, -16.5, -23.2. Evans Method (CgDs): 4.5 B.M. Anal.

Calcd. for Cs3HgoBFeO,P3: C 69.12; H 10.07; N 0. Found: C 68.77; H 9.93; N 0.

Synthesis of {[PhBP“"?®Y;]Fe(OAC)}(u-N2), 5.2. Upon cooling, 5.1 reversibly binds 0.5
equiv of N;to generate 1-N,. The bound N3 in 2 is labile; by Toepler analysis, qualitative
release of N, is observed when THF solutions of 2 are maintained at -78 °C. Pink crystals
5.2 suitable for diffraction were grown by chilling a saturated diethyl ether solution of 5.1
to -35 °C in a nitrogen-filled glovebox. In the solid-state, the bound N, is also labile, as
pink crystals of 5.2 change color to grey/purple upon exposure to vacuum. rRaman (514

nm, Me-THF, 77 K) (cm™): 2083 (NN).

Samples of ®N-5.2 were prepared by freeze pump thawing solutions of 5.1/5.2 and

subsequently exposing 5.1 to a >N atmosphere prior to cooling of the solution. *H NMR
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(THF-dg, 400 MHz, -75 °C) & 7.1 (4H), 6.9 (4H), 6.9 (2H), 0 — 2.7 (m, overlap with
solvent, 174H). 3P NMR (THF-dg, 162 MHz, -75 °C) § 53.7 (bs, 2P), 44.54 (dt, *Jpp =
71.1 Hz, 2Jpn = 15 Hz). *®N NMR (THF-dg, 40 MHz, -75 °C) & 328.6 (d, “Jpn =~ 15 Hz).

rRaman (514 nm, Me-THF, 77 K) (cm™): 2010 (NN).

Synthesis of {[PhBP“"?%Y;]Fe(OAC)}2(u-N2Hy), 5.3. A solution of 5.1 (0.0356 g, 0.0393
mmol) in 1 mL THF was cooled to — 78 °C. To this, a solution of anhydrous hydrazine in
1 mL THF (0.68 uL, 0.02 mmol) was added dropwise. The solution changed color from
pink to purple, as 3 quantitatively formed. The bound hydrazine in 5.3 is labile, and at -30
°C, resonances for 5.1 are observed by *H NMR. At this temperature 5.3 is also unstable,

and resonances ascribed to 5.4 are also observed by *H NMR spectroscopy.

Samples of *°N-5.3 were prepared following an analogous synthetic procedure using
BN,Hs 'H NMR (THF-dg, 400 MHz, -75 °C) & 7.1 (bs, 4H), 6.88 (t, J = 6.4 Hz, 4H),
6.71 (t, J = 6.1 Hz, 2H), 2.51 (d, "Jun = 66.0 Hz, NH,, 4H), 0.75 — 2.2 (m, overlap with
solvent, 167H), 0.19 (bs, 4H), -0.15 (bs, 3H). *'P NMR (THF-dg, 162 MHz, -75 °C)
8 66.17 (8, *Jpp = 60.3 Hz), 54.51 (dt, 2Jpp = 55.9 Hz, 2Jpn = 8.2 Hz). "N NMR (THF-ds,

40 MHz, gHSQCAD, -75 °C) & 103.

Synthesis of {[PhBP“"?“Y;]Fe(OAC)}2(u-N2H2), 5.4. Neat anhydrous hydrazine (0.54
uL, 0.017 mmol) was added to a stirring solution of 5.1 (0.0300 g, 0.0335 mmol) in 1 mL

benzene. The solution immediately changed color from pale grey to dark blue. After

stirring for 24 h, the volatiles were removed. The solids were rinsed with diethyl ether,
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and a midnight blue analytically pure powder of 5.4 was isolated (0.0236 ¢, 75.3%).
Crystals suitable for diffraction were grown by the vapor diffusion of pentane into a
dilute solution of 5.4 in benzene or THF. *H NMR (CgDs, 400 MHz, 25 °C) & 17.72 (bs,
2H, NH), 7.98 (d, J = 7.2 Hz, 4H), 7.51 (t, J = 7.3 Hz, 4H), 7.25 (t, overlap with solvent,
J=6.9 Hz, 2H), 0.5 — 2.5 (m, 174H). **P NMR (C¢Dg, 162 MHz, 25 °C) § 52.7 (d, 2Jpp =
60.8 Hz), 34.9 (t, 2Jpp = 60.8 Hz). UV-vis (THF) Amax, NM (g, M cm™): 726 (17,700). IR

(KBr) (cm™): 3244, 748, 446. rRaman (633 nm, THF) (cm™): 1299, 1232, 608.

Samples of °N-5.4 were prepared following an analogous synthetic procedure using
BN,H,. *H{P} NMR (CgDs, 400 MHz, 25 °C) § 17.72 (m, Jnn = -71.0 Hz, 2Jwn = -1.1
Hz, *Jun = 21.0 Hz, YJwn = 12.0 Hz, 2H, NH). Coupling constants were obtained by
simulation of the spectrum. 3P NMR (C¢Ds, 162 MHz, 25 °C) & 52.7 (d, 2Jpp = 60.8 Hz),
34.9 (dt, *Jpp = 60.8 Hz, 2Jpn = 13 Hz). N NMR (Cg¢Ds, 40 MHz, gHSQCAD, 25 °C)

8 434. IR (KBr) (cm™): 3242, 745, 438. rRaman (633 nm, THF) (cm™): 1263, 1223, 603.

Synthesis of [PhBP“H?“Y;]Fe(OAC)(NHs), 5.5. Neat anhydrous hydrazine (0.40 L,
0.012 mmol) was added to a stirring solution of 5.1 (0.0213 g, 0.0231 mmol) in 1 mL
THF. The solution immediately changed color from pale grey to dark blue. After stirring
for 24 h, the solution was purple, and the volatiles were removed. The solids were
extracted into diethyl ether, the solution was pumped down, and the resulting purple
solids were rinsed with pentane (0.0144 g, 66%) Crystals suitable for diffraction were

grown by the vapor diffusion of pentane into a benzene solution of 5.5.
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Samples of N-5.5 were prepared following an analogous synthetic procedure using
N,H,, or by addition of 1 atm of **NHj; to a THF solution of 5.1. *H NMR (THF-dg, 500
MHz, -40 °C) & 7.12 (bs, 2H), 6.92 (bs, 2H), 6.76 (bs, 1H), 2.49 (d, Iy = 68.0 Hz, NH3,
3H), 0.10 — 2.27 (m, 171H, overlap with solvent/**NHs), -0.09 (bs, 3H). *'P NMR (THF-
dg, 202 MHz, -40 °C) 8 61.89 (d, J = 56 Hz), 51.09 (t, J = 56 Hz). 1N NMR (THF-ds, 50

MHz, -40 °C) & -21.1 (q, “In = 68.0 Hz).

2.4.8 Reduction Studies

Reduction Studies of 5.4. In a typical experiment, 5.4 was massed out in the glovebox
(ca. 10-20 mg) and transferred to a 25 mL round bottom flask fitted with a stir bar. Solid
oxidant and acid were added (4 equiv each), and a 180° ground glass adaptor with a
Teflon plug was attached to the flask. On a high-vac line, the flask was evacuated and
THF was vac-transferred into the flask. The reaction was stirred at either -78 °C or 25 °C
for 24 h. At this time, the volatiles were vac transferred onto a frozen ethereal solution of
HCl (1.0 M; 6 mL), and the residual solids were analyzed by *P and 'H NMR
spectroscopy. The acidic solution was stirred for 45 min at room temperature, and the
volatiles were removed. The remaining solids were analyzed by *H NMR spectroscopy
(d-DMSO), and ammonium was quantified® by integration against a mesitylene

standard (5.0 mM).

Reduction Studies of 5.3. A similar protocol was employed as that described for the
reduction of 5.4. Briefly, 5.3 was generated in situ (-78 °C) in a 25 mL round bottom

flask that is attached to a 180° ground glass adaptor with a Teflon plug. The reaction
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vessel was evacuated, and a THF solution containing the reductant and acid (2 equiv) was
added to the top of the adaptor. The plug was briefly opened to allow transfer of the
solution into the flask and immediately closed. The reaction was stirred, and warmet to
22 °C over 24 h. The subsequent work up was as described for 5.4, with the exception
that the reaction mixture was freeze-pump-thawed (3x) prior to vac-transferring of the

volatiles onto the frozen ethereal HCI solution.

Reduction Studies of 5.2. A similar protocol was employed as that described for the
reduction of 5.3, with slight modifications. In the glove-box, THF solutions of 5.1 were
chilled to -78 °C in a 2-neck round bottom flask. After 30 min, a 180° ground glass
adaptor with a Teflon plug was attached, as was a rubber septum. The reductant and acid
(6 equiv) were added via syringe as either a single or separate THF solutions. The

workup of the reaction is as described for the reduction studies of 5.3.
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Chapter 6: Solvent Coordination Induces the Reductive Coupling of

Carbon Dioxide at Iron(I)
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Abstract

This chapter presents the reaction between several tris(phosphino)borate supported
iron(l) complexes and carbon dioxide ([PhBP®3] = [PhB(CH,P(R),)s]"; R = CH,Cy, Ph,
'Pr, mter). Exposure of MeCy solutions of [PhBPH?“Y;]Fe(PR3) (R = Ph (6.7), Cy (6.8))
to CO, yields the partial decarbonylation product {[PhBP<"?“Y;]Fe},(u—0)(un—CO) (6.2).
When the reaction is carried out in benzene or THF, reductive coupling of CO, instead
occurs to give the oxalate species {[PhBP“"2%Y;]Fe},(n —n?n’~oxalato) (6.3). Thus
whether CO; is reduced by one or two electrons is solvent dependent. Reaction studies
aimed at understanding this solvent effect are presented, and they suggest that the
reaction profile is ultimately determined by the ability of the solvent to coordinate the
iron center. When more sterically encumbering auxiliary ligands are employed to support
the iron(l) center (i.e., [PhBP™5] and [PhBP™3]), only decarbonylation is observed, and
{[PhBPRs]Fe},(u-0) is isolated (R = 'Pr (6.10), Ph (6.12)). A mechanistic scheme that is
consistent with combined experimental and computational results is presented, and
suggests that reductive coupling of CO, occurs from an electronically saturated 19-

electron iron(l) species.
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6.1 Introduction

Due to its vast supply and proposed role in global warming, CO; is poised as a C1
source for both fine chemicals and fuels.® Several multi-electron transformations of CO,
that either reduce CO; to other C1 sources or create C-C bonds are feasible. For example,
the coupled two electron/two proton reduction of CO, to CO can serve as a chemical
feedstock for CO, which can then be converted to liquid fuels via Fisher-Tropsch
chemistry.? Examples of coupling reactions that involve CO, include cross-coupling with
epoxides to generate polycarbonates or cyclic carbonates,® and coupling with organozinc
or other carbanion equivalents to generate carboxylic acids.**

The aforementioned examples proceed via multi-electron transformations, but the
direct one-electron reduction of CO; to give CO,* can also facilitate a multitude of
transformations. Once formed, the CO, radical anion can disproportionate to CO and
CO5% % in the presence of water it can generate formate,’ it can cross-couple to other
radicals,® or it can undergo C-C coupling to give oxalate.®'**21% The selective
reduction of CO; to oxalate is a potentially desirable transformation, as oxalate can be
hydrogenated to give ethylene glycol,** itself a useful fuel feedstock and gasoline
additive. While trace oxalate formation has been observed in several electrocatalytic
reduction systems,*® well-defined homogeneous metal complexes that mediate reductive
CO; coupling to oxalate remain rare. Evans and coworkers first reported that
Cp 2Sm(THF), reacts with CO, to produce the bridging oxalate species {Cp 2Sm}(u-
n’m?>oxalato).® Subsequently, there have been a few reports of similar transformations

11
L,

at lanthanides,”™® copper,’® nickel,** titanium,*® and iron,** though oxalate formation in

these systems is sometimes ill-defined. Very recently, a dimeric Cu(l) complex was
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found to mediate the selective reduction of CO, to oxalate, both stoichiometrically and
electrocatalytically.’® In this system, the reduction occurs at ca. 2 VV more positive than
the direct one electron reduction of CO,, and excellent Faradaic yields are obtained for
the electrocatalytic reaction. These results underscore the importance of establishing
systems that can selectively reduce CO,, as well as understanding factors that facilitate

such transformations.

R LT
\)J P/ \0/ \P g
il
Ph 6.2 (major) 6.3 (minor)
J ‘
O, 6.1

I [PhBPCHzcyg,]Fe(COz)I [6.1-CO,]
[6.1-CO,]

Scheme 6.1.

Our group has previously described an iron(l) mediated reduction of CO, in
which an oxalate species was formed as a minor product (Scheme 6.1).*2 The iron(l)
synthon [PhBPH2Y;]Fe (6.1) ([PhBP“H?%Y;] = PhB(CH,P(CH,Cy),)s) reacts with CO, to
generate green and diamagnetic {[PhBP“"?%Y;]Fe},(u—O)(u—CO) (6.2) as a major
product, and red and paramagnetic {[PhBP“"*“Y;]Fe},(n—n?%n’~oxalato) (6.3) as a minor
product (ca. 3:1). These products are the result of the two and one electron reductions of
CO,, respectively. As to our knowledge there are no other systems displaying such dual
reactivity, that is, competitive one and two electron reduction of CO,, we sought to

establish the dominant factors that dictate the selectivity.
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Initial attempts to alter the reaction profile between 6.1 and CO, focused on
systematically varying the CO, equivalents (and CO, pressure) and the reaction
temperature. When a sample of 6.1 in THF (11 mM) was highly diluted in pentane to
0.03 mM, and subsequently exposed to an atmosphere of CO, (ca. 300 equiv), the
selectivity changed. Under these conditions, the product profile was inverted, with the
formation of the oxalate product 6.3 favored over the decarbonylation product 6.2.
However, the reactive nature of 6.1, combined with the dilute reaction conditions
employed, no longer afforded a clean reaction, precluding further studies. These
combined results did however suggest a mechanistic scenario (Scheme 6.1) to account for
the product profile. If enough CO; is present to tie up all of 6.1 in the form of an
intermediate CO, adduct species, [PhBP®"2%Y;]Fe(CO,) (6.1-CO,), then bimolecular C-C
coupling to give u-oxalate 6.3 would ensue. Otherwise, 6.1 is available to intercept
[PhBPCH2%Y,]Fe(CO,) to generate p-O/p-CO 6.2.

Herein we present studies that provide insights into the iron-mediated reductive
coupling of CO, described above. To achieve selectivity for either formation of 6.2 or
6.3, two strategies were implemented. First, various four-coordinate iron(l) phosphine
adducts of the type [PhBP®"?“Y;]Fe(PR3) were prepared and reacted with CO,. Because it
was anticipated that phosphine dissociation would precede iron interactions with CO»,
this approach would allow the concentration of the active iron(l) species in solution to be
kept low relative to that of CO,, without requiring high dilution. Second, we explored the
in situ generation of iron(l) in the presence of an atmosphere of CO,. Both of these
approaches proved useful for controlling the relative concentrations of the active iron(l)

species relative to CO, in solution. This allowed for the determination of the role that the
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ancillary ligand (i.e., [PhBPR;] R = Ph, 'Pr, CH,Cy, mter) and the reaction solvent has on
the reaction profile. We found that reductive coupling to oxalate only occurs with the
“[PhBPC™2%Y;]Fe” platform and, moreover, that this coupling is preferred in a solvent that
can coordinate the iron center. Thus, in THF CO, coupling to p-oxalate 6.3 is favored,
and in MeCy decarbonylation to generate u-O/u-CO 6.2 occurs exclusively. Combined
experimental and DFT studies allow us to propose a plausible mechanistic scheme to

account for the dual CO,, reactivity and its tunability.

6.2 Results
6.2.1 Synthesis and Characterization of Iron(l) Precursors

In our initial report, it was noted that the sodium amalgam reduction of
[PhBPC™2%Y;]FeCl (Scheme 6.2) in THF produces a lime-green species whose empirical
formula, in the solid-state, is “[PhBP“"?“Y;]Fe”.*? To simplify its characterization,
spectroscopic data for 6.1 have now been collected in MeCy, whose non-coordinating
nature should lead to a structure analogous to that in the solid-state. Our data are
consistent with its formulation as the cyclometalated iron(111) hydride complex depicted
in Scheme 6.2, though the exact position of metalation on the ring is unclear. Relevant
data are as follows: Powders, as well as MeCy solutions of 6.1 are yellow in color,
whereas they are lime-green in a donor solvent such as THF. Also, a low intensity but
reliably discernable v(Fe-H) vibration is present in MeCy (2056 cm™) and in the solid-
state (2058 cm™; KBr), but absent in THF solutions. Both the EPR spectrum of 6.1 in

MeCy at 4 K (see Appendix 5), as well as the room temperature d;;-MeCy solution
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magnetic moment of 2.3 ug, are consistent with an S = % spin system, as would be
expected for a cyclometalated iron(lI11) isomer of 6.1, as depicted in Scheme 6.2. Finally,
the addition of phosphines to 6.1 in MeCy leads to formation of the corresponding d’ S =
3/2 [PhBP"*Y;]Fe(PR3) complexes (vide infra), consistent with a reversible metalation
process. As communicated previously,'? green THF solutions of 6.1 are more complex
than those in MeCy. They contain a mixture of species (e.g., [PhBP ™2“Y;]Fe(THF),). As
a temperature dependent 3P NMR signal is observed for 6.1 in dg-THF, one of these
species is presumed to be {k*[PhBPH*®Y;]}Fe(THF),, in which one of the phosphine
arms has dissociated. Despite this equilibrium mixture of species, 6.1 behaves as an
iron(l) synthon in THF, for example, reacting cleanly in the presence of phosphines to

provide [PhBP"?%Y;]Fe(PRy).
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Scheme 6.2.

Though we have been unable to obtain crystals of 6.1 suitable for X-ray
diffraction studies from MeCy or THF, the structure of 6.1 in benzene has been

determined and is shown in Figure 6.1.'? The quantitative coordination of benzene occurs
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upon addition of one equivalent of benzene to THF solutions of 6.1 (Scheme 6.2). Two
iron centers coordinate benzene to generate {[PhBP“"?“Y;]Fe},(u—n>n>-CsHs) (6.4). The
solid-state structure of 6.4 reveals an average C-C bond distance for the bound benzene
ring of 1.40 A, as well as a relatively small bend angle (ca. 12°) that distorts the bound
benzene into a pseudo-chair conformation. These data are consistent with a resonance
structure in which a diiron(l) species forms an aromatic p-adduct of benzene.'® The
alternative diiron(I1) bis-allyl resonance structure, in which the bound benzene is reduced
by two electrons, is not consistent with the observed metrical parameters of the benzene
ring. The diamagnetic nature of 6.4 indicates that the two d’ iron centers are strongly
antiferromagnetically coupled via the benzene ring. In the presence of excess benzene, 6.4
is thermally unstable and decomposes at 25 °C to give the 18-electron species,
{[PhBP“H*™;JFe},(n—n’n>-6,6’-bicyclohexadienyl)  (6.5)  (Figure  6.1).  The
transformation from 6.4 to 6.5 presumably results from the dimerization of a 19-electron
intermediate species “[PhBP®™?%Y;]Fe(n®-CgHs)”, which undergoes radical C-C coupling
between the two ativated benzene ligands.*” Though the coordination of benzene in 6.4 is
reversible (vide infra), this subsequent reaction makes 6.4 unsuitable as an iron(l)
synthon.

In a conceptually related reaction, 6.1 reacts with 0.5 equivalents of azobenzene
to generate {[PhBP“"2%Y;]Fe},(u—n>:n-azobenzene) (6.6), whose solid-state structure
shows an unprecedented binding mode for aryl-substituted diazenes (Figure 6.1). Instead

18,19

of coordinating the nitrogen atom(s), the iron centers are bound by the aryl rings in an

n°- fashion as seen in 6.5. Interestingly, the N-N bond distance is 1.340(9) A, which is
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significantly reduced compared to free azobenzene, wherein the N=N bond distance is

1.23 A% This suggests that the N=N bond of azobenzene in 6.6 is reduced by two

electrons, which is capped by two 18-electron iron(I1) centers.

(b)

Figure 6.1. 50% thermal ellipsoid representation of the core atoms of: (a)
{[PhBP*Y ]Fe}o(u—n’m’-CeHe),  (6.4), and  (b)  {[PhBP"*™;]Fe},(u-n"m’-6,6-
bicyclohexadienyl), (6.5). Selected bond distances (A) and angles (deg.) for 6.4: Fe-P1 2.234(2),
Fe-P2 2.231(2), Fe-P3 2.268(2) Fe-C52 2.219(5), Fe-C53 2.234(5), Fe-C54 2.169(5), C53-C54
1.385(5), C54-C52 1.420(5), C52-C53° 1.384(5), C53-C53’-C54’-C52’ dihedral 12.84(1).
Selected bond distances (A) and angles (deg.) for 6.5: Fe-P1 2.262(2), Fe-P2 2.235(2), Fe-P3
2.250(2), Fe—C53 2.174(5), Fe—C54 2.100(5), Fe-C55 2.112(5), Fe-C56 2.103(5), Fe-C57
2.188(5), C52-C52" 1.56(1), P1-Fe—P2 91.31(6), P2—Fe—P3 88.70(6), P1-Fe—P3 89.74(6), C54-
C53-C52-C57 dihedral 50.25(1). Select bond distances (A) 6.6: Fel-P1 2.250(2), Fel-P2
2.230(2), Fel-P3 2.246(2), Fe1l-C53 2.238(6), Fel-C54 2.094(6), Fel-C55 2.089(6), Fel-C56
2.110(6), Fel-C57 2.212(6), N1-C52 1.429(8), N1-N1" 1.340(9)

Access to well-defined and less reactive iron(l) complexes is achieved by the
preparation of four-coordinate species of the type [PhBP“"*“Y;]Fe(PR3). These complexes
are readily prepared by the addition of a suitable phosphine to THF or MeCy solutions of
6.1. For example, the addition of PPh3 to a THF solution of 6.1 results in a rapid color

change from lime-green to sanguine-orange, and quantitative formation of four-
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coordinate [PhBP“"““Y;]Fe(PPh;) (6.7). The solution magnetic moment of 4.2 g
measured in CgDg is consistent with the formulation of 6.7 as a high-spin, S = 3/2 Fe(l)
center, akin to related 4-coordinate [PhBP®3]Fe(PR’3) species.'?#%

In contrast, the addition of one equivalent of bulkier PCy; to a solution of 6.1
results in an equilibrium between 6.1 and [PhBP“"*“Y;]Fe(PCys) (6.8), as determined by
UV-vis absorption spectroscopy. The addition of one equivalent of PCy; to 6.1 gives an
equilibrium mixture at room temperature in which ca. 70 % of the PCyj is tied up to give
6.8 in THF, versus ca. 94 % in MeCy. The addition of 10 equiv of PCyjs to solutions of
6.1 in either solvent ensures that 6.8 is the only detectable species. The lability of PCy;
manifests itself in the intolerance of 6.8 towards arene solvents. For instance, whereas
benzene solutions of PPhs-capped 6.7 are stable over a period of weeks, a C¢Dg solution
of 6.8, generated by the addition of one equiv PCys to 6.1, shows full conversion to 6.4-
ds after a period of hours. Additionally, cooling THF or MeCy solutions of 6.8 results in

a color change to lime-green or yellow (respectively), as PCy; precipitates out and 6.1 is

left in solution.

6.2.2a Reaction of [PhBP“"?“Y;]Fe(l) Complexes Towards CO,

When solutions of 6.1 in either THF or MeCy are exposed to 10 equivalents of
CO,, the decarbonylation pathway to generate p-O/u-CO 6.2 predominates over the
coupling pathway to generate p-oxalate 6.3, with a ca. 3:1 distribution of 6.2 to 6.3 as

previously reported (Scheme 6.1).'* To decrease the concentration of reactive 6.1 in
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solution relative to CO,, the four-coordinate phosphine complexes were instead exposed

to COa,.

THF or benzene

[PhBPCH20Y, [Fe(PPhy) X5 CO2]
6.7 . 0 .
MeCy 1 /c\ /
PmFe Few P
7 \o/
62 P P
Scheme 6.3.

Exposure of a benzene solution of PPhs-adduct 6.7 to CO, (1 atm) results in a
change in color from sanguine-orange to dark red, and both NMR and IR analysis show a
clean, albeit incomplete, conversion to oxalate 6.3 over a period of 26 h (Scheme 6.3).
When the reaction is monitored by *'P NMR spectroscopy, the dinuclear benzene adduct
6.4 is observed at intermediate reaction times, though subsequent formation of 6.5 via
benzene coupling does not ensue. A typical experiment (15 mM in 6.7, 10 equiv CO,, 26
h) gives rise to ca. 70% 6.3, with ca. 30% of the starting material remaining. Exposure of
such solutions to additional CO, with prolonged stirring does not completely convert 6.7
to 3, suggesting that the gradual release of PPhs has an inhibitory effect on the reaction.
Indeed, when excess PPh3 (10-fold) is added to solutions of 6.7 prior to CO, exposure,
the reaction is completely shut down at room temperature. In THF a similar selectivity is
observed, though after 26 h only 30 % conversion to 3 is observed. In contrast, when the
reaction between 6.7 and CO; is carried out in MeCy, a sharp attenuation in rate and

complete inversion of selectivity is observed. The partial decarbonylation product 6.2 is
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now produced exclusively, albeit in low yield (ca. 10%), with the remaining iron present
as starting material after stirring for 26 h at 50 °C. The varying inhibition effect that PPhs
has on the reaction in the various solvents may be due to different equilibria between 6.1
and 6.7 in the various solvents. The reaction between the dinuclear benzene adduct 6.4
and CO, displays the same solvent-dependence, though the competitive conversion of 6.4
to 6.5 precludes a thorough study using this iron(l) synthon.

To further probe the role that solvent plays on the reaction profile, the reaction
between PCys-adduct 6.8 and CO, was investigated, as the reaction with CO, under
similar conditions is complete after 24 h. For these studies, solutions of 6.8 were prepared
by the addition of one equiv of PCy; to 6.1 (20 mM) followed by exposure to 10 equiv of
CO; for 24 h (Scheme 6.4). We sought a means to readily discern the ratio between p-
O/u-CO 6.2 and p-oxalate 6.3, which is non-trivial by NMR spectroscopy owing to the
paramagnetism of 6.3. As a viable protocol, after the reaction with CO, was complete, the
reaction headspace was evacuated, and an atmosphere of CO was introduced. The
addition of CO serves to quantitatively convert all p-oxalate 6.3 to its diamagnetic
carbonyl adduct 6.9, {[PhBP“H*“Y;]Fe(CO)}.(u—n?n’—oxalato), while not affecting 6.2.
This approach allowed for the quantification of 6.2 and 6.9 by *'P NMR spectroscopy,

permitting the relative rates of the one and two electron reductions of CO, to be obtained.

0
R P
1) 10 CO,, 24 h Gy
6.8 - p.....Fei :Fe;-""P +
/
2)1atmCO, 1h F o %
6.2

Scheme 6.4.
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Under such conditions, the only observable product in MeCy is that of partial
decarbonylation, 6.2 (Table 6.1). This is also true if less CO, is administered (2 equiv), or
if 5 equiv of PCyjs is added to the reaction, though in these cases incomplete conversion
to 6.2 is observed after 24 h. If THF is employed rather than MeCy, 6.8 reacts under
analogous conditions to instead favor p-oxalate 6.3. In fact, if the CO; content is reduced
to 2 equiv, a ratio of 13:1 in favor of 6.3 (versus 6.2) is observed. The addition of excess

PCyj; also heightens the selectivity for 6.3.

Table 6.1. Reactivity of 6.8 towards CO,

Entry*  Solvent Conc. / CO; Additives  6.2:6.9°

mM Equiv.
1 MeCy 20 10 -- 1:0
2 MeCy 20 10 5 PCys 1:0
3 MeCy 20 2 -- 1:0
4 THF 20 10 - 1:43
5 THF 20 10 5 PCys 1:9
6 THF 20 2 - 1:13
7 THF 60 10 -- 1:1.6
8 2-MeTHF 20 2 - 1:7
9 2,5- 20 2 - 4:1

diMeTHF

®Reactions were run in 15 mL schlenk tubes fitted with a Teflon stopcock and a stir bar and stirred for 24
h. The ration 6.2 : 6.9 was determined by ¥p NMR integration against an internal standard of 'BusP (see
experimental section for details).

To determine whether solvent coordination or solvent polarity play an important
role in determining the observed reaction profile, the reaction between PCys-adduct 6.8
and CO, was also examined in 2-Me-THF and 2,5-dimethyl-THF.23 These two solvents
have dielectric constants very similar to THF,** yet the added steric bulk renders them

less coordinating than THF, 2,5-dimethyl-THF being the most distinct in this regard. In

2-Me-THF, as for THF, the major product remains p-oxalate 6.3, though the amount of
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p-O/u-CO 6.2 increases relative to when the reaction is run in THF. When one adds an
additional methyl group to the solvent, as for 2,5-dimethyl-THF, the selectivity inverts
(4:1 in favor of 6.2), and better mimics that observed in MeCy (Table 6.1 and Figure 6.2).

The implication is clear: a more coordinating solvent favors C-C coupling.

wavelength / cm?

P, P
S _ THF
P'"’Fe:g' "_. .Fe‘..p MeTHF
P >  Me,THF
MeCy

Figure 6.2. Stacked IR spectra of the crude reaction solutions for the reaction between 6.7 and 10
equivalents of CO, in various solvents. As the ability of the solvent to coordinate iron decreases,
more decarbonylation product 6.2 relative to coupled product 6.3 is observed. v(CO) for 6.2:
1730 cm™; v(CO) for 6.3: 1647 cm™

6.2.2b Reaction Between In Situ Generated Iron(l) and CO,

In addition to exploring the reactivity of well-defined Fe(l) complexes, the in situ
Na/Hg reductions of [PhBPR;]JFeCl under a CO, atmosphere (R = CH,Cy, 'Pr, Ph, mter)
were studied. In a typical experiment, an atmosphere of CO, was introduced to an

evacuated reaction vessel containing 2.5 equiv of Na/Hg and a THF solution of
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[PhBPR;]FeCl at 0 °C. The solution was slowly stirred to ensure an excess of CO, in
solution relative to Fe(l) (Scheme 6.5).

When [PhBP“H?“Y;]FeCl is employed as the Fe source, 6.3 is isolated as the major
species (51 %), with no observable formation of 6.2 (as deduced by NMR and IR
spectroscopy). The remainder of the iron is converted to unidentifiable products. As
reducing amalgams can themselves reductively couple CO, to give oxalate salts,? it is
conceivable that 6.3 forms from the reaction between sodium oxalate and
[PhBPC™2%Y;]FeCl. In a control experiment no reaction between [PhBP"*“Y;]FeCl and
sodium oxalate under similar conditions (i.e., 0 °C, THF) is observed. This is true when
either crystalline sodium oxalate or in situ generated sodium oxalate (prepared by stirring
a sodium amalgam suspended in THF under a blanket of CO,) is employed. Thus, 3 must

form from the reaction between 6.1 and CO,.

R O o P
R = CH,C \ \
—2y> P""'Fe/ = E/ FéunP
/7 \ =l /™
P P
6.3
R =Pr PS - |
| P‘..\}Fe-—O—Fe{u,,P + [PhBPP;]Fe(CO),
P
2.5 Na/Hg, 0 °C, 6.10 6.11
[PhBPR;JFeCl ———————
PhBPPM;]Fe(CO
R=CH,Cy 1atm.CO, R = Ph P _Ou_ _P [ 3lFe(CO),
iPr F————> P.\.\)Fe Fe{'u,p + 6.13
P P
P'; 6.12 {{PhBPP";]Fe(CO),{Na(THF)s}
miter
6.14
R = mter
no reaction

Scheme 6.5.
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In contrast, the reduction of [PhBP*"3]FeCI?® under an atmosphere of CO, leads to
complete decarbonylation (Scheme 6.5), and mixtures of {[PhBPiPrg]FE}z(M—O) (6.10),
and [PhBP™";]Fe(CO), (6.11) are observed, amongst other unidentified products. Though
these reactions are reproducible in that 6.10 and 6.11 are always observed, the product
distributions were found to vary between independent runs. Similar disparities in the
product profile were also observed in the reaction between the well-defined iron(l)
source, {[PhBP™3]Fe}»(u-N>), and CO,. Subsequent exposure of p-O 6.10 to one equiv
of either CO or CO; at -78 °C gives rise to incomplete conversion to several products,
many of which correlate to the spectroscopically observed but unidentified products in
the above reaction. Thus, the reactivity of 6.10 towards CO and CO, contributes to the

variability in the product distribution from the reaction between “[PhBP"'3]Fe” and COs.
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Figure 6.3. 50% thermal ellipsoid representation of (a) {[PhBP"*'s]Fe},(u—0) (6.10), (b)
{[PhBP™;]Fe},(u—0) (6.12), and (c) the core atoms of {[PhBP™"s]Fe},(n-n*n'-C0Os), (6.15).
Hydrogen atoms, solvent molecules, and minor components of disorder are omitted for clarity.
Select bond distances (A) and angles (deg.) for 6.10: Fel-P1 2.523(5), Fel-P2 2.441(6), Fel-P3
2.464(5), Fel-O1 1.786(16), Fe2-O1 1.794(16), P1-Fe-P2 88.82(18), P2-Fe-P3 92.10(18), P1-
Fe-P3 86.98(3), P1-Fe-O1 135.2(4), P2-Fel-O1 120.5(4), P3-Fel-O1 117.2(4), Bl-Fel-O1
170.07(2), Fel-O-Fel 174.67(2). The bond distances and angles about Fe2 are similar to those of
Fel. Select bond distances (A) and angles (deg.) for 6.12: Fel-P1 2.3953(11), Fel-P2
2.3969(10), Fel-P3 2.4096(10), Fel-O1 1.7525(15), P1-Fel-P2  88.96(4), P2-Fel-P3
90.99(3), P1-Fel-P3 92.94(4), P1l-Fel-O1 120.54(9), P2-Fel-O1 116.08(11), P3-Fel-O1
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135.38(16), B1-Fe1-O1 167.9, Fel-O-Fel 147.7(3). Select bond distances (A) for 6.15: Fe1-P1
2.209(2), Fel-P2 2.198(2), Fel-P3 2.157(2), Fe2-P4 2.428(2), Fe2-P5 2.469(2), Fe2-P6 2.413(2),
Fel-O1 1.984(3), Fel-02 2.012(3), Fe2-0O3 1.907(3), O1-C46 1.288(6), O2-C46 1.305(6), O3-
C46 1.279(6)

Likewise, the in situ reduction of [PhBP™;]FeCI** under an atmosphere of CO,
also results in complete decarbonylation, generating {[PhBP™";]Fe}»(u—0) (6.12),
[PhBP™;]Fe(CO), (6.13),* and {[PhBP""s]Fe(CO),}{Na(THF)s} (6.14). This reaction is
much cleaner and the product profile is more reproducible. Now, exposure of pu-O 6.12 to
CO cleanly affords 6.13, presumably with concomitant loss of CO,. Also, CO, can
reversibly insert into an Fe-O bond of 6.12 to generate the paramagnetic bridging
carbonate {[PhBP™";]Fe}»(u-n%n*-COs) (6.15). This reaction requires prolonged stirring
at room temperature (days) or heating to 60 °C for 1 hour. Upon removal of the CO,
atmosphere, 6.15 reverts back to 6.12. Despite this equilibrium, crystals of 6.15 could be
grown, and the solid-state structure of 6.15 clearly establishes the presence of a bridging
carbonate (Figure 6.3).

The p-O species 6.10 and 6.12 are unusual in that they are rare examples of
diferrous bridging oxo species, Fe,(u-O), the only other example being Holland’s
{L®Fe},(u-0) (L™ = ArNC(‘Bu)CHC(Bu)Ar, Ar = 26-diisopropylphenyl).?’ The
metrical parameters about each iron center in both 6.10 and 6.12 are highly similar
(Figure 6.3), with the exceptions being that the phosphines are eclipsed in 6.12 and
staggered in 6.10, and that each iron center in 6.10 has one long and two short Fe-P
bonds, whereas all three Fe-P bond distances are similar in 6.12. Additionally, the

bridging oxo is nearly linear in 6.10 (174.67(2)°), whereas it is bent in 6.12 (147.7(3)°),
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the latter of which is reminiscent of the related nitride species, {[PhBP™5]Fe}»(u—N)
(Fe-N-Fe: 135.9(3)°).?® Despite these differences, both 6.10 and 6.12 have a similar room
temperature solution magnetic susceptibility (ca. 2.8 ug). The low magnetic

susceptibility, combined with the long Fe-P bond distances,"**"°

suggest that there is
moderately strong antiferromagnetic coupling between two high-spin iron centers in both
6.10 and 6.12.

Finally, the in situ reduction of the highly sterically encumbered precursor
[PhBP™'5]FeCI?® under a CO, atmosphere yields no net reaction, and [PhBP™5]FeCl is
the only iron containing species observed by NMR and IR spectroscopy. Additionally, in
the in situ reductions of [PhBP™"5]FeCl, [PhBP*;]FeCl and PhBP™'5]FeCl with CO,, no
stretches that would correspond to an oxalate are observed by IR spectroscopy.® Thus,
reductive coupling of CO, to oxalate at tris(phosphino)borate supported iron(l) only

occurs when the iron is supported by the [PhBPH2%Y

3] ligand scaffold. Moreover, this
ligand scaffold gives rise to the exceptional diiron p-O/u-CO structure type, which to our

knowledge, is the only species to exhibit the M,(u-O)(u-CO) core.

6.2.3 DFT Models of 6.1-CO,

During the course of these studies, no mononuclear intermediates of the type
“[PhBP“"?%Y;]Fe(CO,)” (6.1-CO,) could be observed by either VT NMR or VT react-IR
spectroscopy. To try to gain insight into the mode of CO; coordination, the spin-state,

and the ability of solvent to also coordinate such a species, DFT studies were performed.
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Though initial calculations used the full [PhBP"*“Y;] ligand, we found that DFT could
not reproduce the floppiness of the ligand, whereby the cyclohexylmethyl substituents
can point up towards a coordinated ligand (i.e., PR3 or CO;) or down towards the
[PhBPC™2%Y,] ligand backbone. As we have obtained crystal structures in which all of the
cyclohexylmethyl substituents point down (i.e., the structure of u-O/u-CO 6.3), thereby
rendering the iron center more sterically accessible, we opted to use the truncated
[PhBPM;] ligand, in which the cyclohexylmethyl substituents have been replaced by
methyl groups. Though this truncated ligand does not take into account energies that are
affected by steric interactions, the calculations are pedagogical in that the spin
distribution should not be affected by this substitution. Geometry optimizations were
carried out on CO, adducts of 6.1 that coordinate zero, one, or two THF molecules, in
both S = % and S = 3/2 spin states. To confirm that the minimized structures
corresponded to an intermediate and not a transition state, a frequency analysis was also
performed. A total of ten structures were targeted (Figure 6.4), of which only six could be

satisfactorily minimized. Nonetheless, these results are instructive.

O O @)
11 I O 11
SIS S
| O‘_/C I «THF P, ! \O P... | wTHF
Feup Fe..p P—Fel Feq Fe:
P70 P” p | ~P P” I STHF  P” | ~THF
P P P P
S=1/2 S =1/2 (11.6) S=1/2 S=1/2(7.7) S =1/2 (32.6)
S =3/2(1.7) S = 3/2 (0) S=3/2 S = 3/2 (4.6) S=3/2

Figure 6.4. [PhBPM®;]JFe(CO,)(THF), structures and spin-states that were investigated by DFT
methods. The structures/spin-states that could satisfactorily be minimized are bolded, with their

relative energy (kcal mol™) in parenthesis. The energies were normalized by adding the energy of
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either one or two THF molecules (calculated using the same basis set/level of theory). Geometry
optimizations on 1>-OCO and n'-CO, species both minimized to the n°>-OCO bonding mode. See
the experimental section for more details on the calculations.

In the absence of THF, minimized structures can be obtained for the side-on
coordinated species [PhBPM®;]Fe(n?-OCO) (S = % and 3/2), as well as for the end-on
coordinate species [PhBPM¢;]Fe(n'-OCO) (S = 3/2) (Figure 6.4). The optimized structure
for the intermediate-spin [PhBPM®;]Fe(n?-OCO) is shown in Figure 6.5. This species is
11.6 kcal/mol lower in energy than its low-spin congener, and 1.7 kcal/mol lower in

PMe;]Fe(n’-OC0O). A minimized structure for

energy than the end-on isomer [PhB
[PhBPMe;]Fe(n?-OCO)(THF), in which the CO, coordinates side-on and a single THF
molecule also coordinates the iron, was also obtained. Now the S = 3/2 state is only 3.1
kcal/mol lower in energy than the S = % state. In these five minimized structures, the spin
density almost exclusively resides on the iron center, with less than 1 % residing on the O
and C atoms of the coordinated CO, ligand.

A minimized structure for low-spin [PhBPM®;]Fe(n'-OCO)(THF), could also be
obtained (Figure 6.5). This structure shows appreciable activation of the CO, ligand,
which is no longer linear; the O-C-O angle is 136°. Both of the C-O distances are
elongated relative to that of free CO,, with the Fe-(OC-O) distance being 1.22 A, and the
Fe-(O-CO) distance being 1.26 A (free CO,: 1.16 A).3! The Fe-O distance of 2.04 A
suggests little or no n-bonding between the Fe and CO,. Now, 77 % of the spin density

resides on the CO, carbon atom, with the remaining density being located primarily on

the Fe and O’s of the CO,. The combined metrical parameters and spin-density suggest
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an iron(11) resonance structure with a carbon-based radical, Fe"-O-C* =0, as opposed to a
CO, adduct of iron(l), Fe'-O=C=0. This electronic structure is consistent with the

observation that reductive coupling of CO, ensues in coordinating solvents.

Figure 6.5. Theoretically predicted geometry for Fe(n>-OCO) quartet (A), and Fe(n'-
OCO)(THF), doublet (B), and the calculated spin-density of Fe(n'-OCO)(THF), (C) (DFT,
B3LYP/6-311++G**). Select bond distances (A) and angles for Fe(n?>-OCO) quartet: Fe-O, 2.02;
Fe-C, 2.00; C-O (bound), 1.25; C-O (distal), 1.20, O-C-O, 143.5°. Select bond distances (A) and
angles for Fe(nl—OCO)(THF)z doublet: Fe-O, 2.04; Fe-THF,, 2.25; O-C (bound), 1.26; O-C
(distal), 1.22; O-C-0, 136.0°

6.3 Discussion
6.3.1 The Role of the Auxiliary [PhBP®;] Ligand

The role that the auxiliary [PhBP®;] ligand plays on the outcome of the reaction
between iron(I) and CO, was established by comparing the product profiles of the in situ

reductions of [PhBP®;]FeCl in the presence of CO,. Whereas phosphine adducts
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[PhBP“"*Y;]Fe(PR;) react with CO, the corresponding adduct species
[PhBP"Pr3]Fe(PM63)22 and [PhBPPh3]Fe(PPh3),21 do not yield a reaction with CO, (1 atm,
RT), precluding their use to establish the role of the auxiliary ligand.

The similar reduction potentials for [PhBP“"*“¥;]FeCl and [PhBP™;]FeCl

12,2 .
26 combined

(respective quasi-reversible reductions at -1.94 and -2.03 V vs. Fc/Fc),
with the similar v(CO) for [PhBP“"*“;]Fe¢(CO), and [PhBP"'3]Fe(CO), (1959/1894 cm™
and 1955/1888 cm™, respectively) indicate that the two ligands have similar electron-
releasing properties. However these ligands lend a different degree of steric protection,
which is best exemplified in the ease of preparing stable 4-coordinate iron(I) phosphine
adducts of the type [PhBP®;]Fe(PR’3) (R’ = Me, Ph, Cy). Whereas the [PhBPH2%Y;]
ligand platform can be used to prepare PMes-, PPhs- and PCy;s-capped iron(I) adducts,

iPr

only the PMe;s-capped iron(I) species can be prepared using the [PhBP"';] ligand

scaffold® (respective cone angles of PCys, PPhs and PMej are ca. 170°, 145° and 118°).%

PrFeCl is reduced in the

Thus, the observation that no oxalate forms when [PhBP
presence of CO, suggests that the steric protection offered from the auxiliary ligand
precludes this reaction pathway and complete decarbonylation is instead observed.

Whereas the partial decarbonylation product 6.2 is formed with the [PhBP<"*<Y

3] ligand
scaffold, only products associated with complete decarbonylation (6.10 and 6.11) are
observed with the [PhBP™"] ligand scaffold; the partial decarbonylation p-O/u-CO
product is likely not stable for steric reasons.

The in situ reduction of [PhBPPhg]FeCl with CO, also results in complete

decarbonylation. The aryl substituted ligand is less electron-donating than the alkyl

counterparts (the quasi-reversible reduction potential of [PhBP™;]FeCl is -1.61 V vs.
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Fc/Fc"),?! and is somewhat between [PhBP™5] and [PhBP“"*“*3] in the steric protection it
affords, as [PhBP™;]Fe(PPhs) can be generated,21 but not [PhBPPhg]Fe(PCyg). Thus, a
direct comparison between [PhBP™;] and [PhBP"*“;] is more difficult as they differ in
both their steric and electronic properties. We simply note that here too, no reductive
coupling of CO, is observed.

Finally, the in situ reduction of [PhBP"**';]FeCl yielded no net reaction with CO»,.
This ligand offers similar electronic-donating properties as [PhBP™] ligand (the quasi-
reversible reduction potential of [PhBP"**;]FeCl is at -1.52 V vs. Fc/Fc"), but the m-
terphenyl substituents afford a much deeper binding pocket, making bimolecular
reactions less feasible. CO, presumably binds to some extent, but cannot readily go on to
product.

Combined, these results suggest that a sterically accessible iron(I) center is
required to facilitate the reductive coupling pathway. When this requirement is not met,
decarbonylation to generate bridging oxo species (6.2, 6.10, 6.12) instead occurs. Such
decarbonylation reactions are well precedented for early transition metals,* but there are
fewer examples of such transformations at mid-to-late transition metals.’® That no
decarbonylation is observed in the reaction between in situ generated [PhBP"**;]Fe(I)
and CO, suggests that the irreversible C-O bond cleavage step likely involves two iron

centers.
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6.3.2 The Role of Solvent in CO, Reductive Coupling

The ability of [PhBP“"?%Y;]Fe(PRs) to reduce CO, by one electron to give oxalate
6.3 or to reduce CO, by two electrons to give the partial decarbonylation product 6.2 is
solvent dependent. Thus, in both benzene and THF, reductive coupling to give oxalate
occurs preferentially over reductive cleavage (Table 6.1). This contrasts with the
reactivity in MeCy, in which reductive cleavage is exclusively observed. The solvent
dependence of the reaction could be attributed to: (i) the different solubility of CO; in the
solvents employed, (ii) the different polarities of the solvents, or (iii) the ability of the
solvent to coordinate the iron center.

If the concentration of CO, affects the outcome of the reaction (i), then the
product distribution of the reaction between PPhs-capped 6.7 and CO, in various solvents
should mirror the solubility of CO; in the solvents. Assuming that the Henry’s law
constant for CO, in "heptane is similar to that of MeCy, and that the value for toluene is
similar to that of benzene, then the solubility of CO, should increase in the order: THF <
MeCy < benzene (Henry’s law constants at 25 °C for THF, "heptane, and toluene are
44.9, 84, and 98.1 atm™, respectively).* If solubility was limiting the reaction outcome
for the reaction between 6.7 and COy, then a distinct outcome should be observed in THF
relative to that in benzene and MeCy. This is not the case, as the reaction in MeCy is
distinct from that in either benzene or THF. Thus the solubility of CO, (and hence the
relative concentrations of iron(l) and CO,) does not control the outcome of the reaction.

To determine whether solvent polarity (ii) or solvent coordination (iii) controls
which reduction pathway ensues, the reaction between 6.8 and CO, was carried out in

THF, 2-Me-THF and 2,5-diMe-THF, and the product profile of these reactions were
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compared with that of the reaction run in MeCy. That the relative amounts of 6.2 and 6.3
formed in the reaction between 6.8 and CO, gradually changes as the ability of the
solvent to coordinate decreases clearly implicates that solvent coordination (scenario iii)

and not solvent polarity (scenario ii) is responsible for the reaction outcome (Figure 6.2).
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Scheme 6.6.

To account for the facilitation of CO, reductive coupling by solvent-coordinated
iron(I) species, an electronic argument is proposed, which is complimented by steric
arguments (Scheme 6.6). In this mechanistic scenario, the radical coupling reaction to
give p-oxalate 6.3 ensues from a 19-electron Fe(I) complex, whereas the reaction to give
p-O/p-CO 6.2 occurs from a non-electronically saturated iron center. Coordination of
two solvent molecules and CO; to an Fe(I) center gives a formally 19-electron complex,
[PhBP“™*Y;]Fe(n'-OCO)(THF), (Scheme 6.6), in which the unpaired electron could be
pushed out from the iron onto the coordinated CO, ligand. Subsequent C-C coupling

would then generate 6.3 (with loss of the coordinating solvent). This idea draws parallels
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to the related reductive coupling of benzene that is mediated by 19-electron metal
species.'™ Consistent with this notion, the DFT minimized structure of the 19-electron
species [PhBPM%;]Fe(n'-OCO)(THF), features 77 % of the spin-density on the CO,
carbon atom, whereas the spin-density on the electronically unsaturated 4- and 5-
coordinate species is iron centered (vide supra). Note that for this electronic argument,
the steric effects of the auxiliary ligand and coordinated solvent molecules also play a
role. In order to achieve a 19-electron configuration, the iron must be able to coordinate
two solvent molecules as well as CO, (vide supra); the inability to do so leads to
decarbonylation reactions. Hence, reductive coupling of CO, is only observed for the
least sterically encumbering ancillary ligand. Additionally, solvent coordination should
add steric bulk about each iron center, disfavoring the formation of dimeric intermediate
and product species. Though both 6.2 and 6.3 are dimeric species, the steric impact of
solvent coordination should be more marked for formation of 6.2 (Scheme 6.6). The
coupling reaction to generate 6.3 occurs between two ligand radicals, and hence the

reaction is removed from the iron centers, which are 5.343(4) A apart in the resulting p-
oxalate 6.3. In contrast, the reaction to generate u-O/u-CO 6.2 likely occurs between the
iron center of 6.1 and the coordinated CO; of 6.1-CO,. Hence, the added bulk induced by
solvent coordination would have a more pronounced effect on the rate of the reaction, as

the Fe-Fe distance in 6.2 is a mere 2.384(4) A.
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6.3.3 Overall Mechanistic Summary

The scarcity of both M(n-OCO) species and well-defined systems that couple
CO; to oxalate renders it difficult to draw solid conclusions. There is only one example of
an isolated M(n*-OCO) species.®*® Meyer and co-workers have synthesized and studied
((AdArO)stacn)U"(n'-0CO) (((AdArOH)stacn) = 1,4,7-tris(3-adamantyl-5-tert-butyl-2-
hydroxybenzyl)1,4,7-triazacyclononane), which features a linear CO,* ligand. The
linearity in this system is likely manifested by the extreme bulk of the ligand. In this
system, subsequent C-C coupling to oxalate does not ensue.

Reductive coupling of CO, to oxalate has been observed at the lanthanides® and at

I,* titanium, and copper.' In the copper mediated reduction that generates

iron,*? nicke
{(LCu),(pn-oxalate) {BPhs}, (L = N,N’,N”-triallyl-1,4,7-triazacyclanonane),’® a
carbonate radical is invoked as an intermediate because the oxalate product can be
generated in the reaction of copper(l) with either CO, or CSHCOs. In other systems,*%°
CO,* has been invoked as an intermediate. In no instance has the radical intermediate
been observed. Though the putative [PhBP®™*“Y;]Fe(n'-OCO)(THF), radical species
could not be observed, the combined data is consistent with its formation.

A mechanistic scheme that is consistent with the experimental and computational
data is shown in Scheme 6.7. In the reaction between phosphine-capped iron(l) and CO,,
phosphine dissociation first occurs to give 6.1, either as a solvated or cyclometallated
species. That the reaction between 6.7 and CO, is inhibited by PPh3, and that the benzene

adduct 6.4 is observed at intermediate reaction times (when the reaction is carried out in

benzene), is consistent with this first step. Subsequent coordination of CO, forms a
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reactive adduct species that is solvent dependent. In coordinating solvents, a 19-electron
species of the type [PhBP“"?%Y;]Fe(n’-OCO)(THF), or [PhBP“"?%Y;]Fe(n’-
OCO)(n*—CgHg) is proposed as an unstable intermediate. Subsequent C-C coupling
generates p-oxalate 6.3. Such a species is invoked based on the results of the DFT
calculations (which show significant spin density on the CO, carbon atom of
[PhBPM;]Fe(n'-OCO)(THF),), and the parallel benzene coupling reaction (i.e.,
converting 6.4 to 6.5) and the reaction between 6.1 and azobenzene to generate p-
azobenzene 6.6 (which features a significantly elongated N-N bond). In the absence of
coordinating solvents (or in the presence of a single THF molecule), 15- or 17-electron
CO, adduct intermediates are proposed. Though these species are drawn as n?-OCO
adducts of iron in Scheme 6.7, the DFT calculations suggest that both n*-OCO and 1’-
OCO species may be viable intermediates. These species interact with a second
equivalent of iron(l) to give the decarbonylation product 6.2. The notion that different M-
CO; adduct isomers gives rise to different reaction profiles has also been proposed for a
related nickel system.”* Though solvent coordination facilitates the reductive coupling
pathway, it is possible that oxalate 6.3 can also form via a solvent-free iron(l) CO, adduct
(Scheme 6.7, dotted line), as 6.3 forms as a minor product in the reaction between 6.1 and

CO; in MeCy. Likewise, 6.2 might also be accessible from solvated iron(l) CO, adducts.
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Overall, we have shown that once the reactivity of the iron(l) synthon is subdued
such that selectivity can be achieved, the reaction between iron(l) and CO, becomes
selective for either CO, reductive coupling to yield u-oxalate 6.3, or CO, decarbonylation
to give u-O/u-CO 6.2. The selectivity is imparted by coordination of the solvent to the
iron center, with reductive coupling being favored in coordinating solvents. We propose
that this solvent coordination results in a 19-electron intermediate species
[PhBPCH2%Y,]Fe(n*-OCO)(THF),, which undergoes radical coupling. The combined

results emphasize the importance that both the electronic structure and solvent
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coordinating a metal center can have on a reaction outcome, and suggests that the one-
electron reduction of CO, might be more accessible from electronically saturated and

sterically unsaturated metal complexes.

6.4 Experimental Section
6.4.1 General Considerations

All manipulations were carried out using standard Schlenk or glove-box techniques under
a dinitrogen atmosphere. Unless otherwise noted, solvents were deoxygenated and dried
by sparging with N, followed by passage through an activated alumina column. Non-
halogenated solvents were tested with a standard purple solution of benzophenone ketyl
in THF to confirm effective oxygen and moisture removal. Deuterated solvents were
purchased from Cambridge Isotopes Laboratories, Inc. and were degassed and stored
over activated 3-A molecular sieves prior to use. Elemental analyses were performed by

Desert Analytics, Tucson, AZ.

6.4.2 Spectroscopic Methods

NMR data was collected at the MIT department of chemistry instrumentation
facility or at the Caltech High-resolution NMR facility. Both Varian 300 MHz and 500
MHz spectrometers were used to record the *H NMR and *'P NMR spectra at ambient
temperature. *H chemical shifts were referenced to residual solvent, while **P NMR
chemical shifts were referenced to 85% H3PO, at & 0 ppm. EPR data was collected at the

MIT department of chemistry instrumentation facility and were carried out on a Bruker
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EMX spectrometer outfitted with 13" magnets, an ER 4102ST cavity and a newly
upgraded Gunn diode microwave source producing X-band (8-10 GHz) radiation
outfitted with a cryo-cooled cavity. Spectra were recorded in a methylcyclohexane glass
at 4K, and the data were fit using winEPR.>" IR measurements were obtained with a KBr
solution cell or a KBr pellet using a Bio-Rad Excalibur FTS 3000 spectrometer controlled
by Varian Resolutions Pro software set at 4 cm™ resolution. Solution magnetic moments
were measured using Evans method.*® Optical spectroscopy measurements were taken on
a Cary 50 UV-Vis spectrophotometer using a 1 cm two-window quartz cell sealed with
standard ground-glass joints or Teflon plugs. The equilibrium between 1 and 7 was

determined as described elsewhere.*

6.4.3 X-Ray Crystallography Procedures

Data were collected at the X-ray crystallography facility at Caltech or at the MIT
department of chemistry X-ray diffraction facility. Low-temperature diffraction data were
collected on a Siemens or Bruker Platform three-circle diffractometer coupled to a
Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo or Cu Ko
radiation (A = 0.71073 or 1.54178 A, respectively), performing ¢-and «-scans. The
structures were solved by direct or Patterson methods using SHELXS* and refined
against F2 on all data by full-matrix least squares with SHELXL-97.** All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were included into the model at

geometrically calculated positions and refined using a riding model. The isotropic
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displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups).

The structures were refined using established methods.** Several of the structures
reported suffered from disorder in parts of the [PhBPR3] ligand and/or disorder of solvent
molecules (some over more than two independent positions). All disorders were refined
with the help of similarity restraints on 1-2 and 1-3 distances and displacement
parameters as well as rigid bond restraints for anisotropic displacement parameters. All
close contacts, both inter and intramolecular, reported by the Platon validation software®?
involve at least one partner from a minor component of a disorder. While it is
conceivable that more components of the molecule(s) are disordered and
parameterization of these disordered components would remove the close contacts, the
data at hand did not allow for further modeling of the disorder. Specific refinement

details for each structure are included in the .cif file.

6.4.4 DFT Methods

Density functional calculations were carried out using the Gaussian03 suite**

using the unrestricted B3LYP functional. In most instances, the 6-31++g(d,p) basis set
was used for geometry optimizations, the 6-311g++(d,p) basis set was used for single
point energy and frequency calculations. For geometry optimizations, coordinates were
taken from the solid-state structures of [PhBP“H?“Y;]Fe(PMes). For structures that could

be minimized, the total energies were compared by adding the energy of THF, calculated
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at the same level of theory/basis set. Molecular orbital plots were generated using

GaussView 4.1%°

with isocontor values of 0.002 (density).

Geometry optimizations were carried out on [PhBP™®5]Fe(CO,)(THF),, where x =
0, 1, or 2, in both the doublet and quartet states, with the CO, bound either (n?>-OCO) or
(n*-0OCO0), for a total of 10 structures (Figure 6.4). The S = % Fe(n'-OCO)(THF) species
could be minimized, but the resulting structure had a linear CO, molecule ca. 5 A away
from the Fe center. As it had two imaginary vibrations associated with the CO,, it was not
considered a viable intermediate. The minimized structure of S = 3/2 Fe(n'-OCO)(THF)
was similar to that of the S = % congener, and hence no subsequent single point
calculations were pursued. Both S = 1/2 Fe(n'-OCO) and S = 3/2 Fe(n'-OCO)(THF),

6

suffered from spin contamination,*® and their geometries could not be minimized despite

trying several basis sets/levels of theory. The remaining structures converged.

6.4.5 Starting Materials and Reagents

Compounds 6.1, 6.4, 6.12 {[PhBP™'5]Fe}»(u-Ns), and [PhBPRs]FeCl (R = Ph, Pr,
CH,Cy, mter), were prepared according to literature procedures.’®!?1%81920 AJ| other

reagents were purchased from commercial vendors and used without further purification.

6.4.6 Synthesis and Characterization of Complexes

Further characterization of 6.1. UV-vis (methylcyclohexane) Amax, nm (e, M-1 cm-1):
340 (sh, 2200), 390 (sh, 1500), 690 (220), 920 (sh, 290). Evans Method (d14-

methylcyclohexane): 2.3 uB.
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Synthesis of {[PhBP“"*%Y;]Fe},(n-oxalate), 6.3.

1)

2)

Sodium amalgam (0.48 wt %, 1.12 mmol) and a magnetic stir bar were added to a
frozen solution of [PhBP"?%Y;]FeCl (0.4013 g, 0.447 mmol) in 20 mL THF in a
100 mL Schlenk tube fitted with a Teflon valve. The vessel was evacuated, and
allowed to warm to 0 °C in an acetone bath followed by an ice bath. One
atmosphere of CO, was added, and the reaction was slowly stirred. The color
changed from yellow to red/brown over 2.5 h, at which point the vessel was
degassed. The solution was filtered through a thick Celite plug, and the remaining
solids generously washed with benzene. The resulting solution was concentrated
to a solid under partial vacuum. The resulting solids were extracted into 50 mL of
benzene, filtered through Celite, and again concentrated to a solid under partial
vacuum. The solid was washed with petroleum ether, extracted into benzene, and
filtered through Celite. The resulting solution was lyophilized to give a red/brown
solid (0.202 g, 50.1 %). Crystals suitable for X-ray diffraction can be grown from
a THF/petroleum ether solution at -35 °C.

A solution of [PhBP®"?%Y;]FeCl (0.5647 g, 0.6293 mmol) and PCy; (0.2001 g,
0.0.6922 mmol) in 20 mL THF was added to an Na/Hg amalgam (39.4 wt %,
0.7449 mmol), and subsequently stirred for 2 h. The reaction was filtered through
a Celite-lined frit, diluted to 30 mL (ca. 20 mM), and transferred to a 100 mL
Schlenk tube fitted with a stir bar and Teflon plug. The vessel was attached to a
calibrated bulb (56.30 mL), and the solution frozen with liquid N,. After

evacuating the headspace, CO, was added to the bulb and condensed (2 x 51.3 cm
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Hg, 3.15 mmol) into the reaction vessel. The reaction was warmed to room
temperature and stirred for 24 h, during which the solution changed color from
yellow to red-brown. The volatiles were removed and the resulting solids were
triterated with pentane and collected on a frit. The pentane was concentrated, and
the remaining solids were extracted into minimal THF. Both fractions were
cooled to -35°C, allowing for 3 to crystallize out (pentane: 0.1504 g, 26.5 %;

THF: 0.2182 g, 38.5 %).

'"H NMR (CsDs, 300 MHz) § 25.3, 14.9, 13.5, -0.5, -0.7, -1.29, -1.5, -2.7, -3.3, -3. 7, -
4.4, -6.2 (bs), -17.7 (bs). IR (KBr): 1644 cm™. UV-vis (CgHs) Amax, Nm (€, M™* cm™):
775 (1000), 480 (sh, 760), 400 (sh, 1600), 330 (2600). Evans Method (CeDg): 4.3 pis.
Anal. Calcd. For Cyo4H178B2Fe,04Ps: C 68.95; H 9.90; N 0. Found: C 68.42; H 9.31,

N <0.05.

Synthesis of {[PhBP"*“Y;]Fe},(u-1°: i°-1,1'-bicyclohexadienyl), 6.5. A 5 mL benzene
solution of 6.4 (0.050 g, 27.75 umol) was heated at 60 °C for 20 h. The solution changed
from dark green to yellow with precipitation of orange microcrystals. Solids were
collected and washed with petroleum ether, benzene, and THF (0.048 g, 92% yield).
Single crystals suitable for X-ray diffraction can be grown from vapor diffusion of
petroleum ether into a dichloromethane solution. *H NMR (CDCls, 500 MHz) & 7.33 (m,
4H, H, of Ph), 7.20 (t, 4H, J = 7.5 Hz, Hy, of Ph), 7.02 (t, 2H, J = 7.0 Hz, H, of Ph), 5.48

(or s, 2H), 4.15 (br s, 4H), 2.12 (br s, 4H), 1.99 (m, 12H), 1.75 — 1.66 (84H), 1.32 — 0.97
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(62 H), 0.38 (br s, 12H). *'P NMR (121 MHz, CD,Cl,): & 44.5 (br) ppm. Anal. Calcd. for

C114H190B2FesPg: C 72.84; H 10.19; N 0. Found: C 72.65; H 9.77; N <0.05.

Synthesis of {[PhBP"2%Y;]Fe},(u-7°: 1°-azobenzene), 6.6: To a 10 mL THF solution of
6.1 (0.1178 mmol), azobenzene (10.7 mg, 58.72 umol) was added, and the reaction was
stirred for 2 h. The dark-red solution was concentrated under reduced pressure to dryness.
The residue was washed with petroleum ether and ether until the washings were nearly
colorless. The residue was then extracted with dichloromethane and concentrated under
reduced pressure to a red powder (0.075 g, 38% vyield). Single crystals suitable for X-ray
diffraction can be grown from vapor diffusion of diethyl ether into a dichloromethane
solution. *H NMR (300 MHz, CDCls): § 7.31 (d, J = 7.5 Hz, 2H), 7.20 (t, J = 7.5 Hz,
2H), 7.04 (t, J = 7.5 Hz, 1H), 5.07 (m, 2H), 4.91 (m, 1H), 4.45 (m, 1H), 3.81 (m, 1H),
1.97 (m, 6H), 1.73 - 1.67 (m, 42H), 1.26 — 0.99 (m, 30H), 0.44 (br s, 6H). **C NMR (126
MHz, CD,Cl,): 6 166.2 (br), 146.4, 131.8, 127.3, 123.5, 96.0, 95.0, 69.6, 68.1, 62.2, 43.1
(br), 40.9 (br), 37.6, 37.2, 37.1, 36.0, 35.8, 27.4, 27.1, 26.8, 14.3 (br m). 3P NMR (121
MHz, CD,Cl,): 8 47.4 ppm. UV-vis (CgHs) Amaw NM (e, M cm™): 465 (19,700), 324
(35,500). Anal. Calcd. for C114H188B2Fe;N2Ps: C 71.84; H 9.94; N 1.47. Found: C 72.13;

H 9.64; N 1.57.

Synthesis of [PhBP"2%Y;]FePPh;, 6.7. Triphenylphosphine (0.0963 g, 0.367 mmol) was
added as a solid to a stirring solution of 6.1 (0.3295 g, 0.367 mmol) in 20 mL of THF.

The reaction mixture was stirred for 20°, during which the color changed from lime green
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to sanguine orange. The solution was concentrated under reduced pressure to dryness,
extracted with benzene, and filtered through a glass wool pipette. The solution was
concentrated under reduced pressure to give analytically pure solids (0.3369 g, 82%).
Single crystals suitable for X-ray diffraction can be grown from a benzene/petroleum
ether mixture at -35 °C. *H NMR (dg-THF, 300 MHz) & 54 (bs), 13.31, 9.73, 8.57, 7.92,
7.30, 7.04, 4.67, 3.52, 3.40, 2.57, 2.31, 1.95, 1.88, 1.67, 1.55, 1.11, -8 (bs). UV-vis (THF)
Amax, NM (€, M cm™): 470 (sh, 780), 365 (2900), 260 (sh, 12800). Evans Method (C¢Ds):
4.2 ug. Anal. Calcd. For CggH104BFeP4: C 73.72; H 9.33; N 0. Found: C 73.56; H 9.14; N

0.

Synthesis of [PhBP®"?“Y;]FePCys, 6.8. A solution of [PhBP“"2%Y;]FeCl (0.1070 g,
0.119 mmol) in 10 mL of THF was added to Na/Hg (0.39 wt %, 0.183 mmol). The
reaction stirred for 1.5 h, during which the color changed from yellow to pale green. The
solution was decanted off the amalgam, and the volatiles removed under reduced
pressure. The residue was triturated with pentane, and the solids extracted into MeCly.
The solution was filtered through a Celite-lined frit, and the volatiles were removed under
reduced pressure (0.1300g, 96%). *H NMR (dg-THF, 300 MHz) & 50 (bs), 9.7, 8.2, 7.9,
7.3,7.1,6.14,3.2, 2.9, 2.6, 1.0, -1.7, -9.4 (bs). UV-vis (THF) Amax, NM (¢, M™* cm™): 325
(sh, 2500), 996 (sh 330). UV-vis (methylcyclohexane) Amax, NM (g, M™* cm™): 320 (sh,
5280), 978 (sh, 760). Evans Method (ds-THF): 3.9 ug. Anal. Calcd. For CggH12,BFeP,: C

72.55; H 10.76; N 0. Found: C 72.39; H 10.59; N O.
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Synthesis of {[PhBPS"?“Y;]Fe(CO)},(n-oxalate), 6.9. {[PhBP“"*“Y;]Fe},(n-oxalate)
(0.0612 g, 0.074 mmol) was dissolved in 15 mL of THF and transferred to a 25 mL
Schlenk tube fitted with a stir bar. The tube was fitted with a calibrated bulb (3.89 cm™).
The vessel was placed in a dry ice/acetone bath, and CO was added to the bulb (35 cm
Hg, 0.074 mmol). The gas was introduced to the stirring solution, and the color changed
from brown to rose-red over 2 h. Volatiles were removed under reduced pressure. The
resulting solids were extracted into benzene, filtered through Celite, and lyophilized to
give a brown solid (0.0527 g, 82.4%). Crystals suitable for X-ray diffraction can be
grown from toluene at -35 °C. *H NMR (Cg¢Ds, 300 MHz) 6 7.91 (d, J = 7.5 Hz), 7.51 (t, J
= 7.5 Hz), 7.24 (t), 1.0-2.5 (m). 3P NMR (CsDs, 121.4 MHz): 50.81 (d, J = 67.7 Hz, 4P),
25.09 (t, J = 67.7 Hz, 2P). IR (KBr): 1945, 1634 cm™. UV-vis (THF) Amax, NM (¢, M cm’
): 548 (270), 398 (sh, 2200), 293 (7900), 245 (19,800). Anal. Calcd. For

C106H17882Fe206P6: C 6817, H 961, N 0. Found: C 6748, H 935, N < 0.05.

Synthesis of {[PhBP""5]Fe},»(n-0), 6.10. Solid [PhBP*™"3]FeCl (0.2553 g, 0.446 mmol)
and sodium amalgam (0.48 wt %, 1.17 mmol), and a stir bar were transferred to a 25 mL
Schlenk tube fitted with a Teflon valve. THF (13 mL) was vac-transferred onto the solids,
and the yellow solution was warmed to 0°C in an acetone bath followed by an ice bath.
An atmosphere of CO, was added to the vessel, and the reaction was stirred slowly for 2
h to give a red solution. The ice bath was removed, and the reaction was vigorously
stirred for an additional 2 h before being degassed. The solution was filtered through
Celite, and the volatiles removed. IR (KBr): 1984, 1956, 1892 cm™. The remaining solids

were extracted into benzene, filtered, and lyophilized. The solids were washed with
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petroleum ether, and the remaining solids crystallized from THF in a vapor diffusion
chamber containing MeCy (0.0368 g, 15.2%). Crystals suitable for diffraction can be
grown via vapor diffusion of petroleum ether into a benzene solution. *H NMR (C¢Ds,
300 MHz) § 27.3, 15.6, 10.8, 10.0 (t, J = 6 Hz), -0.26, -5.1. UV-vis (THF) Amax, NM (g, M’
Lem™): 948 (180), 624 (sh, 120), 535 (sh, 390), 470 (sh, 910). Evans Method (C¢Ds): 2.8
ug. Anal. Calcd. For Cs4H106B2Fe;OPg: C 59.46; H 9.80; N 0. Found: C 59.37; H 9.61; N

< 0.05.

Synthesis of [PhBP™";]Fe(CO),, 6.11. {[PhBP™"s]Fe}(n-N,) (0.0775 mmol, 0.070
mmol) was dissolved in 5 mL benzene, and transferred to a 25 mL Schlenk tube fitted
with a Teflon valve. The vessel was evacuated, and an atmosphere of CO was introduced
to the brown solution. After 20 min, the light brown solution was degassed and
Iyophilized. The resulting solids were crystallized in minimal toluene stored at -35 °C
(0.0673 mg, 72.9%). *H NMR (CgDg, 300 MHz) & 8.4, 7.8, 7.6, 5.3 (bs), 1.2, -1.3 (bs). IR
(KBr): 1955, 1888 cm™ UV-vis (THF) Ama, NM (e, M cm™): 460 (sh, 854), 400 (sh,
1800), 311 (15000). Evans Method (C¢Dg): 1.73 pg. Anal. Calcd. For CygHs3BFeO,P3: C

58.71; H 9.00; N 0. Found: C 58.40; H 8.96; N < 0.05.

Synthesis of {[PhBP""5]Fe},(u-0), 6.12 and [PhBP""5]Fe(CO),Na(THF)s, 6.14. Solid
[PhBPP"5]FeCl (0.1712 g, 0.22 mmol) and sodium amalgam (0.46 wt %, 0.587 mmol)
was transferred to a 25 mL Schlenk tube fitted with a Teflon valve. THF (13 mL) was
vac-transferred onto the solids, and the solution was warmed to 0 °C in an acetone bath

followed by an ice bath, at which time 1 atmosphere of CO, was introduced to the vessel.
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The reaction was stirred slowly for 1 h, then vigorously for 3 h. The orange/brown
solution was degassed, filtered through Celite, and the volatiles were removed under
partial pressure. The solids were extracted into benzene and filtered through celite. The
remaining benzene-insoluble orange solids were extracted into THF, and volatiles were
removed from both solutions.

The benzene extract (6.12) was re-extracted into benzene, filtered, and
lyophilized. The solids were washed with methylcyclohexane, and triply crystallized via
a benzene/petroleum ether layer to afford {[PhBP™"5]Fe},(u-O) (6.12) (0.0731 g, 22.3%).
'H NMR (CgDg, 300 MHz) & 25.6 (), 14.6 (d, J = 6 Hz), 10.41 (t, J = 6 Hz), 9.73 (t, J =
7.5 Hz), 5.17 (s), 4.22 (t, J = 6 Hz), 2.87 (5). UV-vis (THF) Amax, NM (g, M cm™): 896
(240), 653 (sh, 250), 555 (sh, 520), 491 (sh, 1270). Evans Method (CgDs): 2.8 ug. Anal.
Calcd. For CgoHg,B2Fe,0OPg: C 72.12; H 5.51; N 0. Found: C 71.70; H 5.96; N < 0.05.

The benzene-insoluble solids (6.14) were re-extracted into THF, filtered through
celite, and layered with petroleum ether at -35 °C to give [PhBP""5]Fe(CO),Na(THF)s
(6.13) (17.0 mg, 6.4%). *H NMR (ds-THF, 300 MHz) & 7.53 (s), 7.37 (5), 7.06 (t, J = 6.1
Hz), 6.83 (), 3.61, 1.77, 1.26 (bs). *'P NMR (dg-THF, 121.4 MHz) & 57.0. IR (KBr):
1870, 1781 cm™. UV-vis (THF) Ama, NM (¢, M cm™): 335 (5600). Anal. Calcd. For

Ce7Hg1BFeNaO;P5: C 68.14; H 6.91; N 0. Found: C 56.59; H 5.27; N < 0.05.

Alternative Synthesis of [PhBPPhg]Fe(CO)ZNa(THF)5, 6.14: To a stirring solution of
6.13 (0.4363 g, 0.547 mmol) in 20 mL THF, sodium amalgam (0.40 wt %, 0.602 mmol).
After 2 h, the solution was filtered through a Celite-lined frit, and volatiles were

removed. The resulting solids were washed with petroleum ether, extracted into benzene,
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and filtered through Celite. The benzene solution was then lyophilized to give an

orange/red powder (0.3405 g, 0.288 mmol, 53%).

Synthesis of {[PhBP"";]Fe}(u- n *: n %-carbonate), 6.15: A solution of 6.12 (7.5 mg,

0.005 mmol) in 1 mL of C¢Dgs was transferred to a resealable j.young NMR tube. On a
Schlenk-line, the solution was frozen with liquid nitrogen and the headspace was
evacuated. The vessel was warmed to room temperature and an atmosphere of CO, was
added to the tube. The reaction stirred for 1 h at 60 °C, during which time clean and
quantitative conversion to 6.15 occurs, as noted by a single set of paramagnetically
shifted resonances in the *H NMR spectrum. Upon exposure to an N, atmosphere or
vacuum, solutions of 6.15 revert to 6.12, precluding our ability to obtain analytically pure
material in the solid-state. Crystals of 6.15 suitable for diffraction were obtained by
layering a THF solution of 6.15 with pentane at -35 °C. *H NMR (CgDs, 300 MHz) & 120
(bs), 28.6, 15.7, 14.6, 6.2, -4.2, -13 (bs). IR (C¢De/KBr): 1470 cm™. Evans Method

(CGDG): 5.8 ug.

Synthesis of [PhBP“H?%Y;]Fe(CO),. A solution of 6.1 (0.147 mmol, 0.015 M) was
transferred to a 50 mL Schlenk tube fitted with a Teflon plug, and cooled to -78 °C. The
tube was attached to a calibrated bulb that contained two equivalents of CO (56.4 mL, 9.6
cm Hg), and the tube opened to the bulb. The reaction stirred for 18 h during which it
warmed to room temperature and changed color from lime green to dark orange.
Volatiles were removed under partial pressure, and the solids were extracted into benzene

and filtered through Celite. The resulting solution was concentrated under reduced
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pressure, and extracted into petroleum ether (64.7 mg, 47.6%). 'H NMR (CgDs, 300
MHz) & 8.1 (bs), 7.8, 7.4, 7.05, 2.0 (bs), 1.2 (bs). IR (KBr): 1959, 1894 cm™. UV-vis
(THF) Amax, NM (g, M cm™): 410 (2130), 355 (sh, 1600), 295 (sh, 4540), 253 (sh, 8300).
Evans Method (CgDg): 1.73 pg. Anal. Calcd. For CszHggBFeO,P5: C 69.35; H 9.77; N 0.

Found: C 66.52; H 9.59; N < 0.05.

6.4.7 Reaction Studies Between [PhBP“"?%Y;]Fe(PR3) and CO,

In a typical reaction, a 20 mM solution of [PhBP®"?<Y;]Fe(PRs) (0.02 mmol) was
transferred to a 15 mL Schlenk tube fitted with a Teflon plug and a stir bar. On a
Schlenk-line, the vessel was attached to a calibrated bulb. The line was flushed 3 times
with COg, and the tip of the vessel was cooled with liquid nitrogen. The vessel was then
evacuated, and ten equivalents of CO, were loaded into the calibrated bulb and
condensed into the vessel with liquid nitrogen. The reaction was allowed to stir for 24 h
prior to removal of the volatiles. The solids were dissolved in 700 pL of a standard CgDs
solution containing 10 mM P'Bus and transferred to a j.young resealable NMR tube,
saving an aliquot for IR analysis. Both *H and **P NMR were collected, and peaks
corresponding to 6.2, PtBus, and PR3 were integrated. The samples were then attached to
a Shlenk line, frozen, and evacuated, and filled with an atmosphere of CO. The NMR
tubes were sealed and allowed to stir for an hour prior to repeating the NMR analysis.
Now, in the *'P NMR spectra peaks corresponding to 6.2, 6.9, P'Bus, and PR3 were
integrated. This method allowed us to determine the percent conversion, as well as the

relative ratio of CO bond cleavage to C-C coupling.
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Appendix 1: Supplementary Data for Chapter 2
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Table Al.1. Cyclic voltammetry data for complexes 2.3-2.6%

Compound Eup (vs. Fe/Fc) IV Event

2.3 -0.38 Quasi-reversible oxidation
0.27 Irreversible oxidation

24 -0.94 Quasi-reversible oxidation
-0.22 Irreversible oxidation
0.21 Quasi-reversible oxidation

25 -0.92 Quasi-reversible oxidation
-0.10 Quasi-reversible oxidation

2.6 -0.38 Reversible oxidation
-2.43 Reversible reduction

*Experimental parameters: 0.4 M ["BusN][PFe], 0.5 mM analyte. Reversible peaks revealed no
scan-rate dependence.

.
—r

1 | 1 | 1 | 1
02 0 0.2 04 06 028 -1
potential I V {vs. Fc/Fc+)

Figure Al.1. Cyclic voltammograms of 2.3 (bottom) and 2.4 (top)
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Figure Al.2. Displacement ellipsoid (50%) representation of 2.3. Hydrogen atoms, solvent

molecules, and the minor components of the disorder were removed for clarity.
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Table A1.2. Select bond lengths [A] and angles [°] for 2.3

Fe(1)-N(4)
Fe(1)-N(1)
Fe(1)-N(3)
Fe(1)-P(2)
Fe(1)-P(1)
Fe(1)-P(3)
Fe(2)-N(3)
Fe(2)-N(4)
Fe(2)-N(2)
Fe(2)-P(6)
Fe(2)-P(4)
Fe(2)-P(5)
N(1)-N(2)
N(1)-H(1N)
N(1)-H(2N)
N(2)-H(3N)
N(2)-H(4N)
N(3)-N(4)
N(3)-H(5N)
N(4)-H(6N)
N(4)-Fe(1)-N(1)
N(4)-Fe(1)-N(3)
N(1)-Fe(1)-N(3)
N(4)-Fe(1)-P(2)
N(1)-Fe(1)-P(2)
N(3)-Fe(1)-P(2)
N(4)-Fe(1)-P(1)
N(1)-Fe(1)-P(1)
N(3)-Fe(1)-P(1)
P(2)-Fe(1)-P(1)
N(4)-Fe(1)-P(3)
N(1)-Fe(1)-P(3)
N(3)-Fe(1)-P(3)
P(2)-Fe(1)-P(3)
P(1)-Fe(1)-P(3)
N(3)-Fe(2)-N(4)
N(3)-Fe(2)-N(2)
N(4)-Fe(2)-N(2)
N(3)-Fe(2)-P(6)
N(4)-Fe(2)-P(6)
N(2)-Fe(2)-P(6)
N(3)-Fe(2)-P(4)
N(4)-Fe(2)-P(4)
N(2)-Fe(2)-P(4)
P(6)-Fe(2)-P(4)
N(3)-Fe(2)-P(5)
N(4)-Fe(2)-P(5)
N(2)-Fe(2)-P(5)
P(6)-Fe(2)-P(5)
P(4)-Fe(2)-P(5)
N(2)-N(1)-Fe(1)
N(2)-N(1)-H(1N)
Fe(1)-N(1)-H(1N)

1.978(2)
2.028(3)
2.030(2)
2.2202(8)
2.2477(9)
2.2610(8)
1.999(2)
2.023(2)
2.026(3)
2.2369(9)
2.2472(8)
2.2695(8)
1.465(3)
0.870(17)
0.861(17)
0.899(17)
0.875(17)
1.429(3)
0.892(17)
0.875(17)
80.10(10)
41.74(10)
86.30(10)
108.66(8)
88.40(7)
150.39(7)
98.95(8)
176.49(7)
95.27(8)
88.69(3)
158.62(8)
95.77(8)
117.42(7)
92.08(3)
86.30(3)
41.62(10)
80.30(10)
86.76(10)
111.12(8)
152.71(8)
89.19(7)
97.84(8)
92.42(7)
177.94(8)
90.69(3)
157.18(8)
116.34(8)
94.47(8)
90.87(3)
87.58(3)
113.21(17)
105(2)
125(2)

N(2)-N(1)-H(2N)
Fe(1)-N(1)-H(2N)
H(1N)-N(1)-H(2N)
N(1)-N(2)-Fe(2)
N(1)-N(2)-H(3N)
Fe(2)-N(2)-H(3N)
N(1)-N(2)-H(4N)
Fe(2)-N(2)-H(4N)
H(3N)-N(2)-H(4N)
N(4)-N(3)-Fe(2)
N(4)-N(3)-Fe(1)
Fe(2)-N(3)-Fe(1)
N(4)-N(3)-H(5N)
Fe(2)-N(3)-H(5N)
Fe(1)-N(3)-H(5N)
N(3)-N(4)-Fe(1)
N(3)-N(4)-Fe(2)
Fe(1)-N(4)-Fe(2)
N(3)-N(4)-H(6N)
Fe(1)-N(4)-H(6N)
Fe(2)-N(4)-H(6N)

105(2)
106(2)
100(3)
111.89(17)
111(2)
118(2)
103(2)
108(2)
104(3)
70.10(14)
67.15(13)
115.53(12)
109(2)
120(2)
119(2)
71.11(14)
68.29(14)
116.84(12)
103(2)
118(2)
117(2)



Table A1.3. Crystal data and structure refinement for 2.3

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 68.98°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

d8_08057

C114 H112 B2 Fe2 N4 P6
742.89

100(2) K

1.54178 A

triclinic

P-1

a=13.8645(3) A a= 97.9010(10)°.
b =16.9859(3) A B=99.3150(10)°.
y = 92.5280(10)°.

¢ =20.7527(4) A
4766.03(16) A3

2

1.294 Mg/m3

3.793 mm-1

1952

0.20 x 0.15 x 0.10 mm?3
2.18 t0 68.98°.

-16<=h<=16, -20<=k<=20, -25<=|<=23

92552

16868 [R(int) = 0.0380]

95.2 %

Semi-empirical from equivalents
0.7029 and 0.5176

Full-matrix least-squares on F?2
16868 / 3643/ 1277

1.059

R1 = 0.0558, wR2 = 0.1503
R1 =0.0626, wR2 = 0.1557
1.454 and -0.601 e.A3
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P

ey

Figure ALl.3. Displacement ellipsoid (50%) representation of 2.4. Hydrogen atoms, solvent

molecules, and the minor components of the disorder were removed for clarity.



Table Al.4. Select bond lengths [A] and angles [°] for 2.4

N(1)-N(1)#1
N(1)-Fe(1)#1
N(1)-Fe(1)
N(1)-H(1)
N(2)-N(2)#1
N(2)-Fe(1)
N(2)-H(2B)
N(2)-H(2C)
Fe(1)-N(L)#1
Fe(1)-P(3)
Fe(1)-P(2)
Fe(1)-P(1)
N(1)#1-N(1)-Fe(1)#1
N(1)#1-N(1)-Fe(1)
Fe(1)#1-N(1)-Fe(1)
N(1)#1-N(1)-H(L)
Fe(1)#1-N(1)-H(1)
Fe(1)-N(1)-H(1)
N(2)#1-N(2)-Fe(1)
N(2)#1-N(2)-H(2B)

1.446(10)
1.980(5)
2.026(5)
0.901(18)
1.456(11)
2.047(5)
0.897(18)
0.883(18)
1.980(5)
2.206(2)
2.2278(16)
2.2398(18)
70.5(3)
67.2(3)
116.3(2)
121(4)
124(4)
118(4)
110.8(3)
108(4)

Fe(1)-N(2)-H(2B)
N(2)#1-N(2)-H(2C)
Fe(1)-N(2)-H(2C)
H(2B)-N(2)-H(2C)
N(1)#1-Fe(1)-N(1)
N(1)#1-Fe(1)-N(2)
N(1)-Fe(1)-N(2)
N(1)#1-Fe(1)-P(3)
N(1)-Fe(1)-P(3)
N(2)-Fe(1)-P(3)
N(1)#1-Fe(1)-P(2)
N(1)-Fe(1)-P(2)
N(2)-Fe(1)-P(2)
P(3)-Fe(1)-P(2)
N(1)#1-Fe(1)-P(1)
N(1)-Fe(1)-P(1)
N(2)-Fe(1)-P(1)
P(3)-Fe(1)-P(1)
P(2)-Fe(1)-P(1)

94(4)
114(4)
118(4)
110(6)

42.3(3)

79.07(19)

86.1(2)
110.04(16)
151.78(15)

94.40(18)

98.77(14)

90.15(14)
176.15(17)

89.33(7)
156.73(16)
116.23(15)

92.17(16)

91.97(7)

88.64(6)
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Table A1.5. Crystal data and structure refinement for 2.4

Identification code 08362

Empirical formula C55 H102 B1 Fe1 N2 P3 0O1

Formula weight 1965.91

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group c2/c

Unit cell dimensions a=16.4698(22) A a= 90°.
b = 27.3840(37) A p=93.697(2) °.
¢ = 25.1537(46) A y = 90°.

Volume 11321(3)A3

4 16

Density (calculated) 1.153 Mg/m3

Absorption coefficient 0.391 mm-

F(000) 4304

Crystal size 0.35x 0.35 x 0.10 mm3

Theta range for data collection 1.44 to 23.26°.

Index ranges -18<=h<=18, -30<=k<=30, -27<=I<=27

Reflections collected 72933

Independent reflections 8144 [R(int) = 0.1036]

Completeness to theta = 23.26° 100 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9620 and 0.8754

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 8144/ 3201/ 1013

Goodness-of-fit on F2 1.203

Final R indices [I>2sigma(l)] R1=0.0717, wR2 = 0.1520

R indices (all data) R1=0.1417, wR2 = 0.2045

Largest diff. peak and hole 0.803 and -0.546 e.A3
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Figure Al.4. Displacement ellipsoid (50%) representation of 2.5. Hydrogen atoms, solvent

molecules, and the minor components of the disorder were removed for clarity.
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Table A1.6. Select bond lengths [A] and angles [°] for 2.5

Fe(1)-N(1) 1.882(8) N(2)#1-Fe(1)-P(3)
Fe(1)-N(2)#1 2.034(9) N(2)-Fe(1)-P(3)
Fe(1)-N(2) 2.049(8) P(2)-Fe(1)-P(3)
Fe(1)-P(2) 2.252(3) N(1)-Fe(1)-P(1)
Fe(1)-P(3) 2.273(3) N(2)#1-Fe(1)-P(1)
Fe(1)-P(1) 2.291(3) N(2)-Fe(1)-P(1)
N(1)-N(1)#1 1.283(15) P(2)-Fe(1)-P(1)
N(1)-H(1) 0.88(2) P(3)-Fe(1)-P(1)
N(2)-Fe(1)#1 2.034(9) N(1)#1-N(1)-Fe(1)
N(2)-H(2A) 0.92(2) N(1)#1-N(1)-H(1)
N(2)-H(2B) 0.91(2) Fe(1)-N(1)-H(1)
N(1)-Fe(1)-N(2)#1 81.2(3) Fe(1)#1-N(2)-Fe(1)
N(1)-Fe(1)-N(2) 82.2(3) Fe(1)#1-N(2)-H(2A)
N(2)#1-Fe(1)-N(2) 74.5(4) Fe(1)-N(2)-H(2A)
N(1)-Fe(1)-P(2) 97.4(2) Fe(1)#1-N(2)-H(2B)
N(2)#1-Fe(1)-P(2) 95.5(2) Fe(1)-N(2)-H(2B)
N(2)-Fe(1)-P(2) 169.9(3) H(2A)-N(2)-H(2B)

N(1)-Fe(1)-P(3) 90.3(3)

170.6(2)
100.4(3)
89.61(10)
174.5(3)
99.7(2)
92.9(2)
87.87(10)
88.37(11)
118.6(2)
116(6)
123(6)
98.3(4)
114(6)
119(6)
106(7)
120(6)

99(9)
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Table Al.7. Crystal data and structure refinement for 2.5

Identification code 08318

Empirical formula C110 H202 B2 Fe2 N4 O3 P6

Formula weight 1947.90

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=15.914(3) A a=90°.
b =27.596(4) A B=97.306(3)".
c=25.488(4) A y =90°.

Volume 11103(3) A3

z 4

Density (calculated) 1.165 Mg/m3

Absorption coefficient 0.397 mm-1

F(000) 4264

Crystal size 0.25 x 0.22 x 0.20 mm?3

Theta range for data collection

Index ranges

1.48 to 23.25°.

-17<=h<=17, -30<=k<=30, -28<=[<=28

Reflections collected 81105
Independent reflections 7983 [R(int) = 0.1137]
Completeness to theta = 23.25° 100.0 %

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Semi-empirical from equivalents
0.9248 and 0.9073

Full-matrix least-squares on F?2
7983 /2064 / 848

1.265

R1 =0.1303, wR2 = 0.3042
R1=0.1471, wR2 = 0.3120
0.878 and -0.876 e.A3
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Figure ALl.5. Displacement ellipsoid (50%) representation of 2.6. Hydrogen atoms, solvent

molecules, and the minor components of the disorder were removed for clarity.
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Table A1.8. Select Bond lengths [A] and angles [°] for 2.6

Fe(1)-N(1) 1.884(4) N(2)-Fe(2)-N(3) 81.78(17)
Fe(1)-N(4) 1.972(4) N(2)-Fe(2)-N(4) 83.46(16)
Fe(1)-N(3) 1.980(4) N(3)-Fe(2)-N(4) 42.97(15)
Fe(1)-P(2) 2.2480(13) N(2)-Fe(2)-P(6) 91.93(13)
Fe(1)-P(1) 2.2641(13) N(3)-Fe(2)-P(6) 156.66(11)
Fe(1)-P(3) 2.2950(12) N(4)-Fe(2)-P(6) 114.16(11)
Fe(2)-N(2) 1.889(4) N(2)-Fe(2)-P(5) 91.25(12)
Fe(2)-N(3) 1.975(4) N(3)-Fe(2)-P(5) 113.04(12)
Fe(2)-N(4) 2.005(4) N(4)-Fe(2)-P(5) 155.89(11)
Fe(2)-P(6) 2.2356(12) P(6)-Fe(2)-P(5) 89.44(5)
Fe(2)-P(5) 2.2403(12) N(2)-Fe(2)-P(4) 179.00(13)
Fe(2)-P(4) 2.2875(13) N(3)-Fe(2)-P(4) 97.70(12)
N(1)-N(2) 1.281(5) N(4)-Fe(2)-P(4) 96.75(11)
N(1)-H(1N) 0.929(18) P(6)-Fe(2)-P(4) 88.88(5)
N(2)-H(2N) 0.919(18) P(5)-Fe(2)-P(4) 88.17(5)
N(3)-N(4) 1.458(5) N(2)-N(1)-Fe(1) 122.2(3)
N(3)-H(3N) 0.915(15) N(2)-N(1)-H(1N) 119(3)
N(4)-H(4N) 0.878(15) Fe(1)-N(1)-H(1N) 118(3)
N(1)-Fe(1)-N(4) 84.20(17) N(L)-N(2)-Fe(2) 123.6(3)
N(1)-Fe(1)-N(3) 82.78(17) N(L)-N(2)-H(2N) 126(3)
N(4)-Fe(1)-N(3) 43.30(15) Fe(2)-N(2)-H(2N) 110(3)
N(1)-Fe(1)-P(2) 85.43(13) N(4)-N(3)-Fe(2) 69.6(2)
N(4)-Fe(1)-P(2) 160.31(11) N(4)-N(3)-Fe(1) 68.1(2)
N(3)-Fe(1)-P(2) 118.65(12) Fe(2)-N(3)-Fe(1) 114.71(18)
N(1)-Fe(1)-P(1) 99.25(14) N(4)-N(3)-H(3N) 110(2)
N(4)-Fe(1)-P(1) 107.62(11) Fe(2)-N(3)-H(3N) 120.5(11)
N(3)-Fe(1)-P(1) 150.78(12) Fe(1)-N(3)-H(3N) 119.4(11)
P(2)-Fe(1)-P(1) 90.54(5) N(3)-N(4)-Fe(1) 68.6(2)
N(1)-Fe(1)-P(3) 168.08(14) N(3)-N(4)-Fe(2) 67.4(2)
N(4)-Fe(1)-P(3) 100.61(11) Fe(1)-N(4)-Fe(2) 113.75(17)
N(3)-Fe(1)-P(3) 93.21(11) N(3)-N(4)-H(4N) 121(2)
P(2)-Fe(1)-P(3) 86.68(4) Fe(1)-N(4)-H(4N) 123.4(10)

P(1)-Fe(1)-P(3) 89.74(4) Fe(2)-N(4)-H(4N) 121.2(10)
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Table A1.9. Crystal data and structure refinement for 2.6

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.08°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

08348

C108 H104 B2 Fe2 N4 P6
1777.09

100(2) K

0.71073 A

Triclinic

P-1

a=13.5700(17) A a= 95.483(4)°.
b =13.8818(19) A B=95.884(4)°.
c =28.049(5) A y = 118.639(2)°.

4549.1(12) A3

2

1.297 Mg/m3

0.477 mm-1

1864

0.35x 0.13 x 0.05 mm3
1.48 to 26.08°.

-16<=h<=16, -17<=k<=17, -34<=I<=34

75437

17915 [R(int) = 0.0773]

99.2 %

Semi-empirical from equivalents
0.9766 and 0.8510

Full-matrix least-squares on F?2
17915/ 7915/ 1603

1.037

R1=0.0676, wR2 =0.1718
R1=0.1172, wR2 = 0.2050
1.045 and -0.510 e A3
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Figure A1.6. Displacement ellipsoid (50%) representation of 2.7. Hydrogen atoms, solvent molecules,
and the minor components of the disorder (ligand) were removed for clarity. The disorder in the two

imido ligands is shown.
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Table A1.10. Select bond lengths [A] and angles [°] for 2.7

Fe(1)-N(3) 1.794(9) P(2)-Fe(1)-Fe(2) 123.68(3)
Fe(1)-N(2) 1.835(3) P(1)-Fe(1)-Fe(2) 126.90(3)
Fe(1)-N(1) 1.858(3) P(3)-Fe(1)-Fe(2) 129.03(3)
Fe(1)-P(2) 2.3278(9) N(3)-Fe(2)-N(2) 49.6(4)
Fe(1)-P(1) 2.3332(9) N(3)-Fe(2)-N(1) 75.1(4)
Fe(1)-P(3) 2.3707(9) N(2)-Fe(2)-N(1) 79.59(15)
Fe(1)-Fe(2) 2.7392(7) N(3)-Fe(2)-P(4) 108.3(4)
Fe(2)-N(3) 1.770(9) N(2)-Fe(2)-P(4) 157.75(12)
Fe(2)-N(2) 1.804(4) N(1)-Fe(2)-P(4) 98.30(10)
Fe(2)-N(1) 1.855(3) N(3)-Fe(2)-P(5) 94.0(3)
Fe(2)-P(4) 2.3063(10) N(2)-Fe(2)-P(5) 92.00(12)
Fe(2)-P(5) 2.3192(9) N(1)-Fe(2)-P(5) 168.93(10)
Fe(2)-P(6) 2.3204(9) P(4)-Fe(2)-P(5) 86.74(3)
N(1)-H(1N) 0.817(14) N(3)-Fe(2)-P(6) 164.3(4)
N(2)-H(2N) 0.867(14) N(2)-Fe(2)-P(6) 114.83(11)
N(3)-H(3N) 0.910(15) N(1)-Fe(2)-P(6) 102.15(10)
N(3)-Fe(1)-N(2) 48.7(4) P(4)-Fe(2)-P(6) 87.34(3)
N(3)-Fe(1)-N(1) 74.4(4) P(5)-Fe(2)-P(6) 87.87(3)
N(2)-Fe(1)-N(1) 78.70(15) N(3)-Fe(2)-Fe(1) 40.1(3)
N(3)-Fe(1)-P(2) 87.2(3) N(2)-Fe(2)-Fe(1) 41.61(11)
N(2)-Fe(1)-P(2) 95.82(12) N(1)-Fe(2)-Fe(1) 42.51(9)
N(1)-Fe(1)-P(2) 159.70(10) P(4)-Fe(2)-Fe(1) 125.48(3)
N(3)-Fe(1)-P(1) 149.9(4) P(5)-Fe(2)-Fe(1) 126.91(3)
N(2)-Fe(1)-P(1) 102.35(12) P(6)-Fe(2)-Fe(1) 128.96(3)
N(1)-Fe(1)-P(1) 112.28(10) Fe(2)-N(1)-Fe(1) 95.07(14)
P(2)-Fe(1)-P(1) 87.95(3) Fe(2)-N(1)-H(IN) 132.4(12)
N(3)-Fe(1)-P(3) 120.7(4) Fe(1)-N(1)-H(IN) 132.3(12)
N(2)-Fe(1)-P(3) 168.46(12) Fe(2)-N(2)-Fe(1) 97.66(17)
N(1)-Fe(1)-P(3) 94.26(9) Fe(2)-N(2)-H(2N) 133.2(12)
P(2)-Fe(1)-P(3) 87.66(3) Fe(1)-N(2)-H(2N) 128.8(12)
P(1)-Fe(1)-P(3) 88.75(3) Fe(2)-N(3)-Fe(1) 100.4(4)
N(3)-Fe(1)-Fe(2) 39.5(3) Fe(2)-N(3)-H(3N) 130.9(14)
N(2)-Fe(1)-Fe(2) 40.73(11) Fe(1)-N(3)-H(3N) 128.6(14)

N(1)-Fe(1)-Fe(2) 42.42(9)
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Table A1.11. Crystal data and structure refinement for 2.7

Identification code d8 09016

Empirical formula C105 H114 B2 Fe2 N2 P6

Formula weight 1723.12

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=16.4689(4) A a=90°.
b = 14.2851(3) A B=101.2670(10)°.
¢ =37.7006(8) A y = 90°.

Volume 8698.5(3) A3

z 4

Density (calculated) 1.316 Mg/m3

Absorption coefficient 4.103 mm-1

F(000) 3640

Crystal size 0.30 x 0.20 x 0.07 mm?3

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 69.01°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

2.39t0 69.01°.

-19<=h<=19, -17<=k<=17, -44<=I<=45

167430

15614 [R(int) = 0.0557]

96.5 %

Semi-empirical from equivalents
0.7622 and 0.3724

Full-matrix least-squares on F?2
15614 / 6855/ 1537

1.058

R1 =0.0542, wR2 = 0.1292
R1 =0.0642, wR2 = 0.1354
0.847 and -0.542 e.A3



A-18

Appendix 2: Supplementary Data for Chapter 3
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Figure A2.1. Overlay of 'H (red) and *H{*'P} (blue) NMR (THF-ds, -75 °C) spectrum of 3.1
prepared with *°N,H,. Peaks marked by a purple box are due to [PhBP5]Fe(CO),H, with the inset

indicating the hydride resonance of [PhBP;]Fe(CO),H.

I ‘ 20mM CeDs |

20 mM CsDs
+5 equiv dg-THF |

4

20 mM CsDs I3
h + 20 equiv dé-THF

20 mM CeDs
+ 100 equiv ds-THF

2

20 mM dg-THF

6.0 55 5.0 45 4.0 35 20 1.5 1.0 0.5 0.0 0.5

3.0 25
1H (ppm)

Figure A2.2. '"H NMR spectra of 3.1 (22 °C) in various solvent ratios. The spectrum in THF-dg is
®N-enriched. The NHHyas resonance is shown in a black box, highlighting the effect of

hydrogen-bonding to THF.
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Figure A2.3. 'H{*'P} NMR spectrum of **N-enriched 3.2 (THF-dg)

9.65 9.60 9.55 9.50 9.;15 9.;10 9.‘35 9.50 9.é5
1H (ppm)
Figure A2.4. Simulation (top) and experimental (bottom) *H NMR spectrum of the NH proton in
>N-enriched 3.2. Fitting parameters: & 9.494, “Jyy = -71.0 Hz, 2Juy = -2.1 Hz, 3Jyy = 14.8 Hz,
lJNN =95Hz
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Figure A2.5. 'H NMR spectrum of 3.3 (THF-dg). The inset shows the same spectrum in a larger

chemical shift window.

1 1.5 12 12.5 13

Field/kG
Figure A2.6. Two-pulse echo-detected EPR spectrum of 3.3 (red) and fit (black). Experimental
Conditions: pulse length, = = 200 ns; microwave frequency, 35.003 GHz, repetition time, 20 ms;
T = 600 ns; 20 shots per point, temperature, 2 K. Spectrum was simulated with g = [2.125, 2.040,
2.120], and an anisotropic Gaussian linewidth of [55, 65, 45] G to account for the EPR linewidth

contribution that is due to unresolved hyperfine couplings.
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/\ 2.124

v (MHz)

Figure A2.7. Davies N pulsed ENDOR spectra from °N-3.3, 2D field-frequency pattern (black
traces) with simulations (red traces). The spectra have been simulated using a single type of *°N
nucleus whose hyperfine tensor is rotated relative to g by 7° around the N-N vector (gi). The
dotted black line corresponds to an ENDOR response from P nuclei in 3.3. Experimental
conditions: microwave frequency, 34.922-34.983 GHz; = = 200 ns; t = 600 ns; ts = 30 ps;
repetition rate, 20 ms; RF randomly hopped. Simulations. g = [2.125, 2.040, 2.020] (g1 = 2); A =
[6.7, 5.6, 17.8] MHz; (a,B,y) = (7,5,0); microwave frequency, 34.983 GHz; EPR linewidth, 300
MHz; ENDOR linewidth, 0.25 MHz; the maximum simulation intensity is individually matched
to the maximum ENDOR intensity at each field.
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N 2.124
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Figure A2.8. Davies N pulsed ENDOR spectra from *°N-3.3, 2D field-frequency pattern (black
traces) with simulations (blue traces). The spectra have been simulated using a sum of two
magnetically equivalent *°N nuclei whose hyperfine tensors are rotated relative to g by 0° and 15°
around the N-N vector (g,). The dotted black line corresponds to an ENDOR response from *'P
nuclei in 3.3. Experimental conditions: microwave frequency, 34.922-34.983 GHz; = = 200 ns; 1
=600 ns; t, = 30 ps; repetition rate, 20 ms; RF randomly hopped. Simulations. g = [2.125, 2.040,
2.020] (91 = 2); A = [6.7, 5.6, 17.8] MHz; (a,B,y) = (0,5,0:N1), (15,5,0:N2); microwave
frequency, 34.983 GHz; EPR linewidth, 300 MHz; ENDOR linewidth, 0.25 MHz; the ENDOR
intensity from N1 and N2 have been given equal weight in the summation; the maximum

simulation intensity is individually matched to the maximum ENDOR intensity at each field.
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Figure A2.9. PESTRE spectra measured at the v. (14 MHz; black) and v. (4 MHz; blue)
frequencies from the >N ENDOR response at g, = 2.024 in °N-3.3. Inset. Davies N ENDOR
spectrum at g,. The frequencies at which a PESTRE spectrum is acquired are denoted by stars.
Conditions. PESTRE: microwave frequency, 34.974 GHz; = = 200 ns; t = 600 ns; repetition rate,
25 ms; t = 30 ps; RF frequency, 14 MHz (v,) and 4.0 MHz (v.); tmix = 5 ms; N ENDOR: &t =
200 ns; t = 600 ns; repetition rate, 20 ms; t,; = 30 us; RF frequency randomly hopped
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Figure A2.10. Isocontour plots (0.04) of the frontier orbitals of 3.3 (left; o spin) and 3.2 (right).
The B orbitals for 3.3 were similar to the analogous o orbitals and are not shown. For the anion
3.3, the energy difference between HOMO-1 and HOMO-2 is 0.67 kcal/mol (o) and 1.39
kcal/mol (B). The ordering of these orbitals is switched from that of the HOMO and HOMO-1 for
3.2, in which the energy difference is 5.41 kcal/mol.
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Mulliken atomic spin densities:
Fe 0.721455 ]
Fe 0.729157

-0.362834

_0.354171 — Fe-NH-NH-Fe core
0.018239
0.027385

IT=ZZ

0.002566 )
-0.012063
-0.003940
-0.015531 _—

— carbonyl

oNoNONS)

0.036846
-0.013408
0.034039
-0.013344
0.032824
0.031901

—  phosphines

TTTTUTTUTDT

Figure A2.11. Isocontour plot (0.002) of the spin density of 3.3 with calculated densities listed.
The remainder of the density (ca. 14 %) residing on the aryl rings of the ligands
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Table A2.1. Select bond lengths [A] and angles [°] for 3.1

Fe(1)-C(46) 1.758(2)
Fe(1)-N(1) 1.991(2)
Fe(1)-N(2) 2.019(2)
Fe(1)-P(2) 2.2335(6)
Fe(1)-P(1) 2.2340(6)
Fe(1)-P(3) 2.3602(6)
C(46)-0(1) 1.155(3)
N(1)-N(2) 1.383(3)

C(46)-Fe(1)-N(1) 91.85(9)
C(46)-Fe(1)-N(2) 93.75(9)

N(L)-Fe(1)-N(2) 40.33(9)
C(46)-Fe(1)-P(2) 92.31(7)
N(L)-Fe(1)-P(2) 153.49(7)
N(2)-Fe(1)-P(2) 113.23(7)
C(46)-Fe(1)-P(1) 90.85(7)
N(L)-Fe(1)-P(1) 113.69(7)
N(2)-Fe(1)-P(L) 153.69(7)
P(2)-Fe(1)-P(1) 92.41(2)
C(46)-Fe(1)-P(3)  179.12(7)
N(L)-Fe(1)-P(3) 89.00(6)
N(2)-Fe(1)-P(3) 86.77(6)
P(2)-Fe(1)-P(3) 86.83(2)
P(1)-Fe(1)-P(3) 89.00(2)
O(1)-C(46)-Fe(1l)  178.5(2)
N(2)-N(1)-Fe(1) 70.94(13)

N(L)-N(2)-Fe(1) 68.73(12)
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Table A2.2. Crystal data and structure refinement for 3.1

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.88°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

d8 09026 1

C55H53 B Fe N2 O P3
917.56

100(2) K

1.54178 A

Monoclinic

P2(1)/c

a=22.3583(6) A a=90°.
b =11.8150(3) A B=97.956(2)°.
c=18.1214(6) A y = 90°.

4740.9(2) A3

4

1.286 Mg/m3

3.823 mm-1!

1924

0.40 x 0.22 x 0.07 mm3
3.99 to 66.88°.

-26<=h<=26, -14<=k<=14, -20<=I<=16

65781

8118 [R(int) = 0.0393]

96.3 %

Multi-scan

0.7757 and 0.3100
Full-matrix least-squares on F2
8118/ 1023/ 706

1.082

R1 =0.0391, wR2 = 0.1052
R1 = 0.0436, wR2 = 0.1085
0.968 and -0.348 e.A3
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Figure A2.12. Displacement ellipsoid (50%) representation of 3.2. Hydrogen atoms, minor components of

disorder, and solvent molecules were removed for clarity.
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Table A2.3. Select bond lengths [A] and angles [] for 3.2

Fe(1)-C(46) 1.773(4) N(1)-Fe(1)-P(2)
Fe(1)-N(1) 1.824(3) P(3)-Fe(1)-P(2)
Fe(1)-P(3) 2.2109(10) P(1)-Fe(1)-P(2)
Fe(1)-P(1) 2.2383(10) N(2)-N(1)-Fe(1)
Fe(1)-P(2) 2.3248(10) N(2)-N(1)-H(1N)
N(1)-N(2) 1.362(4) Fe(1)-N(1)-H(1N)
N(1)-H(1N) 0.886(18) O(1)-C(46)-Fe(1)
C(46)-O(1) 1.147(4) C(92)-Fe(2)-N(2)
Fe(2)-C(92) 1.773(4) C(92)-Fe(2)-P(5)
Fe(2)-N(2) 1.841(3) N(2)-Fe(2)-P(5)
Fe(2)-P(5) 2.2156(11) C(92)-Fe(2)-P(6)
Fe(2)-P(6) 2.2481(10) N(2)-Fe(2)-P(6)
Fe(2)-P(4) 2.3140(11) P(5)-Fe(2)-P(6)
N(2)-H(2N) 0.873(18) C(92)-Fe(2)-P(4)
C(92)-0(2) 1.150(4) N(2)-Fe(2)-P(4)
C(46)-Fe(1)-N(1) 93.15(14) P(5)-Fe(2)-P(4)
C(46)-Fe(1)-P(3) 90.60(11) P(6)-Fe(2)-P(4)
N(1)-Fe(1)-P(3) 126.62(10) N(1)-N(2)-Fe(2)
C(46)-Fe(1)-P(1) 93.37(11) N(1)-N(2)-H(2N)
N(1)-Fe(1)-P(1) 140.66(10) Fe(2)-N(2)-H(2N)
P(3)-Fe(1)-P(1) 92.05(4) 0(2)-C(92)-Fe(2)

C(46)-Fe(1)-P(2) 179.26(12)

86.12(10)
89.77(4)
87.25(4)
130.0(2)
110(3)
119(3)
175.7(3)
92.40(15)
91.34(12)
127.96(10)
93.55(11)
139.54(10)
91.87(4)
178.40(12)
86.09(10)
89.17(4)
87.94(4)
131.7(2)
106(3)
122(3)
176.5(3)
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Table A2.4. Crystal data and structure refinement for 3.2

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 65.10°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

pm

C52 H48 B Fe N O P3
862.48

100(2) K

1.54178 A

Triclinic

P-1

a=12.5497(3) A o= 87.989(2)°.
b = 16.5501(4) A B=76.110(2)°.
¢ =22.2784(5) A v = 76.326(2)°.

4363.42(18) A3

4

1.313 Mg/m3

4.113 mm

1804

0.14 x 0.11 x 0.10 mm3
2.04 to 65.10°.

-14<=h<=14, -19<=k<=19, -26<=I<=26

85059

14565 [R(int) = 0.0639]

97.8 %

Semi-empirical from equivalents
0.6838 and 0.5967

Full-matrix least-squares on F2
14565/ 1506/ 1124

1.072

R1 = 0.0556, wR2 = 0.1385
R1 =0.0713, wR2 = 0.1476
1.027 and -0.670 e. A3
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Figure A2.13. Displacement ellipsoid (50%) representation of 3.3. Hydrogen atoms, the Na

counter-cation, and solvent molecules were removed for clarity.
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Table A2.5. Select bond lengths [A] and angles [°] for 3.3

Fe(1)-C(46) 1.750(3) C(92)-Fe(2)-P(4) 178.68(10)
Fe(1)-N(1) 1.876(2) N(2)-Fe(2)-P(4) 87.33(8)
Fe(1)-P(3) 2.2209(10) P(6)-Fe(2)-P(4) 88.77(4)
Fe(1)-P(2) 2.2370(10) P(5)-Fe(2)-P(4) 86.93(4)
Fe(1)-P(1) 2.3011(11) N(1)-N(2)-Fe(2) 131.42(19)
N(1)-N(2) 1.342(3) N(1)-N(2)-H(2N) 104(2)
N(1)-H(1N) 0.903(19) Fe(2)-N(2)-H(2N) 124(2)
C(46)-0(1) 1.160(4) 0(2)-C(92)-Fe(2)

Fe(2)-C(92) 1.753(3) 175.9(3)

Fe(2)-N(2) 1.884(2)

Fe(2)-P(6) 2.2069(9)

Fe(2)-P(5) 2.2268(12)

Fe(2)-P(4) 2.2937(9)

N(2)-H(2N) 0.899(19)

C(92)-0(2) 1.155(4)

C(46)-Fe(1)-N(1) 92.77(12)

C(46)-Fe(1)-P(3) 91.08(9)

N(1)-Fe(1)-P(3) 127.21(8)

C(46)-Fe(1)-P(2) 93.64(9)

N(1)-Fe(1)-P(2) 141.19(8)

P(3)-Fe(1)-P(2) 90.89(3)

C(46)-Fe(1)-P(1) 177.75(8)

N(1)-Fe(1)-P(1) 85.27(9)

P(3)-Fe(1)-P(1) 91.00(4)

P(2)-Fe(1)-P(1) 87.21(4)

N(2)-N(1)-Fe(1) 133.02)

N(2)-N(1)-H(1N) 103(2)

Fe(1)-N(1)-H(1N) 123(2)

O(1)-C(46)-Fe(1) 176.3(2)

C(92)-Fe(2)-N(2) 93.18(11)

C(92)-Fe(2)-P(6) 89.94(10)

N(2)-Fe(2)-P(6) 125.57(9)

C(92)-Fe(2)-P(5) 93.45(10)

N(2)-Fe(2)-P(5) 140.08(8)

P(6)-Fe(2)-P(5) 93.76(4)
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Table A2.6. Crystal data and structure refinement for 3.3

Identification code
Empirical formula
03.10 P2
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.45°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient
Largest diff. peak and hole

car3l

C48.23 H63.12 B0.67 Fe0.67 NO.67 Na0.33

815.89
100(1) K
0.73A

Triclinic

P-1
a=12.380(3) A
b =22.750(5) A
c=24.870(5) A

o= 107.95(3)°.
B= 92.56(3)°.
vy = 101.30(3)°.

6493(2) A3

6

1.252 Mg/m3

0.360 mm-

2618

0.17 x 0.15 x 0.07 mm3
0.87 to 25.45°,

-14<=h<=14, -27<=k<=27, -30<=I<=30

219105

21306 [R(int) = 0.0852]

88.7 %

Full-matrix least-squares on F2
21306 / 5305/ 1964

1.024

R1 = 0.0500, wR2 = 0.1353
R1 = 0.0520, wR2 = 0.1370
0.0063(3)

0.557 and -0.457 e. A3
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Figure A2.14. Displacement ellipsoid (50%) representation of [PhBP;]Fe(CO),H. The hydride
was located in the difference map, and refined. Other hydrogen atoms and solvent molecules were
removed for clarity.
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Table A2.7. Crystal data and structure refinement for [PhBP3]Fe(CO),H

Identification code 07141

Empirical formula C56 H51 B Fe O2 P3

Formula weight 915.54

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system, space group Triclinic, P-1

Unit cell dimensions a=11.0932(11) A alpha = 88.936(2) deg.

b =11.1987(11) A beta =87.070(2) deg.

¢ =20.566(2) A gamma = 64.6150(10) deg.

Volume 2305.2(4) A™3

Z, Calculated density 2, 1.319 Mg/m"3

Absorption coefficient 0.474 mm~-1

F(000) 958

Crystal size 0.35 x 0.22 x 0.10 mm

Theta range for data collection 0.99 to 29.57 deg.

Limiting indices -15<=h<=15, -15<=k<=15, -28<=I<=28
Reflections collected / unique 61011 /12924 [R(int) = 0.0304]
Completeness to theta = 29.57 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9541 and 0.8516

Refinement method Full-matrix least-squares on F~2
Data / restraints / parameters 12924 /0/572

Goodness-of-fit on F~2 1.066

Final R indices [I>2sigma(1)] R1 =0.0320, wR2 = 0.0802

R indices (all data) R1 =0.0393, wR2 = 0.0887

Largest diff. peak and hole 0.539 and -0.304 e.A*-3
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Table A2.8. Select bond lengths [A] and angles [deg] for [PhBPs]Fe(CO),H

Fe(1)-C(46)
Fe(1)-C(47)
Fe(1)-P(2)
Fe(1)-P(1)
Fe(1)-P(3)
Fe(1)-H(57)
0O(1)-C(46)
0(2)-C(47)
C(46)-Fe(1)-C(47)
C(46)-Fe(1)-P(2)
C(47)-Fe(1)-P(2)
C(46)-Fe(1)-P(1)
C(47)-Fe(1)-P(1)
P(2)-Fe(1)-P(1)
C(46)-Fe(1)-P(3)
C(47)-Fe(1)-P(3)
P(2)-Fe(1)-PQ)
P(1)-Fe(1)-P@)
C(46)-Fe(1)-H(57)
C(47)-Fe(1)-H(57)
P(2)-Fe(1)-H(57)
P(1)-Fe(1)-H(57)
P(3)-Fe(1)-H(57)
O(1)-C(46)-Fe(1)

O(2)-C(47)-Fe(2)

1.7719(14)
1.7723(14)
2.2787(4)
2.2908(4)
2.2944(4)
1.42(2)
1.1478(17)
1.1494(16)
89.26(6)
167.93(5)
92.61(4)
100.23(5)
100.99(4)
91.128(13)
89.81(4)
166.98(4)
85.684(14)
91.958(14)
84.9(8)
83.0(8)
83.5(8)
173.5(8)
84.0(8)
174.35(13)

173.88(12)



A-38

Appendix 3: Supplementary Data for Chapter 4
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Supplementary Experimental Section

Reaction of [PhBPPh3]Fe(T]2-N2H3) with para-benzoquinone. A solution of para-
benzoquinone (0.0410 g, 0.379 mmol) in 4 mL THF was added dropwise to a solution of
4.5 (0.1897 mmol) in 10 mL THF at -78 °C. After stirring at -78 °C for one hour, the
reaction was warmed to room temperature, and stirred an additional hour before the
volatiles were removed. By 'H NMR, several species were present. Triteration of the
resulting residue with pentane, followed by THF extraction and layering of pentane
afford crystals of {[PhBP™5]Fe},(1-OArO). IR of the crude reaction mixture does not

show any NH stretches.

Reaction of [PhBPPh3]FE(T]2-N2H3) with 3,5-ditbutyl,ortho-quinone. A solution of 3,5-
di-'butyl-ortho-quinone (0.0168 g, 0.0748 mmol) in 1 mL THF was added dropwise to a
stirring solution of 4.5 (0.03741 mmol) in 3 mL THF at -78 °C. The reaction stirred
overnight, during which it warmed to room temperature. The volatiles were removed, and
the resulting solid was rinsed with pentane, extracted into THF, and filtered. The slow
evaporation of pentane into the THF solution yielded purple crystals of
[PhBPP;]Fe(OArO). *H NMR (CsDs, 300 MHz) & 16.5, 11.4, 10.2, 5.9, 5.6, 4.5, 1.9, -
4.2, -9.7 (bs), -9.9 (bs), -14.0 (bs). Evans Method (CgDg): 2.4 B.M. UV-vis (THF) Amax,

nm (¢, M cm™): 563 (5300), 820 (4170).

Reaction of [PhBP™®";]Fe(n®N,H3) with para-benzoquinone. A solution of para-

benzoquinone (0.0027 g, 0.0246 mmol) in 2 mL benzene was added to a stirring solution
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of 4.1 (0.0246 mmol) in 2 mL benzene, and stirred for 1 h, during which the solution
went from green to orange. The solution was filtered, and the volatiles were removed.
The solids were extracted into DME, and layered with pentane to afford crystals of
[PhBP™";]Fe(OArOH (0.0231g, 60.4 %). *H NMR (C¢Ds, 300 MHz) § 70.1, 37.9, 19.4,

18.7,17.4,8.7,7.1,6.8, 5.5, 3.5, -8.6, -12.3, -32.5.

\Ff
] '‘Bu 2
4.5 o P
@o P.. O
o e‘\
p” ||> 0

4.1 or 4.3 » P—F¢

Scheme A3.1.
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Figure A3.1. Closeup of the >N NMR spectrum of 4.1, highlighting the NH and NN coupling
(dg-THF, -25 °C)
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Figure A3.2. 'H/1H{®N, 47.4 ppm} NMR spectrum of 4.3 (ds-THF, -40 °C)

e
THF

5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 24 2.0 1.6 1.2 0.8
1H (ppm)

Figure A3.3. "H/1H{™N, 40.8 ppm} NMR spectrum of 4.3 (dg-THF, -40 °C)
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Figure A3.4. "H/1H{®N, 23.0 ppm} NMR spectrum of 4.3 (ds-THF, -40 °C)

60 56 52 48 a4 36 32 28 24 20 16 12
15N (ppm)

Figure A3.5. N NMR spectrum of 4.3 (dg-THF), -40 °C
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‘H-NMR: S1P-NMR:
“Fe(NzH;)¥

10°¢C 0 | Feali-NaH ) (u-NoHy)
-30°C J A

70°C
A
95°C
i .
95 ) 90 - 85 55 50 45 40

75 70 65
31P (ppm)

Figure A3.6. 'H and *P NMR VT profile of 4.5 (dg-THF). Peaks marked with an asterix
correspond to {[PhBP™"5]Fe},(n-1"n*-NoHa) (n-n%m®-NoH%).
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Table A3.1. Crystal data and structure refinement for [PhBP™*";]FeCl

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.02°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

ccl68a

C234 H178 B2 CI1.94 Fel.94 P6 TI0.06

3386.59
100(2) K
0.71073 A
Triclinic
P-1

a=13.5781(10) A o= 75.466(2)°.
b = 15.8816(11) A B=80.341(2)".
¢ = 22.2863(16) A y = 77.215(2)°.

4504.5(6) A3

1

1.248 Mg/m3

0.350 mm-!

1770

0.15 x 0.10 x 0.09 mm3
1.47 to 25.02°.

-15<=h<=15, -17<=k<=18, -26<=I<=26

19581

12901 [R(int) = 0.0605]
81.2%

Semi-empirical from equivalents
1 and 0.747422

Full-matrix least-squares on F2
12901 /1365/1173

1.087

R1 =0.0914, wR2 = 0.2151
R1 = 0.1538, wR2 = 0.2460
1.154 and -0.912 e.A3



A-45

Table A3.2. Crystal data and structure refinement for Fe(NHNMe,) (4.2)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.57°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

X

C47 H48 B Fe N2 P3
800.44

100(2) K

0.71073 A
Monoclinic

P2(1)/n

a=13.294(3) A a=90°.
b = 22.458(5) A B=94.24(3)°.
c=13.418(3) A y = 90°.

3995.2(14) A3

4

1.331 Mg/m3

0.534 mm-!

1680

0.43 x 0.34 x 0.28 mm3
1.77 t0 29.57°.

-18<=h<=18, -31<=k<=30, -18<=I<=18

83416

11169 [R(int) = 0.0547]

99.5 %

Semi-empirical from equivalents
0.7461 and 0.6786

Full-matrix least-squares on F2
11169/ 458/ 492

1.050

R1 = 0.0395, wR2 = 0.0998
R1 = 0.0509, wR2 = 0.1086
0.621 and -0.300 e.A3
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Table A3.3. Crystal data and structure refinement for [PhBP™*'5]Fe(NH5)(N,H3) (4.4)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 65.17°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

car

C96.67 H100.67 BO.67 Fe0.67 N2 O4.67 P2

1471.51
100(2) K
1.54178 A
Monoclinic
P2(1)/c

a=19.5253(4) A a=90°.
B=104.0950(10)°.
¢ =30.1301(6) A y = 90°.

b=21.1191(3) A

12050.3(4) A3

6

1.217 Mg/m3

1.841 mm-1

4696

0.33 x 0.29 x 0.20 mm3
2.3310 65.17°.

-22<=h<=21, -24<=k<=24, -35<=I<=35

231415

20143 [R(int) = 0.0560]

97.9 %

Semi-empirical from equivalents
0.7097 and 0.5817

Full-matrix least-squares on F2
20143 /6333/1933

1.044

R1 = 0.0525, wR2 = 0.1405
R1 = 0.0633, wR2 = 0.1496
0.496 and -0.372 e.A3
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Table A3.4. Crystal data and structure refinement for {[PhBP™;]Fe(N,H,)}{PFs} (4.6)

Identification code
Empirical formula
P3.76

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.13°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

08257

C49.98 H54.85 B CIl0.25 F4.53 Fe N1.94 01.25

980.52

100(2) K

0.71073 A

Triclinic

P-1

a=11.7898(9) A a= 73.970(2)°.
b =12.1629(10) A B= 79.3670(10)°.
¢ =18.5270(15) A y = 74.2410(10)°.
2440.2(3) A3

2

1.334 Mg/m3

0.502 mm-!

1021

0.15 x 0.10 x 0.10 mm3

1.15to0 29.13°.

-16<=h<=16, -16<=k<=16, -25<=I<=25
50609

13080 [R(int) = 0.0637]

99.7 %

Semi-empirical from equivalents

0.9515 and 0.9285

Full-matrix least-squares on F2
13080/1894 /793

1.029

R1 =0.0611, wR2 = 0.1754

R1 =0.0928, wR2 = 0.2001

1.370 and -1.049 e.A3
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Table A3.5. Crystal data and structure refinement for [PhBP™;]Fe(OAC)(N,H.) (4.7)

Identification code dg8 10012

Empirical formula C55.50 H60 B Fe N2 O2 P3

Formula weight 946.62

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=12.74930(10) A o= 68.4530(10)°.
b = 13.26200(10) A B= 69.9450(10)°.
c=17.4092(2) A vy = 64.3070(10)°.

Volume 2407.19(4) A3

Z 2

Density (calculated) 1.306 Mg/m3

Absorption coefficient 3.794 mm-

F(000) 998

Crystal size 0.34 x 0.13 x 0.02 mm3

Theta range for data collection 2.80 t0 63.68°.

Index ranges -14<=h<=14, -15<=k<=15, -20<=I<=20

Reflections collected 26019

Independent reflections 7698 [R(int) = 0.0446]

Completeness to theta = 63.68° 97.1 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9280 and 0.3586

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7698 /1297 /674

Goodness-of-fit on F2 1.030

Final R indices [I>2sigma(l)] R1 = 0.0389, wR2 = 0.0908

R indices (all data) R1 = 0.0505, wR2 = 0.0972

Largest diff. peak and hole 0.529 and -0.265 e.A3
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Table A3.6. Crystal data and structure refinement for [PhBP™;]Fe(OAc)(NH;) (4.8)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 65.11°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

X

C53 H50 B Fe NO 02 P3
878.50

100(2) K

1.54178 A

Triclinic

P-1

a =10.38700(10) A

b =11.73090(10) A

¢ =20.3455(2) A
2187.35(4) A3

2

1.334 Mg/m3

4.123 mm-

920

0.44 x 0.37 x 0.10 mm3
2.25t0 65.11°.

-11<=h<=12, -13<=k<=13, -23<=[<=23

42443

7294 [R(int) = 0.0294]

97.6 %

Semi-empirical from equivalents
0.6833 and 0.2642

Full-matrix least-squares on F2
7294 /6 /542

1.032

R1 =0.0313, wR2 = 0.0792
R1 = 0.0324, wR2 = 0.0800
0.565 and -0.300 e.A3

o= 98.0580(10)°.
B= 98.6680(10)".
y = 113.7440(10)°.
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Table A3.7. Crystal data and structure refinement for {[PhBP™";]JFe(NH3)(N,H,) HPFe} (4.9)

Identification code 09287

Empirical formula C49 H56 B F6 Fe N3 O P4

Formula weight 1007.51

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=11.7861(9) A a= 74.0540(10)°.
b=12.1742(9) A B= 79.4630(10)°.
c = 18.5366(14) A y = 74.3450(10)°.

Volume 2445.5(3) A3

Z 2

Density (calculated) 1.368 Mg/m3

Absorption coefficient 0.502 mm-

F(000) 1048

Crystal size 0.40 x 0.30 x 0.15 mm3

Theta range for data collection 1.15t0 26.73°.

Index ranges -14<=h<=14, -15<=k<=15, -23<=|<=23

Reflections collected 54310

Independent reflections 10397 [R(int) = 0.0395]

Completeness to theta = 26.73° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9285 and 0.8245

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10397 /1773 /755

Goodness-of-fit on F2 1.044

Final R indices [I>2sigma(l)] R1 =0.0415, wR2 = 0.1082

R indices (all data) R1 = 0.0506, wR2 = 0.1169

Largest diff. peak and hole 1.180 and -0.726 e.A3
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Table A3.8. Crystal data and structure refinement for [PhBP™*'5]Fe(OAc)(NH3) (4.10)

Identification code car

Empirical formula C127 H115 B Fe N O6 P3

Formula weight 1910.77

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=14.2347(4) A a=90°.
b = 14.8690(4) A B=90°.
¢ = 49.9305(15) A y = 90°.

Volume 10568.1(5) A3

z 4

Density (calculated) 1.201 Mg/m3

Absorption coefficient 2.013 mm!

F(000) 4032

Crystal size 0.50 x 0.20 x 0.02 mm3

Theta range for data collection 1.77 to 66.69°.

Index ranges -16<=h<=15, -17<=k<=17, -59<=I<=59

Reflections collected 207678

Independent reflections 18700 [R(int) = 0.0757]

Completeness to theta = 66.69° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9609 and 0.4327

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 18700/ 1623 /1346

Goodness-of-fit on F2 1.147

Final R indices [I>2sigma(l)] R1 =0.0542, wR2 = 0.1390

R indices (all data) R1=0.0612, wR2 = 0.1430

Absolute structure parameter 0.014(5)

Largest diff. peak and hole 0.682 and -0.329 e.A3
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Table A3.9. Crystal data and structure refinement for {[PhBP™;]Fe(CO)(N,H4)}{PFs} (4.11)

Identification code car42

Empirical formula C50 H53 B F6 Fe N2 O2 P4

Formula weight 1018.48

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=11.7629(16) A a= 85.960(2)°.
b = 14.444(2) A B= 77.814(2)°.
c=15.194(2) A y = 72.853(2)°.

Volume 2411.1(6) A3

Z 2

Density (calculated) 1.403 Mg/m3

Absorption coefficient 0.511 mm-

F(000) 1056

Crystal size 0.10 x 0.07 x 0.03 mm3

Theta range for data collection 2.51t0 26.73°.

Index ranges -14<=h<=14, -18<=k<=18, -19<=I<=19

Reflections collected 41794

Independent reflections 10219 [R(int) = 0.0642]

Completeness to theta = 26.73° 99.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9848 and 0.9507

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10219/892 /708

Goodness-of-fit on F2 1.086

Final R indices [I>2sigma(l)] R1=0.0641, wR2 = 0.1321

R indices (all data) R1 =0.0993, wR2 = 0.1461

Largest diff. peak and hole 0.500 and -0.473 e.A3
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Table A3.10. Crystal data and structure refinement for [PhBP™";]Fe(OAC)

Identification code X

Empirical formula C53 H50 B Fe NO O2 P3

Formula weight 878.50

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a =10.38700(10) A a= 98.0580(10)°.
b = 11.73090(10) A B= 98.6680(10)°.
¢ =20.3455(2) A y = 113.7440(10)°.

Volume 2187.35(4) A3

Z 2

Density (calculated) 1.334 Mg/m3

Absorption coefficient 4.123 mm-

F(000) 920

Crystal size 0.44 x 0.37 x 0.10 mm3

Theta range for data collection 2.251t065.11°.

Index ranges -11<=h<=12, -13<=k<=13, -23<=|<=23

Reflections collected 42443

Independent reflections 7294 [R(int) = 0.0294]

Completeness to theta = 65.11° 97.6 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.6833 and 0.2642

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7294 /6 /542

Goodness-of-fit on F2 1.032

Final R indices [I>2sigma(l)] R1 =0.0313, wR2 = 0.0792

R indices (all data) R1 =0.0324, wR2 = 0.0800

Largest diff. peak and hole 0.565 and -0.300 e.A3
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Table A3.11. Crystal data and structure refinement for [PhBP™";]Fe(OArO)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.10°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

09298_14

C63.16 H69.63 B Fe NO 02.84 P3

1033.76
100(2) K
0.71073 A
Monoclinic
P2(1)/c

a=10.4739(9) A a=90°.
b =48.182(4) A B=109.8440(10)°.
c=11.3434(9) A y = 90°.

5384.6(8) A3

4

1.275 Mg/m3

0.415 mm-!

2189

0.45 x 0.30 x 0.15 mm3
1.69 to 27.10°.

-13<=h<=13, -61<=k<=61, -14<=I<=14

102031

11890 [R(int) = 0.0601]

99.9 %

Semi-empirical from equivalents
0.9403 and 0.8352

Full-matrix least-squares on F2
11890/1016 /723

1.173

R1 = 0.0550, wR2 = 0.1190
R1 = 0.0654, wR2 = 0.1239
0.690 and -0.353 e.A3
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Table A3.12. Crystal data and structure refinement for {[PhBP"";]Fe},(OArO)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 65.07°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

d8_09057

C52 H51 B Fe O2 P3
867.50

100(2) K

1.54178 A
Monoclinic

P2(1)/c

a=10.12850(10) A a=90°.
B=111.1960(10)°.
¢ =11.76110(10) A y = 90°.

b =39.1720(5) A

4350.58(8) A3

4

1.324 Mg/m3

4.137 mm-t

1820

0.40 x 0.20 x 0.05 mm3
2.26 t0 65.07°.

-11<=h<=11, -46<=k<=46, -13<=I<=13

40077

7392 [R(int) = 0.0465]

99.8 %

Semi-empirical from equivalents
0.8198 and 0.2884

Full-matrix least-squares on F2
7392 /618 /532

1.048

R1 =0.0378, wR2 = 0.0930
R1 = 0.0425, wR2 = 0.0955
0.516 and -0.287 e.A3
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Table A3.13. Crystal data and structure refinement for [PhBP™*";]Fe(OArOH)

Identification code d8 10022

Empirical formula C127 H104 B Fe NO O4 P3

Formula weight 1853.67

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=14.9321(3) A a= 83.028(2)°.
b = 16.5020(4) A B= 81.3610(10)°.
¢ =21.5928(6) A vy = 67.6940(10)°.

Volume 4854.6(2) A3

Z 2

Density (calculated) 1.268 Mg/m3

Absorption coefficient 2.158 mm-!

F(000) 1948

Crystal size 0.45 x 0.30 x 0.28 mm3

Theta range for data collection 2.07 t0 63.72°.

Index ranges -17<=h<=17, -14<=k<=18, -25<=I<=25

Reflections collected 92126

Independent reflections 15678 [R(int) = 0.0318]

Completeness to theta = 63.72° 97.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.5833 and 0.4434

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15678 /2139/1342

Goodness-of-fit on F2 1.028

Final R indices [I>2sigma(l)] R1=0.0411, wR2 = 0.1079

R indices (all data) R1 =0.0450, wR2 =0.1110

Largest diff. peak and hole 0.510 and -0.298 e.A3
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Figure A3.7. Solid-state structure (50% displacement ellipsoids) of [PhBP™;]FeCl, with the
disordered atoms shown. Select bond lengths [A] and angles [°] for [PhBP™;]FeCl: Fe-Cl
2.202(2), Fe-P(3) 2.408(2), Fe-P(2) 2.427(2), Fe-P(1) 2.456(2), Cl-Fe-P(3) 127.61(9), CI-Fe-P(2)
115.54(9), P(3)-Fe-P(2) 91.21(7), Cl-Fe-P(1) 127.49(9), P(3)-Fe-P(1) 91.91(8), P(2)-Fe-P(1)
93.25(8)
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Figure A3.8. Solid-state structure (50% displacement ellipsoids) of {[PhBP™;]Fe(n?*
N,H,)}{PFs}, 4.6. Hydrogen atoms, solvent molecules, the PFg counteranion, and minor
components of disorder have been removed for clarity. The hydrogen atoms that coordinate the
hydrazine were located in the difference map, were refined semi-freely, and are shown.
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Figure A3.9. Solid-state structure (50% displacement ellipsoids) of [PhBP™;]Fe(NH3)(OAC),

4.10. Hydrogen atoms and solvent molecules have been removed for clarity.
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Figure A3.10. Solid-state structure (50% displacement ellipsoids) of {[PhBP"";]Fe(CO)(n*
N.H)HPFe¢}, 4.11. Hydrogen atoms, solvent molecules, the PFg counteranion, and minor
components of disorder have been removed for clarity. The hydrogen atoms that coordinate the
hydrazine were located in the difference map, were refined semi-freely, and are shown. Select
bond lengths (A) for 4.11: Fe(1)-C(46) 1.772(4),Fe(1)-N(1) 1.984(3), Fe(1)-N(2) 2.005(3)
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Figure A3.11. Solid-state structure (50% displacement ellipsoids) of [PhBP"s]Fe(OAcC).

Hydrogen atoms and solvent molecules have been removed for clarity.
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Figure A3.12. Solid-state structure (50% displacement ellipsoids) of [PhBP™;]Fe(k*-OArO).
Hydrogen atoms and solvent molecules have been removed for clarity. Select bond distances (A):
Fel-O1 1.876(2), Fel-O2 1.856(2), Fel-P1 2.2782(7), Fel-P2 2.3376(7), Fel-P3 2.2458, O1-C46
1.357(3), 02-C59 1.347(3), C46-C47 1.412(3), C47-C52 1.392(4), C52-C53 1.408(4), C53-C58
1.384(4), C59-C59 1.400(4), C59-C46 1.401(3)
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Figure A3.13. Solid-state structure (50% displacement ellipsoids) of {[PhBP"";]Fe},(OArO).
Hydrogen atoms and solvent molecules have been removed for clarity. Select bond distances (A)
and angles (deg): Fel-O1 1.871(2), Fel-P1 2.4345(6), Fel-P2 2.4573(6), Fel-P3 2.4374(6), O1-
C46 1.356(3), C46-C47 1.393(3), C47-C48 1.401(3), C46-C48” 1.391(3), Fel-0O1-C46 120.9(1),
P1-Fel-P2 91.15(2), P1-Fel-P3 92.55(2), P2-Fel-P3 91.69(2), P1-Fel-O1 119.69(6), P2-Fel-0O1
128.31(5), P3-Fel-01 123.78(6)
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Figure A3.14. Solid-state structure (50% displacement ellipsoids) of [PhBP™;]Fe(OArOH).
Hydrogen atoms and solvent molecules have been removed for clarity. The acidic OH proton was
located in the difference map, and is shown. Select bond distances (A) and angles (deg): Fe1l-P1
2.3966(6), Fel-P2 2.4280(5), Fel-P3 2.4315(5), Fel-O1 1.858(2), O1-C118 1.327(3), C118-
C119 1.393(3), C119-C120 1.395(3), C120-C121 1.382(3), C121-C122 1.383(3), C122-C123
1.377(3), C123-C118 1.401(3), C121-02 1.380(3), P1-Fel-P2 92.15(2), P1-Fel-P3 95.29(2), P1-
Fel-O1 110.04(5), P2-Fel-P3 89.84(2), P2-Fe1l-O1 120.24(6), P3-Fel-0O1 138.53(5)
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Appendix 4: Supplementary Data for Chapter 5
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Figure A4.1. 'H NMR spectrum (THF-dg, 0 °C) of 5.1 (top) and °N-5.3 (bottom). The bottom
spectrums shows resonances ascribed to 5.1 (paramagnetic) and 5.3 (*, inset). At this
temperature, °N-5.4 (#) forms from °N-5.3.
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Table A4.1. Crystal data and structure refinement for {[PhBP“"*“Y5]Fe(OAC)}(1-No)

(5.2)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 65.08°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

car

C118 H210 B2 Fe2 N2 O7 P6

2088.02
100(2) K
1.54178 A
Triclinic

P-1
a=14.1982(3) A
b = 15.5521(3) A
¢ =15.6310(3) A

o= 114.5230(10)°.
B=107.3310(10)°.
vy = 91.1740(10)°.

2956.03(10) A3

1

1.173 Mg/m3

3.132 mm1!

1140

0.42 x 0.18 x 0.02 mm3
3.17 to 65.08°.

-13<=h<=16, -18<=k<=18, -18<=I<=18

47273

9717 [R(int) = 0.0750]

96.3 %

Semi-empirical from equivalents
0.9400 and 0.3529

Full-matrix least-squares on F2
9717 /1253 /774

1.036

R1 = 0.0603, wR2 = 0.1484
R1 =0.0767, wR2 = 0.1584
1.413 and -0.466 e.A3
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Table A4.2. Crystal data and structure refinement for {{[PhBP“"?“Y5]Fe(OAC)}.(1-N2H,)
(54)

Identification code caltechl

Empirical formula C118 H196 B2 Fe2 N2 O4 P6

Formula weight 2025.91

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=18.2270(6) A a=90°.
b = 19.7406(8) A B= 90.833(3)°.
¢ =31.1376(12) A y = 90°.

Volume 11202.5(7) A3

Z 4

Density (calculated) 1.201 Mg/m3

Absorption coefficient 3.273 mm

F(000) 4408

Crystal size 0.23 x 0.22 x 0.05 mm3

Theta range for data collection 2.42 t0 61.16°.

Index ranges -20<=h<=16, -22<=k<=22, -35<=|<=34

Reflections collected 61591

Independent reflections 16995 [R(int) = 0.1394]

Completeness to theta = 61.16° 98.7 %

Max. and min. transmission 0.8535 and 0.5135

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 16995/ 4641 / 2417

Goodness-of-fit on F2 1.097

Final R indices [I>2sigma(l)] R1=0.1323, wR2 = 0.2979

R indices (all data) R1 =0.2062, wR2 = 0.3338

Largest diff. peak and hole 1.073 and -1.932 e. A3
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Table A4.3. Crystal data and structure refinement for [PhBP“"?“Y;]Fe(OAC)(NH3) (5.5)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.57°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

car

C68 H110 B Fe N O2 P3
1133.14

100(2) K

0.71073 A

Monoclinic

P(2)1/n

a=14.5464(9) A a=90°.
B=112.1960(10)°.
c=17.3460(11) A y = 90°.

b =27.6742(18) A

6465.4(7) A3

4

1.164 Mg/m3

0.350 mm-

2468

0.25 x 0.16 x 0.10 mm3
2.11 to 29.57°.

-20<=h<=20, -38<=k<=38, -23<=I<=24

121842

18141 [R(int) = 0.0988]

100.0 %

0.9658 and 0.9175

Full-matrix least-squares on F2
18141 /633 /695

1.010

R1 = 0.0440, wR2 = 0.0964
R1 =0.0859, wR2 = 0.1169
0.506 and -0.480 e.A3
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Figure A4.2. Displacement ellipsoid (50 %) representation of 5.4 viewed along the b axis.

Hydrogen atoms and disordered benzene molecules have been omitted for clarity.
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Figure A4.3. Displacement ellipsoid (50%) representation of the core atoms of 5.4
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Appendix 5: Supplementary Data for Chapter 6
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Figure A5.1. X-band EPR spectrum of 6.1 (Gauss) recorded at 4K in a MeCy glass (experimental

dark green; fit lime green).
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Figure A5.2. 'H NMR profile (C¢Ds) of the reaction between 6.12 and COs.
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Figure A5.3. 50% thermal ellipsoid representation of {[PhBP"";]Fe(CO),}{Na(THF)s} (6.14).
Hydrogen atoms have been removed for clarity. Selected bond distances (A) and angles (deg.) for
6.13: Fel-P1 2.2158(8), Fel-P2 2.2116(8), Fel-P3 2.2663(8), Fel-C47 1.750(3), Fel-C46
1.752(3), C46-01 1.162(4), C47-02 1.158(3), 02-Nal12.501(2), C47-Fel-C46 82.7(1), C47-Fel-
P2 103.9(1), C46-Fel-P2 121.6(1), C47-Fel-P1 93.75(9), C46-Fel-P1 143.7(1), P2-Fel-P1
94.35(3), C47-Fel-P3 167.4(1), C46-Fel-P3 89.30(9), P2-Fel-P3 88.50(3), P1-Fel-P3 86.97(3)
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Table A5.1. Crystal data and structure refinement for {[PhBP“™?<Y;]Fe},(u-n:1>-6,6"
bicyclohexadienyl) (6.5)

Identification code global

Empirical formula C118 H206 B2 Fe2 O P6

Formula weight 1959.97

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a =28.3106(8) A a=90°.
b =21.7915(7) A B= 126.5720(10)°.
c =22.8536(7) A y = 90°.

Volume 11323.1(6) A3

Z 4

Density (calculated) 1.150 Mg/m3

Absorption coefficient 0.388 mm-

F(000) 4296

Crystal size 0.60 x 0.40 x 0.33 mm3

Theta range for data collection 1.29 to 27.08°.

Index ranges -35<=h<=35, -26<=k<=22, -28<=|<=28

Reflections collected 41539

Independent reflections 11211 [R(int) = 0.1119]

Completeness to theta = 27.08° 90.0 %

Absorption correction None

Max. and min. transmission 0.8828 and 0.8007

Refinement method Full matrix least-squares on F2

Data / restraints / parameters 11211/1152/722

Goodness-of-fit on F2 1.997

Final R indices [I>2sigma(l)] R1 =0.1005, wR2 = 0.1613

R indices (all data) R1 =0.1524, wR2 = 0.1666

Largest diff. peak and hole 0.619 and -0.586 e.A3
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Table A5.2. Crystal data and structure refinement for {[PhBP“"?“Y;]Fe},(u-n’n’-
azobenzene) (6.6)

Identification code global

Empirical formula C124 H208 B2 Cl4 Fe2 N2 O2 P6

Formula weight 2219.86

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=22.7338(16) A a=90°.
b =15.5757(11) A B= 110.2880(10)°.
¢ =17.6503(13) A y = 90°.

Volume 5862.1(7) A3

Z 2

Density (calculated) 1.258 Mg/m3

Absorption coefficient 0.472 mm-

F(000) 2404

Crystal size 0.40 x 0.35 x 0.10 mm3

Theta range for data collection 1.62 to 24.95°.

Index ranges -25<=h<=25, -16<=k<=18, -20<=I<=19

Reflections collected 38965

Independent reflections 9196 [R(int) = 0.0902]

Completeness to theta = 24.95° 89.6 %

Absorption correction None

Max. and min. transmission 0.9543 and 0.8338

Refinement method Full matrix least-squares on F2

Data / restraints / parameters 9196 /5918 / 764

Goodness-of-fit on F2 2.946

Final R indices [I>2sigma(l)] R1=0.1009, wR2 = 0.1747

R indices (all data) R1=0.1743, wR2 = 0.1813

Largest diff. peak and hole 1.313 and -0.633 e. A3
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Table A5.3. Crystal data and structure refinement for {[PhBP"*"5]Fe},(u—0) (6.10)

Identification code cmt20

Empirical formula C54 H106 B2 Fe2 O P6

Formula weight 1090.53

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions a=14.199(4) A a=90°.
b = 14.985(5) A B=103.184(5)°.
c=14.939(5) A y =90°.

Volume 3094.6(17) A3

Z 2

Density (calculated) 1.170 Mg/m3

Absorption coefficient 0.657 mm-

F(000) 1180

Crystal size 0.41 x 0.36 x 0.07 mm?3

Theta range for data collection 1.40 to 25.97°.

Index ranges -16<=h<=16, -18<=k<=18, -18<=I<=18

Reflections collected 26177

Independent reflections 10115 [R(int) = 0.1890]

Completeness to theta = 25.97° 90.1 %

Max. and min. transmission 0.9554 and 0.7743

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10115/ 337 /610

Goodness-of-fit on F? 0.941

Final R indices [I>2sigma(l)] R1 =0.0990, wR2 = 0.2319

R indices (all data) R1=0.1678, wR2 = 0.2737

Absolute structure parameter -0.02(4)

Largest diff. peak and hole 1.582 and -0.640 e.A3
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Table A5.4. Crystal data and structure refinement for {[PhBP™"5]Fe},(u—0) (6.12)

Identification code 07148

Empirical formula C102 H94 B2 Fe2 O P6

Formula weight 1654.91

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Tetragonal

Space group 1-42d

Unit cell dimensions a =33.2834(6) A a=90°.
b = 33.2834(6) A B=90°.
¢ = 16.7509(6) A y = 90°.

Volume 18556.4(8) A3

Z 8

Density (calculated) 1.185 Mg/m3

Absorption coefficient 0.462 mm-

F(000) 6928

Crystal size 0.40 x 0.30 x 0.30 mm3

Theta range for data collection 1.83 to 25.61°.

Index ranges -40<=h<=40, -40<=k<=40, -20<=I<=20

Reflections collected 124894

Independent reflections 8762 [R(int) = 0.0396]

Completeness to theta = 25.61° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8738 and 0.8367

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 8762 /4119 /1002

Goodness-of-fit on F2 1.117

Final R indices [I>2sigma(l)] R1 = 0.0554, wR2 = 0.1516

R indices (all data) R1 = 0.0596, wR2 = 0.1557

Absolute structure parameter 0.017(18)

Largest diff. peak and hole 0.761 and -0.260 e.A3
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Table A5.5. Crystal data and structure refinement for {[PhBP™"5]Fe(CO),}{Na(THF)s}
(6.14)

Identification code car25 p31

Empirical formula C67 H81 B1 Fel Nal O7 P3

Formula weight 1180.88

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Hexagonal

Space group p3(1)

Unit cell dimensions a=13.1184(19) A a=90°.
b=13.1184(19) A B=90°.
¢ =31.059(6) A y =120°.

Volume 4628.9(13) A3

Z 3

Density (calculated) 1.271 Mg/m3

Absorption coefficient 0.382 mm-

F(000) 1878

Crystal size ? X ?x?mm?

Theta range for data collection 1.79 to 28.43°.

Index ranges -17<=h<=17, -17<=k<=17, -40<=l<=41

Reflections collected 38888

Independent reflections 13916 [R(int) = 0.0591]

Completeness to theta = 28.43° 93.7 %

Absorption correction None

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 13916/1/741

Goodness-of-fit on F2 1.077

Final R indices [I>2sigma(l)] R1 = 0.0465, wR2 =0.1123

R indices (all data) R1 =0.0524, wR2 = 0.1160

Absolute structure parameter -0.010(11)

Largest diff. peak and hole 0.735 and -0.416 e.A3
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Table A5.6. Crystal data and structure refinement for {[PhBP™";]Fe},(u-n%n*-COs)

(6.15)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 50.44°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

car4195

C108 H116 B2 Fe2 06.50 P6
1837.15

100(2) K

1.54178 A

Triclinic

P-1

a=13.7605(4) A

b =16.3419(4) A
c=22.5111(6) A
4622.3(2) A3

2

1.320 Mg/m3

3.943 mm-

1936

0.46 x 0.17 x 0.03 mm3
2.09 to 50.44°.
-13<=h<=13, -16<=k<=16, -21<=I<=19
28804

9102 [R(int) = 0.1079]

93.8 %

0.8909 and 0.2642

o= 96.6650(10)°.
B=106.7190(10)°.
v = 103.4890(10)°.

Full-matrix least-squares on F2
9102 /3956 / 1373

0.917

R1 = 0.0603, wR2 = 0.1388
R1 = 0.0949, wR2 = 0.1502
1.061 and -0.382 e.A3
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