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Abstract
Diverse Reactivity of Rhenium p-Diketiminates
By
Trevor D. Lohrey
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor John Arnold, Chair

Chapter 1. Previous work with group 5 imido [B-diketiminates and rhenium terminal oxo
complexes is summarized, which in combination provide the theoretical basis for the subsequent
chapters. The overarching hypothesis and goals of this work are stated.

Chapter 2. Synthetic access to the first rhenium oxo B-diketiminate is achieved. Subsequently, the
oxygen atom transfer (OAT) reactivity of this complex is gauged. It is determined that OAT from
this complex is limited to trialkylphosphines of a moderate steric profile (e.g. PEt3), as small
trialkylphosphines (e.g. PMe3) bind strongly to the metal center, and larger phosphines (e.g. PPh3)
are kinetically limited due to the encumbering B-diketiminate ligand. Nitrene transfer from the 3-
diketiminate ligand to the metal is also observed, implying an ancillary limitation of this ligand in
low valent rhenium complexes at high temperatures.

Chapter 3. Attempts to incorporate a cyclopentadienyl ligand into the rhenium oxo -diketiminate
system using NaCp led to the isolation of an olefin-supported rhenium(III) terminal oxo complex.
It was found that using SnCp> rather than NaCp leads to the intended rhenium(V) oxo Cp complex.
The reactivity of this rhenium(V) complex suggested that both the Cp ligand and oxo ligand are
susceptible to nucleophilic attack, yielding a variety of rhenium(IIl) complexes. Computational
studies suggest some degree of metal-ligand conjugation (‘“n-loading”) exists between the Cp and
oxo ligands in the starting rhenium(V) complex, which supports the observations made during
reactivity studies.

Chapter 4. The oxygen atom transfer reactivity of a rhenium(IIl) terminal oxo B-diketiminate
complex is evaluated. It is shown that this compound will only transfer its oxo ligand to
electrophilic reagents (e.g. isocyanides and CO) rather than nucleophilic ones (e.g. PMe3). A
number of rhenium(I) isocyanide and carbonyl complexes are isolated as products of the oxygen
atom transfer process. In all, the results suggest that the oxo moiety of the starting rhenium(III)
complex behaves as a nucleophile, and has no demonstrable electrophilic character.



Chapter 5. Reduction of a cationic rhenium(V) oxo Cp B-diketiminate with metallic sodium yields
an anionic rhenium(I) complex that is both strongly reducing and basic. Accordingly, the
corresponding neutral rhenium(II) and rhenium(IIl) hydride complexes are isolated following
oxidation and protonation, respectively, of the anionic compound. Combination of the anionic
rhenium(I) compound with ZnCl> formed a tetrametallic Re(I)-Zn(I)-Zn(I)-Re(I) complex where
the four metal centers are arranged in a nearly linear fashion. This compound is the first example
of a Zn(I) compound to be supported exclusively by bonding to other metal centers. Computational
and reactivity studies of this tetrametallic compound are also presented.
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Chapter 1

Motivations for the Study of Rhenium f3-
Diketiminates



Related Previous Work with Niobium and Tantalum Imido B-Diketiminates

Metal complexes of the B-diketiminate (BDI, or “NacNac”) ligand have been frequent
targets and subjects of study in synthetic inorganic chemistry for over two decades (Scheme 1.1).!"
3 The ease of synthesis and facile steric and electronic tunability of the BDI framework make it a
pragmatic choice of ancillary ligand.! Additionally, the BDI ligand, in its most basic and
commonly-used forms (such as that with 2,6-diisopropylphenyl groups on the chelating N atoms),
only occupies two metal coordination sites while providing ample kinetic stability to the bound
metal center. For example, while many transition metals can bind three equivalents of the similarly
bidentate acetylacetonate (“acac”) ligand, it is uncommon to observe a transition metal bind more
than one equivalent of a BDI ligand unless the N-substituent is very small (i.e. methyl, ethyl, H).
While non-innocent behavior of BDI ligands has been widely observed with elements across the
periodic table, a number of significant and otherwise unknown moieties and compounds have been
accessed thanks to this versatile framework. '

R- -R
N N
@ o e) O
Rl J RI R/H/LR
RII RI
BDI, "NacNac" "acac"

Scheme 1.1 Generalized depictions of the BDI and “acac” ligands, which share a similar
conjugated, monoanionic electronic structure, in conjuction with N or O groups that most often
lead to bidentate binding to metal centers. R denotes the potential sites of various substituents.

For approximately the past decade, the Arnold and Bergman groups have undertaken the
study of group 5 BDI complexes featuring terminal imido ligands.? These studies were initiated
with the hope of accessing new modes of early transition metal-ligand multiple bond reactivity: a
subject first broached in seminal work in Bergman’s group (concurrently with similar work in the
lab of Prof. Peter Wolczanski) on the behavior of the first known zirconium terminal imido
species.*® These studies in the labs of Arnold and Bergman, summarized below, demonstrate both
the general utility of BDI as an ancillary ligand as well as the intriguing chemistry that can be
accessed by the underlying metal fragments of its complexes.

One major group of studies from Arnold and Bergman involves the reactivity of
niobium(III) and tantalum(IIT) imido BDI complexes. It was found that depending on the synthetic
pathway, the niobium(IIl) dicarbonyl complex 1.1 and the niobium(III) arene complex 1.2 could
be readily obtained (Scheme 1.2).%7 Low valent complexes of niobium are typically reducing and
difficult to stabilize, which is why beyond the kinetic stabilization provided by the BDI ligand, the
electron-accepting CO and arene ligands in 1.1 and 1.2 are also necessary to stabilize these isolable
compounds. By a similar route, the tantalum analog of 1.1, namely 1.3, could also be accessed.® It
was found that the dicarbonyl 1.1 is a competent catalyst for the Z-selective semi-hydrogenation
of methylphenylacetylene, with the reaction requiring a CO/H> mixture, as opposed to a pure Ha
atmosphere, to proceed cleanly.” Complexes 1.1 and 1.3 were also found to be suitable reagents
for the activation of P4 to yield the dinuclear cyclo-P4 complexes 1.4 and 1.5, respectively.!’
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Scheme 1.2 Routes to low valent Nb and Ta imido BDI complexes and the formation of cyclo-Ps4
compounds.

The niobium(IIl) arene complex 1.2 proved to be a competent catalyst for the
hydrodefluorination of aryl fluorides (Scheme 1.3).!! These reactions involve the direct oxidative
addition of a C-F bond to a Nb(III) center as a key step. The aryl C-F bond is among the strongest
single bonds in organic chemistry; however, the combination of oxophilicity and reducing power
found in the Nb center of 1.2 proved to be sufficient to directly activate C-F bonds to form
niobium(V) aryl fluoride complexes (1.6). Addition of silanes to these reactions led to fluoride-
hydride exchange to yield silyl fluorides and transient niobium(V) aryl hydride species (1.7) that
undergo C-H reductive elimination to form arene complexes akin to 1.2, which can then go on to
restart the catalytic cycle. Benzylic CF3 groups are also subject to C-F activation by 1.2; however
the reaction of 1.2 with a,a,a-trifluorotoluene proceeds to completely disassemble this moiety and
insert a benzyl fragment into the metal-imido bond, forming the complex 1.8.!2

"\?u
4
Ar X N Bu
Ph-CF4

)/ tBu
I_ /F
_N /Nb\\F < N Nb /N Nb
N N\ \ F N
ArF
1.8 1.2
/BUSIH3

PhSiH,

Ph

Scheme 1.3 Overview of C-F bond activation processes.



Complex 1.2 was also found to display intriguing solution behavior, forming the dinuclear
inverse sandwich complex 1.9 irreversibly at room temperature. Kinetic investigations showed
that 1.9 forms by a dissociative mechanism, forming the intermediate 1.10 in solution (Scheme
1.4).” While 1.9 is largely inert, one-electron oxidation to form the cationic, mixed valent,
Nb(IIT)/Nb(IV) complex 1.11 leads to lower hapticity binding of the arene ligand to each metal
center.”> As a result, 1.11 was found to display a variety of reactivity modes that led to
displacement of the arene ligand.

Ar ” Ar
| /
& N/ R S ~“Nb=NBu
‘r - CgHg N
Ar
1.2 1.10
+1.2
N’Bu I
N 20
{ Ag[BArF ] N Nb Ar
Ar
[BArF29]
’BuN Ar
1.11 1.9

Scheme 1.4 Formation and oxidation of an inverse sandwich complex.

The niobium BDI system has also proved capable of supporting high valent Nb bis(imido)
complexes that display high reactivity at the metal-ligand multiple bonds. For example, it was
found that the bis(imido) complex 1.12, which is readily formed from 1.2 by its oxidative reaction
with ‘BuNj3, catalyzes nitrene transfer to alkyl isocyanides to form asymmetric carbodiimides
(Scheme 1.5)."* These catalytic reactions work best with electron-rich alkyl isocyanides in the
presence of a vast excess of ‘BuN3, as otherwise undesired side products readily form. Aryl
isocyanides in combination with 1.12 do not form carbodiimides, but rather lead to nitrene
exchange between the Nb and isocyanide carbon, forming complexes of the formulation 1.13.
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Scheme 1.5 Catalytic nitrene transfer to alkyl isocyanides forms asymmetric carbodiimides,
while aryl isocyanides lead to stoichiometric nitrene exchange.

Considering the range of chemistry observed with group 5 imido BDI complexes, this body
of work provides a good rationale for incorporating a new, multiply-bonded metal-ligand fragment
into the BDI framework. Along these lines, the rhenium oxo moiety as first glance appeared to be
an ideal candidate; however a broader survey of the literature was required to fully understand the
implications of this choice.

The Reactivity and Electronic Nature of Rhenium Oxo Moieties

Perrhenate (ReOy) salts and various rhenium oxides have long been studied for their use
as oxidants and catalysts, particularly for olefin metathesis.!> Additionally, owing to the low
oxophilicity (and ease of handling) of rhenium as compared to the early transition metals, it was
among the first metals studied in the field of synthetic organometallic chemistry.'® Accordingly,
since at least the 1950s there has been an uninterrupted stream of fundamental studies focused on
homogeneous rhenium complexes that continues to this day. Studies of rhenium terminal oxo
complexes have led to a variety of novel behaviors, and a complete summary of this subject could
occupy an entire encyclopedic volume. Below are summarized some studies in this area that bear
direct relevance to the research presented in this work.

One mode of reactivity commonly observed and gauged in rhenium terminal oxo
complexes (and those of other transition metals, most prominently molybdenum and tungsten) is
oxygen atom transfer (OAT), whereby an incoming acceptor removes a terminal oxo ligand via a
redox process, where the metal (the OAT donor) is reduced by two electrons by the formal loss of
an oxygen atom. Typically these reactions are most favorable when the added acceptor is electron-
rich and a strong Lewis base, such as with small trialkylphosphines (e.g. PMes3). Sometimes, the
reduced metal species can be isolated following OAT, and in other cases, the reduced fragment is
too reactive to isolate but can be utilized in sifu. For example, in one work from Mayer and
coworkers, a cationic rhenium(V) terminal oxo complex, 1.14, and its corresponding rhenium(III)
analog (1.15, without an oxo ligand) were each evaluated for their OAT donor and acceptor
abilities, and this was only enabled by the stability of each species (Scheme 1.6).!7



-+
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Scheme 1.6 OAT donor and acceptor reactions of cationic rhenium(V) and rhenium(III)
complexes.

In contrast, the thoroughly studied rhenium(VII) complex methyltrioxorhenium (MTO,
1.16) readily donate an oxygen atom to triphenylphosphine, generating a unisolable intermediate,
the dioxo compound 1.17, which will readily bind alkynes (forming 1.18) or condense with glycols
and polyols to form rhenium(V) glycolate complexes (1.19, Scheme 1.7).!® These glycolate
complexes undergo a thermal cycloreversion to eject olefins and reform the MTO starting material,
and this process is at the forefront of current efforts to catalytically deoxygenate biomass to yield
carbon neutral liquid fuels.!” In all, oxygen atom transfer is one of the primary means of assessing
the relative reactivity and behavior of a rhenium terminal oxo complex, and this method has led to
a number of fruitful fundamental and applied studies.

R——R Me o
— e
R = alkyl, aryl 0" g
R
1.18

e PPNy e
_Re_ e Re
0°8470  opph; | O

>150 °C
Scheme 1.7 Reactivity of a transient intermediate generated by OAT from MTO.

Rhenium terminal oxo groups have also been present in compounds that challenged the
classical notions of metal-ligand multiple bonding in terms of their chemical behavior and
electronic structure. The most well-known examples of this are the acetylene-supported
rhenium(IIT) and rhenium(I) terminal oxo complexes 1.20 and 1.21 studied extensively by Mayer
and coworkers (Scheme 1.8).2?? Prior to these works, no transition metal oxo complex with an
electronic configuration of @* or greater had been isolated. The observation that such species could
be accessed rationally, but still contained robust and persistent metal oxo groups, was striking: the
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majority of reactions with this complexes occurred at the metal rather than at the multiply-bonded
ligand. Classically, terminal oxo groups are only found in transition metal complexes with high
valent metals with 2 or less d electrons residing on the metal (provided there is tetragonal symmetry
in its coordination sphere).?> These studies by Mayer and coworkers demonstrated that lower
valent terminal oxo complexes could be rationally accessed in lower symmetry transition metal
complexes, and these works have informed a number of subsequent studies of ¢* and @ terminal

oxo species.?*2°
o FPhs - i i o o I ner
>:Rle_' — Rﬂ : “T\' a “-FLL\ R
o ||3Ph3 R = alkyl, aryl o /Q\R . /\\\\\‘R %
1.20 1.;

Scheme 1.8 Synthesis and structure of rhenium(III) and rhenium(I) terminal oxo complexes.

In more recent work from the group of Elon Ison, a rhenium(V) terminal oxo complex in
an electron-rich coordination environment (1.22) demonstrated both electrophilic and nucleophilic
behavior at the terminal oxo ligand, yielding the complexes 1.23 and 1.24, respectively (Scheme
1.9).2” While electrophilic and nucleophilic terminal oxo complexes are both well precedented,
Ison’s work showed that metal oxo species (perhaps especially those of rhenium) are subject to a
precise degree of electronic tuning that has a direct influence on their behavior. The electronic
tuning of metal oxides, more often of the first row transition elements, is targeted towards the use
of these groups in C-H activation chemistry.?®

; . p P

N0 PRs N_O BCeFs)s N 9
( Re—X < ( Re—x —> "Re—X

- _
N\ -OPR3 N\ N~ \N
/N N=ar /N N=ar SN A
X = Me, Cl, I, C(O)Me
Ar = Mes, CgF5
1.23 1.22 1.24

Scheme 1.9 Electrophilic and nucleophilic reactivity in the same rhenium(V) oxo complex.

The field of homogeneous rhenium oxo chemistry has been a persistent source of important
fundamental results, and informed developments in other areas of synthetic inorganic chemistry
and catalysis. This precedent provided an ample theoretical basis to justify the synthesis of the first
rhenium oxo B-diketiminates.

Guiding Hypothesis, and Entry into the Rhenium B-Diketiminate System

The hypothesis driving this work is as follows: given the proven capability of the BDI
ligand to support uniquely reactive group 5 imido species in both high and low valent forms, as
well as the proven ability of the rhenium oxo moiety to display a wide range of reactivity in

7



multiple oxidation states, it was postulated that similarly novel compounds and behaviors will be
observed upon the synthesis and study of the first rhenium oxo BDI complexes. While this work
is generally focused on studying reactivity of the rhenium oxo moiety, species not containing an
oxo ligand were also accessed, and their reactivity was subsequently assessed. Cumulatively, this
work in one part highlights the utility of the BDI ligand as a versatile ancillary framework, but
more largely demonstrates a number of novel behaviors of rhenium oxo complexes, and in some
cases, of transition metal complexes in general.

Prior to this work, there were only a handful of preexisting examples of rhenium BDI
complexes, reported in a single article.?’ These complexes were exclusively based on rhenium(I)
carbonyl fragments (1.25), and their reported reactivity was limited to the non-innocent behavior
of the BDI ligand, and its reversible addition to metal-bound nitriles (Scheme 1.10). In this study,
the neutral, protonated BDI ligand was used directly in the rhenium complexation reactions;
however, the primary targets of this work were high valent oxo complexes, which bear little
resemblance to the reported series of rhenium carbonyl BDI complexes. Therefore, it was apparent
a different means of BDI metalation, such as salt metathesis, would need to be employed in this
work. In summary, this work was initiated with little to no direct guidance from the literature, and
the subsequent chapters are likely to provide a meaningful precedent for all future studies of
rhenium BDI complexes.

Ar~N HN-AT o
y H N)Ib\r? C///O
(CO)sReBr —— » ~Re
H =N | “cy
Ar = 2,6-dichlorophenyl Ar Br o

Scheme 1.10 Representative example of a rhenium BDI complex that predates this work.
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Chapter 2

Oxygen Atom Transfer and Intramolecular
Nitrene Transfer in a Rhenium [3-
Diketiminate Complex
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Introduction

The chemistry of transition metal oxo complexes is a diverse and extensively studied area
of research due to its relevance to enzymatic processes and catalytic applications.!* Of consistent
interest are rhenium terminal oxo complexes, due to their proven ability to catalyze a plethora of
transformations, including deoxygenations, didehydroxylations, hydrosilylations, C-C and C-O
bond forming reactions, as well as numerous organic oxidations.>!'* The reactivity of metal oxo
complexes, including those of rhenium, have been found to be highly variable depending upon the
specific electronic and steric properties of the ancillary ligands they contain.!® For example, while
many rhenium oxo moieties display electrophilic reactivity, the use of a proper ancillary
framework can lead to nucleophilic reactivity as well.!!” This high degree of variability has
stimulated our interest in investigating the effects of unexplored ligand frameworks on the rhenium
oxo fragment with the hope of creating an environment suitable for the observation of novel modes
of reactivity and the stabilization of new structural motifs.

One popular ancillary framework that has not been applied to oxo rhenium chemistry is the
B-diketiminate (BDI) ligand. This anionic, sterically encumbering framework has previously
allowed for the synthesis and isolation of highly reactive inorganic fragments, such as those
bearing low valent alkaline earth metal and main group element centers, as well as those containing
early and late transition metals.?%%° Previously, the BDI framework has also been used to support
a variety of Re(I) carbonyl complexes that have been observed to undergo intramolecular C-H
addition across organic nitriles.”® A major research effort in our group has been the study of the
properties and reactivity of niobium and tantalum imido complexes supported by the BDI ligand.?”
3% These complexes have demonstrated numerous modes of stoichiometric and catalytic reactivity
previously unobserved in Group 5 imido complexes.

The target for this work was the synthesis of the first oxo rhenium BDI complexes for the
purpose of determining their unique reactivity and properties. As a guide for future studies, we
also sought to probe some of the ancillary limitations of the BDI framework for rhenium oxo
complexes to establish what conditions may lead to non-innocent or degradative reactivity.

Results and Discussion

We have developed a facile, scalable synthesis of the first oxo rhenium BDI complex,
OReClx(BDI) (2.1), which utilizes the easily accessed precursors OReCl3(PPh3), and
(BD)MgCI(THF) (Scheme 2.1). Complex 2.1 can also be accessed in similar yield when
OReCl3(SMe»): is instead used as the rhenium source. One key advantage of using OReCl3(SMe;)>
rather than OReCl3(PPhs): is the ability to isolate 2.1 by Soxhlet extraction into hexane as opposed
to crystallization from diethyl ether. Both routes yield 2.1 as dark green crystalline solids. Attempts
using the common rhenium oxo precursor OReCl3(SMe>)(OPPh3) only gave low yields of 2.1 after
a protracted workup procedure. Additionally, when the common BDI source (BDI)Li(Et2O) was
used in place of the magnesium salt, only low yields of 2.1 were obtained. It has previously been
reported that the magnesium salts of PNP-pincer ligands led to much higher yields in salt
metathesis reactions with rhenium oxyhalide precursors than do their lithium analogs.**-*!
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Scheme 2.1 Salt metathesis routes to yield 2.1.

The X-ray crystal structure of 2.1 (Figure 2.1) displays distorted square pyramidal
geometry, with the oxo ligand occupying the apical position. Complex 2.1 is coordinately and
electronically unsaturated (5-coordinate, 16 €°), presumably due to the high steric bulk of the BDI
ligand. Another noteworthy feature in the structure of 2.1 is the relative locations of the two
chloride ligands: one chloride is slightly tucked under towards the open coordination site that lies
trans to the oxo ligand. This difference is highlighted in the measurements of the O-Re-Cl bond
angles of 104.17(9)° and 111.70(9)°.

Figure 2.1 X-ray crystal structure of 2.1 with thermal ellipsoids set to 50% probability. Solvent,
BDI isopropyl, and hydrogen atoms have been removed for clarity. Selected bond distances (A):
N(1)-Re(1) 2.064(2), N(2)-Re(1) 2.030(3), O(1)-Re(1) 1.670(2), CI(1)-Re(1) 2.3310(10), C1(2)-
Re(1) 2.3436(10).

In most cases, the chemistry of 2.1 is dominated by its tendency to form octahedral adducts
with small o-donors. Red adducts of 2.1 with phosphines, isonitriles, and pyridines all form within
seconds at room temperature, as demonstrated by the synthesis and isolation of the complexes
OReCl2(BDI)(PEt3) (2.2a), OReCly(BDI)(XyINC) (2.2b) (XyINC = 2,6-
dimethylphenylisocyanide), and  OReClL(BDI)(DMAP) (2.2¢) (DMAP = 4-
dimethylaminopyridine) (See Scheme 2.2). All of these complexes feature the dative ligand
binding cis to the oxo group, as confirmed by the solid state structures of 2.2a and 2.2¢ as well as
the apparent symmetry displayed in the 'H NMR spectrum of 2.2b. An adduct of 2.1 with
acetonitrile (MeCN) is also observed to form, as a dark red solution is obtained when 2.1 is
dissolved in this solvent. However, it was found that 2.2d was too labile to remain intact during
workup, leading only to the recovery of starting material (see Experimental). No adducts of 2.1
were observed to form with ethylene, various alkynes, or carbon monoxide, implying that 2.1 will
not readily form m-backbonding interactions despite the @* electron configuration of its Re(V)
center.
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Scheme 2.2 Formation of isolable adducts of 2.1 with strong -donor ligands.

The solid state structures of 2.2a and 2.2¢ bear high resemblance to one another (Figure
2.2). Both exhibit distorted octahedral geometries with no differences between the analogous
bonding parameters to the metal center (excluding those for PEt; or DM AP themselves) exceeding
0.036(6) A. Both DMAP and PEt; force the BDI framework to bind in an asymmetric manner,
with the cis N atom being pushed further away from the metal due to the steric clash between the
BDI aryl group and the adducting ligand. This effect is slightly more pronounced in 2.2¢, where
the cis N atom is 0.099(6) A further from the metal than the frans N atom of the BDI ligand. In
2.2a this difference is only 0.079(6) A, likely because in these complexes PEt; binds much further
away from the metal center than does DMAP, which lessens its steric repulsion on the binding of
the BDI framework. For example, the Re-L distance is 2.5471(13) A in 2.2a versus only 2.219(5)
A in 2.2¢. The distorted octahedral geometry of these complexes is apparent in the non-ideal
bonding angles of the oxo ligand; the angles between it and the frans chloride ligand noticeably
deviate from linearity (O-Re-Cl = 166.65(11)° in 2.2a and 165.78(12)° in 2.2¢). In addition to this
distortion, a measureable trans-influence due to the oxo ligand is also observed in the rhenium to
chloride bond distances. This frans-influence appears to be much larger in 2.2a than in 2.2¢, with
trans-Cl bond lengths exceeding the cis-Cl bond lengths by 0.074(2) A and 0.023(2) A,
respectively.

Figure 2.2 X-ray crystal structures of 2.2¢ (left) and 2.2a (right) with thermal ellipsoids set to 50%
probability. Solvent, BDI isopropyl, and hydrogen atoms have been removed for clarity. Selected
bond distances (A) for 2.2¢: N(1)-Re(1) 2.046(4), N(2)-Re(1) 2.143(4), N(3)-Re(1) 2.219(5), O(1)-
Re(1) 1.672(4), CI(1)-Re(1) 2.3812(14), CI(2)-Re(1) 2.4046(16). Selected bond distances (A) for
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2.2a: N(1)-Re(1) 2.159(4), N(2)-Re(1) 2.082(4), O(1)-Re(1) 1.684(4), P(1)-Re(1) 2.5471(13),
CI(1)-Re(1), 2.3643(12), C1(2)-Re(1) 2.4383(13).

Of the adducts of 2.1, only 2.2a was selected for further study on the basis of its solid state
structure, which indicated a long Re-P distance of 2.5471(13) A, elongated from its expected value
by over 0.1 A.*? This long bond length is presumably due to the steric clash between the ethyl
groups of the phosphine and the BDI framework, potentially resulting in a weakened bond between
the phosphine and the rhenium center. This hypothesis was confirmed when a solution of 2.2a was
heated to 80 °C for several days and periodically monitored by 'H and 3'P NMR spectroscopies.
During this time the formation of multiple species was observed, including new phosphine-
containing species as well as one species containing what was believed to be Re-bound
triethylphosphine oxide (OPEt3) (See Figure 2.3). The two new phosphine-containing and one new
phosphine oxide-containing species did not undergo further conversion with additional heating.
We believed that oxygen atom transfer (OAT) was taking place, leading to the formation of a
phosphine-supported Re(IlI) BDI complex.

2 1-PEt3

1-OPEt3 ‘

5 9 85 8 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 o -5 -10 -15 -20 -25 -30 -35 -40 -45
1 (ppm)

Figure 2.3°'P NMR spectra illustrating the thermal reaction of 2.2a over several days at 80 °C to
generate 2.2e (86.3 ppm) and two new phosphine-containing species, including compound 2.3 (-
28.2 ppm). The species corresponding to the peak at -15.8 ppm could not be identified.

In order to investigate the intriguing thermolysis reactivity of 2.2a, we attempted to identify
the multiple new species whose signals were observed in the 3'P NMR data. We confirmed that
the downfield signal observed at 86.3 ppm corresponds to the adduct OReCl>(BDI)(OPEt3) (2.2¢)
by combining 2.1 with excess OPEt; and measuring the 3'P NMR spectrum of the resulting bright
red solution (see Experimental). This verified that OPEt; was indeed being formed upon the
thermolysis of 2.2a, a clear indication that OAT was taking place. Since 2.2e was observed rather
than free OPEts, it was clear phosphine oxide had exchanged with PEt; from unreacted 2.2a. The
liberated PEt3 then appeared to play a role in trapping or reacting with the species formed by OAT.
Therefore, it was hypothesized that a second equivalent of phosphine was necessary to trap the
product of OAT from 2.1 and bring the reaction to completion.
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To test the effects of added PEt3 on the thermal reaction of 2.2a, two separate NMR scale
reactions were conducted, where equal amounts of 2.1 were heated in toluene-ds at 120 °C with
either 2.3 or 10 equivalents of PEts. In both cases 2.2a was the only Re-containing species observed
before heating, indicating that 2.1 had bound one equivalent of the added phosphine in each
reaction mixture. It was found that both reactions displayed first-order rates of consumption of
2.2a over time, and that increased concentration of PEt3 resulted in faster consumption of 2.2a (see
Experimental). Interestingly, in addition to increasing the rate of the reaction, a higher
concentration of phosphine had a drastic effect on the product distribution. First, in both reactions
no 2.2e was observed, but rather free OPEt; was seen to form as the reaction proceeded. This
indicates that the reaction to form 2.2e only occurs when there is a lack of phosphine present to
trap or react with the species arising from OAT. Second, it was found that the signal due to the
major product of these reactions corresponded to the previously observed *'P NMR signal at -28.2
ppm, whereas the signal seen at -15.8 ppm was greatly diminished compared to that observed for
the thermolysis of 2.2a (Figure 2.4). These observations demonstrate that the presence of free PEt;
both allows the OAT reaction to consume all of the starting material by preventing the formation
of 2.2e, as well as yield only one major phosphine-containing product. As seen in previous
experiments, there was a significant amount of protonated BDI ligand observed in the 'H NMR
spectra of these reaction mixtures, indicating some decomposition process was also occurring over
the course of the reactions. Numerous minor peaks were also observed in the *'P NMR data as a
result of thermal degradation. Due to these degradative reaction pathways and the convoluted
product mixture observed in this system, we determined a quantitative kinetic analysis based on
these experiments would be imprudent. Regardless, the conclusion that higher concentrations of
free PEt3 both increased the rate of the reaction as well as controlled its product distribution to
predominantly a single product allowed us to efficiently carry on with preparative experiments.

PEt3

1-PEt3

OPEt3

e

T T T T T
10 ] -10 -20 -30 -40 -50 -60

100 90 80 70 60 50 40 30 20
f1 (ppm)

Figure 2.4°'P NMR spectrum of the reaction mixture generated from 2.1 with 10 eq. of PEt; after
Shat 120 °C.

Based on the results of the NMR spectroscopy experiments, we wished to isolate and
characterize the major product of OAT in this system. Thus, 2.1 and 5 equiv. of PEt; were heated
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in toluene at 120 °C to yield a single isolated product, (ArN)ReCl,(MAD)(PEt3) (2.3) (Ar = 2,6-
diisopropylphenyl, MAD = 4-((2,6-diisopropylphenyl)imino)pent-2-en-2-ide) (See Scheme 2.3).
Characterization of this product by NMR spectroscopy demonstrated that it was indeed the main
species observed to form from the thermal reaction of 2.2a, with a *'P NMR signal at -28.2 ppm.
Complex 2.3 is formed via nitrene transfer to the metal center from the BDI ligand following OAT
from 2.1, which presumably forms an unobserved, Re(Ill) intermediate, “ReCl(BDI)(OPEt3).”
This mode of cleavage of the BDI ligand has precedent in work done by our group.***> The
formation of complex 2.3 by this route is the first documented example of oxidative nitrene transfer
to rhenium from a carbon atom. Nitrene transfer to rhenium is a known reaction using azide
compounds, and this reaction has previously been studied in high-valent rhenium complexes. 6’

Ar
NAr (|)| ol 5 equiv. PEt; /\N\ ”ArCI
— "TRe_ L Re™
> N/ ~Cl Toluene, 120 °C, 24 h ‘L( | “PEt,
Ar -OPEt; Cl
21 2.3

26%

Scheme 2.3 Oxygen atom transfer from 2.1 to PEt; followed by intramolecular nitrene transfer
from the BDI ligand to form 2.3.

The solid-state structure of 2.3 was determined by X-ray crystallography, and it was found
to crystallize in the triclinic space group P-1 with two independent molecules of 2.3 in the
asymmetric unit (Figure 2.5). The geometry of 2.3 is very similar to those of 2.2a and 2.2¢, with
the PEt3 ligand bound cis relative to the imido moiety. The PEt3 in 2.3 is bound cis to the ligating
C atom of the MAD ligand, which lacks significant bulk relative to the ligating N(Ar) group. Due
to the significantly decreased steric profile of the MAD ligand relative to the BDI framework, the
PEt; ligand in 2.3 is bound much closer to the metal center than it is in 2.2a (Re-P = 2.4279(15) A
and 2.4293(13) A). The diminished steric requirements for the MAD ligand are also observable in
its narrow bite angles of 77.23(14)° and 77.53(14)° as measured in the crystal structure of 2, versus
the bite angles for the BDI ligand in 2.2a and 2.2¢ of 90.84(15)° and 88.78(17)°, respectively. The
imido moiety in 2.3 is almost perfectly linear in geometry (Re-N-C =176.9(3)° and 177.8(3)°) and
imposes steric and electronic distortions analogous to those observed in both 2.2a and 2.2c,
including a measureable trans-influence in the chloride ligands (0.0139(17) A and 0.0179(17) A
in the two independent molecules of 2) as well as a skewed binding angle of the imido moiety (N-
Re-trans C1 =170.47(12)° and 170.87(12)°).

16



Figure 2.5 X-ray crystal structure of one of the two crystallographically independent molecules of
2.3 with thermal ellipsoids set to 50% probability. Isopropyl and hydrogen atoms have been
removed for clarity. Selected bond distances (A): N(1)-Re(1) 1.736(4), N(2)-Re(1) 2.189(4), C(1)-
Re(1) 2.146(4), P(1)-Re(1) 2.4279(15), CI(1)-Re(1) 2.4455(11), CI(2)-Re(1) 2.4594(12).

Based on the above results, it appeared that the BDI ligand would prove incapable of
supporting low-valent fragments resulting from OAT from 2.1. Thus, the ancillary limitations of
BDI in Re complexes are similar to those found in the Nb imido BDI complexes studied by our
group, in which intramolecular nitrene transfer from the BDI ligand occurred when a low-
coordinate Nb(III) center was generated in the presence of a dative ligand. It is unclear if a dative
ligand is required for nitrene transfer to occur in the Re system under discussion, or if the thermal
conditions of the reaction play a key role in this step. Interestingly, it was found that when the
same OAT reaction was attempted in the presence of excess trimethylphosphine (PMes), only the
adduct OReCla(BDI)(PMes;) (2.2f) was isolated and identified on the basis of its 'H and *'P NMR
spectra. Presumably the smaller size of PMej3 relative to PEt; allows it to form a stronger adduct
with 2.1 that cannot be thermolyzed under similar conditions (100 °C) to promote OAT reactivity.
Additionally, when a strong adduct, 2.2¢, was heated in the presence of PEt;3 no reaction was
observed. We also found that complex 2.1 did not react or form an adduct with PPhs, even after
heating at 100 °C for extended periods.

These experiments demonstrate that OAT in this system can occur from 2.1 but not its
adducts, and only with oxygen atom acceptors that are sterically incapable of forming a strong
bond directly to the metal center. The formation of a strong bond to the metal prevents the
migration or dissociation step that is necessary for OAT to take place. Also, as demonstrated by
the lack of reactivity of 2.1 with PPh3, when the oxygen atom acceptor is too bulky to form any
bond directly to the metal center there is no kinetically accessible pathway to OAT. In short,
because of the sterically encumbering nature of the BDI ligand, the OAT reactivity of 2.1 is tuned
to phosphines that, like PEt3, can interact with the Re center, but only to the extent that these
interactions are labile upon heating.
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This conclusion implies that OAT from 2.1 can proceed by one of two distinct
mechanisms, which were briefly mentioned earlier. One involves an intramolecular OAT via direct
migration of PEt3 in 2.2a from the Re center to the oxo moiety. The other mechanism would
involve two steps: dissociation of PEt3 from 2.2a followed by intermolecular nucleophilic attack
on the oxo moiety of 2.1 by free PEt3. Based on our kinetic data alone, these two mechanisms are
indistinguishable. Specifically, an increase in free phosphine concentration could increase the rate
of OAT in either case, either by favoring the equilibrium to form 2.2a (and thus the intramolecular
pathway) or by increasing the rate of nucleophilic attack on the oxo moiety of free 2.1 (which
would favor the intermolecular pathway). Additionally, none of our data precludes the possibility
of both pathways being kinetically accessible at 120 °C (Scheme 4). In the future, a computational
study using density functional theory (DFT) may help elucidate which of these pathways is more
favorable.
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Scheme 2.4 Outline of plausible mechanistic pathways to generate 2.3, based on the insights
gained from kinetic and reactivity studies of 2.1 and 2.2a.

Summary and Conclusions

In summary, we have reported the synthesis of the first oxo rhenium B-diketiminate
complex, OReCl2(BDI) (2.1), as well as syntheses of several Lewis base adducts of this complex
with isonitriles, phosphines, and DMAP (2.2a-c). Complex 2.1 has been found to undergo oxygen
atom transfer with PEt; under thermal conditions, yielding the imido monoazabutadiene complex
(ArN)ReCl2(MAD)(PEt3) (2.3), which is generated via intramolecular nitrene transfer from the
BDI ligand. This cleavage of the BDI ligand indicates an ancillary limitation of the BDI framework
in rhenium complexes that will be considered in our future studies of this class of complexes.
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Experimental

General Considerations: All manipulations were carried out either in an MBraun LabStar
glovebox under a dry nitrogen atmosphere or on a Schlenk line using standard techniques. All
solvents were dried by passage through a basic alumina column and were handled and stored in
standard Strauss flasks under a dry nitrogen atmosphere. Deuterated benzene was obtained from
Cambridge Isotope Labs, dried over Na/benzophenone, and transferred under vacuum prior to
storage in the glovebox over 4 A molecular sieves. DMAP and XyINC were dried under vacuum
at ambient temperature overnight prior to storage in the glovebox. Trimethylphosphine and
triethylphosphine were transferred to storage flasks from their commercial packaging and stored
under nitrogen. The reported compounds OReCl3(PPhs).,*® OReCl3(SMe2),*!  and
MgCI(BDI)(THF)* were synthesized using literature procedures. NMR spectroscopy data were
obtained on Bruker AV-300, AVQ-400, AVB-400, AV-500, DRX-500, and AV-600
spectrometers. All 'H and '°C spectra were calibrated to the residual peak of the solvent used. 'P
NMR spectra were obtained using a proton-decoupled parameter set, and reported chemical shifts
were referenced to the shifts of known compounds. Select peak assignments were corroborated
with 'H-'H COSY and 'H-'3C HSQC experiments as necessary. Infrared absorption data was
obtained using a Thermo Scientific Nicolet iS10 instrument, with the sample chamber under
ambient atmosphere. Samples were prepared as Nujol mulls pressed between KBr plates in the
glovebox. A background IR spectrum was obtained immediately prior to data acquisition for each
sample.

OReCL2(BDI) (2.1): Route A: A solid mixture of OReCl3(SMe:), (6.04 g, 9.54 mmol) and
MgCI(BDI)(THF) (5.24 g, 9.54 mmol) was dissolved in 30 mL of THF at room temperature, giving
a dark, opaque solution. After being stirred for ca. 19 h, the volatile components of the reaction
mixture were removed in vacuo, leaving a dark residue. This residue was triturated with two 10
mL aliquots of hexanes prior to a Soxhlet extraction into 150 mL of hexanes for 48 h. This
extraction gave a dark green solution and a sizable accumulation of dark green microcrystalline
solids. After storage of this mixture overnight at -40 °C 2.1 was collected by filtration. Yield: 4.32
g, 66%. Route B: OReCl3(PPh3) (12.4 g, 14.9 mmol) and MgCI(BDI(THF) (8.21 g, 14.9 mmol)
were combined in a 500 mL round-bottom Schlenk flask. THF (250 mL) was then added by
cannula transfer to give a yellow-green suspension. This suspension was stirred vigorously for ca.
36 h over which time a dark green solution with a fine, pale precipitate was observed to form. The
volatile components of the reaction mixture were removed in vacuo, and the resulting dark residue
was triturated with hexane (2 x 50 mL) to remove residual THF. The residue was then extracted
with ca. 800 mL of diethyl ether, with the extracts being filtered through Celite on a medium-
porosity Schlenk frit. The collected extracts were concentrated in vacuo to ca. 450 mL and stored
overnight at -40 °C to give 2.1 as large, dark green needle-shaped crystals. Yield: 7.28 g, 71%.
m.p.: 180 °C (decomp.). '"H NMR (500 MHz, C¢Ds, 298 K): 7.21 (t, 2H, Ar), 7.17 (d, 2H, Ar), 7.09
(d, 2H, Ar), 5.00 (s, 1H, CH(C(Me)NAr)2), 2.96 (sept, 2H, CHMe»), 2.21 (sept, 2H, CHMe»), 1.55
(s, 6H, CH(C(Me)NAr)2), 1.37 (d, 6H, CHMe), 1.17 (d, 6H, CHMe), 1.08 (d, 6H, CHMe>), 0.98
(d, 6H, CHMe). *C NMR (150 MHz, C¢Ds, 298 K): 175.5 (CH(C(Me)NAr),), 151.3 (Ar), 142.6
(Ar), 142.0 (Ar), 128.4 (Ar), 125.1 (Ar), 125.0 (Ar), 123.9 (Ar), 112.8 (CH(C(Me)NAr),), 29.7
(CHMey), 28.0 (CHMe»), 26.8 (CH(C(Me)NAr)2), 24.5 (CHMez), 24.4 (CHMez), 24.2 (CHMez),
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24.0 (CHMe»). IR (Nujol): 1591, 1553, 1522, 1353, 1316, 1293, 1261, 1243, 1228, 1180, 1100w,
1057, 1015w, 936, 869, 852, 802, 764, 725, 708. Anal. Calcd for C20H41N>OCl:Re (2.1): C, 50.42;
H, 5.98; N, 4.05. Found: C, 50.52; H, 6.08; N, 4.09.

OReCL(BDI)(PEt3) (2.2a): PEt3 (53.3 uL, 42.8 mg, 0.362 mmol) was added to a suspension of
2.1 (250 mg, 0.362 mmol) in diethyl ether (ca. 5 mL) at room temperature with stirring, resulting
in an immediate color change of the solution from dark green to dark red. The reaction mixture
was allowed to stir at room temperature for 1 h, after which the volatile components were removed
in vacuo. The resulting dark red residue was extracted into hexanes (2 x 4mL), and these extracts
were filtered and concentrated. Storage of the concentrated extracts at -40 °C gave the product as
dark red blocks. Yield: 199 mg, 68%. m.p. 130-1 °C '"H NMR (400 MHz, C¢Ds, 298 K): 7.32 (d,
1H, Ar), 7.25 (t, 1H, Ar), 7.16 (d, 1H, Ar), 7.09 (t, 2H, Ar), 7.00 (t, 1H, Ar), 4.99 (s, 1H,
CH(C(Me)NAr)2), 3.74 (sept, 2H, CHMez), 3.17 (sept, 2H, CHMez), 1.85 (s, 3H,
CH(C(Me)NAr),), 1.79 (sept, 4H, P(CH2CHa;)3), 1.73 (s, 3H, CH(C(Me)NAr),), 1.68 (d, 3H,
CHMe»), 1.39 (d, 3H, CHMe»), 1.37 (d, 3H, CHMe>), 1.32 (d, 3H, CHMe»), 1.31 (d, 3H, CHMez),
1.22 (d, 3H, CHMe»), 1.12 (sept, 2H, P(CH>CH3)3), 1.11 (d, 3H, CHMe>), 1.04 (d, 3H, CHMe>),
0.74 (quint, 9H, P(CH>CHs)3. *C NMR (100 MHz, C¢Ds, 298 K) 169.8 (HC(C(Me)NAr),), 157.8
(HC(C(Me)NAr)2), 149.8 (Ar), 148.3 (Ar), 146.2 (Ar), 146.0 (Ar), 143.0 (Ar), 127.2 (Ar), 125.5
(Ar), 125.0 (Ar), 124.0 (Ar), 123.8 (Ar), 106.0 (HC(C(Me)NAr),), 28.1 (CMe»), 28.0 (CMe»), 27.8
(HC(C(Me)NAr)), 27.7 (HC(C(Me)NAr)2), 27.2 (CMe»), 26.8 (CMez), 26.5 (CMe»), 26.2 (CMey),
25.4 (CMe»), 25.2 (CMey), 24.7 (CMe»), 23.1 (CMey), 15.5 (d, J =26 Hz, P(CH2CH3)3), 7.8 (d, J
= 6 Hz, P(CH2CHs)3). *'P NMR (162 MHz, CsDs, 298 K): -38.0. IR (Nujol): 1585, 1541, 1530,
1415, 1314, 1260, 1165, 1098, 1045, 1034, 1020, 970, 851, 798, 768, 755, 722, 708. Anal. Calcd
for C35sHssN2OPClaRe (2.2a): C, 51.97; H, 6.98; N, 3.46. Found: C, 51.88; H, 7.04; N, 3.36.

OReCL(BDI)(XyINC) (2.2b): A toluene solution of 2,6-dimethylphenyl isocyanide (19.0 mg,
0.145 mmol in 2 mL) was added to a stirring solution of 2.1 (100 mg, 0.145 mmol) in toluene (3
mL) at room temperature, resulting in an immediate color change of the solution from dark green
to very dark red. The reaction mixture was stirred for ca. 18 h after which time the volatile
components were removed in vacuo. The resulting dark residue was extracted thoroughly with
diethyl ether (15 mL), and the dark red extracts were filtered and concentrated prior to storage at
-40 °C. After storage overnight, the product was isolated as opaque dark blocks. 'H NMR analysis
of the isolated crystalline material indicated the product cocrystallizes with 1 equivalent of diethyl
ether. Yield: 110 mg, 85% (based on 2.2b * Et;0). m.p.: 279-281 °C. '"H NMR (500 MHz, C¢Ds,
298 K): 7.36 (dd, 1H, BDI Ar), 7.24 (t, 1H, BDI Ar), 7.19 (dd, 1H, BDI Ar), 7.08 (dd, 1H, BDI
Ar), 6.97 (dd, 1H, BDI Ar), 6.87 (t, 1H, BDI Ar), 6.54-6.43 (m, 3H, xylyl Ar), 4.88 (s, 1H,
CH(C(Me)NAr)2), 3.90 (sept, 1H, CHMe»), 3.72 (sept, 1H, CHMey), 3.30-3.14 (m, 2H, CHMe,),
2.00 (s, 6H, CH(C(Me)NAr),), 1.79 (s, 3H, xylyl Me), 1.76 (d, 3H, CHMe>), 1.71 (s, 3H, xylyl
Me), 1.50 (d, 3H, CHMe»), 1.45 (d, 3H, CHMe»), 1.31 (d, 3H, CHMez), 1.30 (d, 3H, CHMe>), 1.23
(d, 3H, CHMe»), 1.08 (d, 3H, CHMe»), 1.06 (d, 3H, CHMe»). '3C NMR (126 MHz, CsDs, 298 K):
169.5 (HC(C(Me)NAr),), 157.6 (xylyINC), 147.4 (BDI Ar), 145.3 (BDI Ar), 145.2 (BDI Ar),
143.6 (BDI Ar), 136.7 (xylyl Ar), 130.4 (xylyl Ar), 128.4 (BDI Ar), 128.2 (BDI Ar), 128.0 (BDI
Ar), 127.7 (BDI Ar), 127.4 (xylyl Ar), 124.9 (BDI Ar), 124.5 (BDI Ar), 124.4 (BDI Ar), 124.1
(BDI Ar), 108.0 (HC(C(Me)NAr)2), 28.4 (HCMe»), 28.2 (HCMe»), 28.0 (HCMez), 27.9 (HCMe»),
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27.0 (xylyl Me), 26.5 (HCMe»), 26.0 (xylyl Me), 25.7 (HCMe,), 25.6 (HCMe>), 25.3 (HCMey),
25.2 (HCMe»), 25.0 (HCMe»), 24.6 (HCMe), 23.1 (HCMez), 18.3 (HC(C(Me)NATr),). IR (nujol):
2201, 2186, 1590, 1552, 1523, 1316, 1289, 1256, 1167, 1101, 1021, 955, 858, 798, 774, 721. Anal.
Calcd for C42HeoN3O2CL2Re (2.2b ® OEt): C, 56.30; H, 6.75; N, 4.69. Found: C, 56.04; H, 6.66;
N, 4.69.

OReCL2(BDI)(DMAP) (2.2¢): A toluene solution of 4-dimethylaminopyridine (DMAP) (17.7 mg,
0.145 mmol in 3 mL) was added to solid 2.1 (100 mg, 0.145 mmol) at room temperature. A color
change from dark green to bright red was observed immediately. A small amount of bright red
precipitate was observed to form within 2 min of the addition. After being stirred for 30 min, the
volatile components of the reaction mixture were removed in vacuo, giving a bright red powder.
This powder was dissolved into THF (5 mL), and the resulting solution was filtered and
concentrated in vacuo. To this concentrated solution, one volume of pentane (ca. 2 mL) was added
immediately prior to storage at -40 °C. After storage overnight, the product was isolated as bright
red blocks. "H NMR spectroscopy analysis of the isolated crystalline product indicated the
presence of cocrystallized THF. Yield: 85 mg, 72%. m.p.: 221 °C (decomp.). '"H NMR (500 MHz,
CeDs, 298 K) 7.43 (d, 2H, DMAP Ar), 7.29-7.21 (m, 3H, BDI Ar), 7.19-7.13 (m, 2H, BDI Ar),
7.11 (t, 1H, BDI Ar), 6.96 (d, 2H, DMAP Ar), 4.90 (s, 1H, HC(C(Me)NAr)2), 3.97 (sept, 1H,
CHMe»), 3.88 (sept, 1H, CHMe»), 3.41 (sept, 1H, CHMe»), 3.23 (sept, 1H, CHMe»), 1.98 (s, 9H,
DMAP Me and CHMe»), 1.93 (s, 3H, HC(C(Me)NAr)2), 1.91 (s, 3H, HC(C(Me)NAr),), 1.67 (d,
3H, CMe»), 1.45 (d, 3H, CMe), 1.41 (d, 3H, CMe»), 1.31 (d, 3H, CMez), 1.20 (d, 3H, CMe»), 1.05
(d, 3H, CMe), 0.61 (d, 3H, CMez). 3C NMR (125 MHz, C¢Dg, 298 K) 172.6 (HC(C(Me)NAr),),
155.0 (BDI Ar), 154.5 (BDI Ar), 153.6 (DMAP Ar), 148.4 (BDI Ar), 147.0 (BDI Ar), 146.1 (BDI
Ar), 143.8 (BDI Ar), 127.5 (BDI Ar), 127.4 (BDI Ar), 124.6 (DMAP Ar), 124.5 (DMAP Ar),
124.1 (BDI Ar), 123.9 (BDI Ar), 108.7 (HC(C(Me)NAr)2), 37.8 (DMAP Me), 28.5 (CHMey), 28.1
(CHMey), 27.8 (CHMe»), 27.6 (CHMez), 26.8 (CHMez), 26.2 (CHMez), 26.0 (HC(C(Me)NAr)2),
25.8 (HC(C(Me)NAr)), 25.6 (CHMez), 25.5 (CHMez), 25.3 (CHMez), 25.2 (CHMez), 24.7
(CHMe»), 23.7 (CHMe»). IR (nujol): 1629, 1569, 1540, 1518, 1319, 1280, 1263, 1247, 1236, 1170,
1099, 1064, 1018, 957, 858, 800, 764, 722. Anal. Calcd for C40HsoN4O2CloRe (2.2¢ « THF): C,
54.28; H, 6.72; N, 6.33. Found: C, 54.48; H, 7.01; N, 6.36.

(ArN)ReCL2(MAD)(PEt3) (2.3)

A solution of 2.1 (250 mg, 0.362 mmol) in toluene (10 mL) was added to a 100 mL thick-walled
reaction flask equipped with a threaded Teflon seal. A solution of PEt3 (214 mg, 1.81 mmol) in
toluene (5 mL) was then added to the flask, giving a dark red solution. The flask was then sealed
and the reaction mixture was heated to 120 °C and stirred overnight. Over the course of the
reaction, the solution first became a green-yellow color, and eventually turned entirely dark green.
After 24 h of heating the reaction mixture was allowed to cool to room temperature. The volatile
components of the reaction mixture were removed in vacuo, and the residue was triturated with
hexane (2 x 5 mL) before being washed with hexane (5 mL). The remaining emerald green residue
was extracted into 40 mL of diethyl ether. These extracts were transferred to a 100 mL Schlenk
tube, concentrated in vacuo, and stored at -40 °C overnight to give complex 2.3 as emerald green
crystals. Yield: 73 mg, 26%. m.p.: 184-5 °C. '"H NMR (500 MHz, C¢Ds, 298 K) 7.31 (d, 1H, Ar),
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7.12-7.02 (m, 3H, Ar), 6.83 (d, 1H, Ar), 6.77 (s, 1H, MAD CH), 4.21 (sept, 1H, CHMe>), 3.90
(sept, 1H, CHMe»), 3.18 (sept, 1H, CHMe»), 3.14 (s, 3H, MAD Me), 2.46 (sept, 1H, CHMe»),
2.17-1.99 (m, 6H, P(CH>CHs3)3), 1.91 (s, 3H, MAD Me), 1.80 (d, 3H, CHMe>), 1.17 (d, 3H,
CHMe»), 1.15 (d, 3H, CHMe»), 1.11 (d, 3H, CHMe>), 1.09 (d, 3H, CHMe»), 1.05 (d, 3H, CHMe>),
0.97 (quint, 9H, P(CH.CH?3)3), 0.84 (d, 3H, CHMe>), 0.52 (d, 3H, CHMe:). *C NMR (150 MHz,
CeéDs, 298 K) 189.54 (HC(C)NAr(Me)), 146.65 (Ar), 145.75 (Ar), 145.28 (Ar), 143.32
(Me(C)CH(C)NAr(Me)), 142.18 (Ar), 141.10 (Ar), 127.51 (Ar), 127.08 (Ar), 126.18 (Ar), 124.96
(Ar), 124.84 (Ar), 122.97 (Ar), 42.46 (Me(C)CH(C)NAr(Me)), 33.24 (Me(C)CH(C)NAr(Me)),
28.41 (CH(Me)>), 28.35 (CH(Me)2), 27.49 (CH(Me)»), 26.89 (CH(Me)>), 26.65 (CH(Me)>), 26.21
(CH(Me)2), 26.16 (CH(Me)2), 25.41 (CH(Me)2), 24.14 (CH(Me)2), 23.57 (CH(Me)2), 23.37
(CH(Me)2), 22.54 (CH(Me)2), 21.65 (Me(C)CH(C)NAr(Me)), 19.37 (d, P(CH2CH3)3,J=30.7 Hz),
8.73 (d, P(CH2CH3)3, J = 4.8 Hz). *'P NMR (162 MHz, C¢Ds, 298 K): -28.2. IR (Nujol): 1585,
1558, 1510, 1261, 1098, 1036, 796, 760. Anal. Cald for C3sHssN2PCLRe (2.3): C, 53.02; H, 7.12;
N, 3.53. Found: C, 52.83; H, 7.18; N, 3.61.

Observation of OReCL:(BDI)(MeCN) (2.2d): In the glovebox, 15 mg of 2.1 was placed in a
standard NMR tube. The NMR tube was then removed from the glovebox and, making no efforts
to exclude air or water, ca. 0.75 mL of d3-MeCN was added to the tube. Dissolution of 2.1
immediately gave a dark red solution that could be characterized by '"H NMR spectroscopy,
revealing a single BDI-containing product, which was inferred to be 2.2d. '"H NMR (500 MHz,
D3;CCN, 298 K): 7.25-7.29 (m, 2H, BDI Ar), 7.21-7.24 (m, 4H, BDI Ar), 5.50 (s, 1H,
CH(C(Me)NAr)»), 2.94-3.09 (bm, 2H, CHMe»), 2.72, (sept, 2H, J = 6.7 Hz, CHMe»), 2.00 (s, 6H,
CH(C(Me)NAr)2), 1.06-1.24 (m, 24H, CHMe,).

Observation of OReCl2(BDI)(OPELt3) (2.2¢): A solution of OPEt; (3.5 mg, 1.75 equiv.) in ca. 0.5
mL of C¢D¢ was added to an NMR tube containing solid 2.1 (10.0 mg, 1 equiv.), upon which a
bright red solution was obtained, which was a clear indicator of adduct formation. NMR
spectroscopic data were obtained for this solution. The 'H NMR spectrum was found to be broad
and of little diagnostic value, though the *'P NMR spectrum was found to contain a single, sharp
peak (in addition to that observed for excess OPEt3) which corresponded to an identical shift
observed in other experiments. *'P NMR (162 MHz, C¢Ds, 298 K): 86.3.

OReCL(BDI)(PMes3) (2.2f): In order to verify the identity of this compound after it was isolated
following our attempts at observing OAT between 2.1 and PMe; in conditions analogous to those
used for the NMR experiments with PEts, a targeted, room temperature preparation was conducted
as follows: To a solution of 2.1 (50.0 mg, 0.0724 mmol) in toluene (8 mL) was added PMes (ca.
0.1 mL, ca. 1 mmol) to immediately give a dark red solution. The solution was stirred for 10
minutes, after which time the volatile components of the reaction mixture were removed in vacuo.
The residue was extracted into Et2O (10 mL) and these extracts were filtered through Celite.
Concentration of the filtered extracts to approx. 2 mL and storage at -40 °C yielded 2.2f as a bright
red powder. Yield: 22.4 mg, 40%. m.p.: 141-142 °C. 'TH NMR (500 MHz, C¢Ds, 298 K): 7.31 (dd,
1H,J=1.1,7.3 Hz, BDI Ar), 7.24 (t, 1H, J= 7.5 Hz, BDI Ar), 7.18 (dd, 1H, J=1.2, 7.6 Hz, BDI
Ar), 7.08 (dd, 1H, J=1.4, 7.5 Hz, BDI Ar), 7.01 (dd, 1H, J= 1.5, 7.7 Hz, BDI Ar), 6.96 (t, 1H, J
=7.8 Hz, BDI Ar), 5.06 (s, 1H, CH(C(Me)NAr)2), 3.72 (sept, 1H, J= 6.5 Hz, CHMe»), 3.61 (sept,
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1H, J= 6.5 Hz, CHMe3), 3.13 (sept, 1H, J= 6.6 Hz, CHMey), 3.08 (sept, 1H, J = 6.6 Hz, CHMey),
1.83 (s, 3H, CH(C(Me)NAT)), 1.69 (s, 3H, CH(C(Me)NAr)), 1.66 (d, 3H, J = 6.6 Hz, CHMe,),
1.44 (d, 3H, J = 6.6 Hz, CHMe»), 1.29 (d, 3H, J = 6.5 Hz, CHMe,), 1.27 (d, 3H, J = 6.1 Hz,
CHMe»), 1.26 (d, 3H, J = 6.1 Hz, CHMe), 1.19 (d, 3H, J = 6.8 Hz, CHMe), 1.07 (d, 3H, J= 6.7
Hz, CHMe), 1.00 (d, 3H, J = 6.8 Hz, CHMe»), 0.87 (d, 9H, J = 10.4 Hz, PMe3). *'P NMR (162
MHz, C¢Ds, 298 K): -48.0.

X-Ray Crystallographic Methods: X-ray diffraction data for 2.2a and 2.2¢ were collected at
CheXray, Berkeley, CA, using a Bruker APEX II QUAZAR instrument outfitted with a
monochromated Mo-K, radiation source (A = 0.71073 A). Diffraction data for 2.1 and 2.3 were
obtained at the Advanced Light Source (ALS), (Lawrence-Berkeley National Laboratory,
Berkeley, CA) station 11.3.1 using a silicon monochromated beam of 16 keV (AL = 0.7749 A)
radiation. All data collections were conducted at 100 K. Absorption corrections were carried out
by a multi-scan method, utilizing the SADABS program.>® Bruker APEX2 (CheXray) and APEX3
(ALS) software were used for the data collection, while Bruker SAINT V8.34A (CheXray) and
V8.37A (ALS) software conducted the cell refinement and data reduction procedures.’! Initial
structure solutions were found using direct methods (SHELXT) and were refined by SHELXL-
2014.5253 The structure for 2.2¢ required use of the SQUEEZE protocol in PLATON to remove
disordered, partial occupancy solvent (THF/pentane) from the cell that could not otherwise be
modelled.>* Structures have been deposited to the CCDC, with numbers 1502206 (2.1), 1502207
(2.3), 1502208 (2.2¢), and 1502209 (2.2a).
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Table 2.1. Crystallographic details for compounds 2.1, 2.2a, 2.2¢, and 2.3.

2.1 - EO 2.2a 2.2¢ 2.3
Chemical formula C33Hs51N202 C33HssN2OP C36H51N4OCl,  C3sHssN2PClaRe
ClRe ClRe Re
Formula weight 764.89 851.97 812.90 792.88
Color, habit Green, plate Red, plate Orange, plate  Green, block
Temperature (K)  100(2) 100(2) 100(2) 100(2)
Crystal system Orthorhombic ~ Monoclinic Monoclinic Triclinic
Space group P 212121 P2i/n P 2i/mn P -1
a(A) 8.874(4) 9.8643(7) 10.3198(4) 12.029(2)
b (A) 18.951(9) 22.9718(19) 19.0859(7) 14.262(3)
c(A) 20.467(9) 17.4389(14) 22.2086(9) 22.800(5)
a (°) 90 90 90 107.39(3)
B(°) 90 93.440(4) 100.516(2) 105.24(3)
v (®) 90 90 90 90.02(3)
V (A% 3442(3) 3944.5(5) 4300.8(3) 3588.0(15)
Z 4 4 4 4
Density (Mg m™)  1.476 1.435 1.255 1.468
F(000) 1552 1748 1648 1616
Radiation Type Synchrotron MoK, MoK, Synchrotron
u (mm™) 4.542 3.287 2.977 4.409
Crystal size 0.090x 0.040x 0.140x0.080x 0.100x0.030x 0.040 x 0.030 x
0.010 0.030 0.020 0.020
Meas. Refl. 61894 57346 80266 62468
Indep. Refl. 16389 7263 7941 33584
R(int) 0.0399 0.0915 0.1057 0.0492
Final R indices R =0.0255 R=0.0378 R =0.0417 R =0.0495
[1>20(D)] Rw=0.0583 Rw=0.0808 Rw=0.778 Rw=0.1494
Goodness-of-fit 1.071 1.029 1.021 1.160
Apmax, APmin 3.824, -1.605 1.686, -1.423 1.216,-0.724  3.648,-5.814
(e A%
Flack parameter 0.056(3) n/a n/a n/a

General Procedure for Kinetic Experiments: For each reaction conducted for the kinetic studies,
a solid mixture of 2.1 (10.1 mg, 0.0145 mmol) combined with 1,3,5-trimethoxybenzene (1-1.5 mg)
was dissolved into ca. 0.5 mL of toluene-d8. To this solution was then added a varying amount of
neat PEt; (either approx. 2.3 eq. or 10 eq. as determined by 'H NMR spectra of the unheated
reaction mixtures). These additions immediately caused a change in color of the solution from dark
green to dark red, indicative of the quantitative formation of 2.2a (which was also verified by 'H
NMR spectroscopy). The reaction mixtures were then heated in an aluminum heating block at 120
°C, and their progress was monitored twice over the proceeding ~5 hours, which clearly showed
the consumption of 2.2a, as well as the production of protonated ligand, H(BDI), and the formation
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of complex 2.3. While a quantitative kinetic analysis was precluded by the complex mixture of
products observed, these experiments demonstrated that the rate of OAT from 2.1 has some clear

dependence on [PEt;].

Rate of 2.2a Consumption with Varying [PEt;]
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Figure 2.6 Plot of the consumption of 2.2a versus time for the kinetic experiments with varying
amounts of free PEt3. The vertical axis shows values for In(% 2.2a) remaining. The distinct
difference in rate is apparent in the differing slopes of the linear best fit lines for each of the
reactions.
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Chapter 3

Olefin-Supported Rhenium(III) Terminal
Oxo Complexes Generated by Nucleophilic
Addition to a Cyclopentadienyl Ligand
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Introduction

Transition metal oxo complexes have been a long-standing area of research due to their
highly variable reactivity and their implication in numerous catalytic and enzymatic
transformations.!* While nearly all stable oxo complexes contain transition metal centers with
electron configurations of @? or less, some examples of terminal oxo complexes containing metal
centers with configurations of d° and greater have also been accessed, both as isolable complexes®”
19 and as species that can only be characterized in solution prior to their decomposition.®'® The
scarcity of such compounds is mainly due to their instability, as well as a lack of reliable synthetic
routes to access them. Previous work by Mayer and coworkers uncovered a facile route to robust
d* terminal oxo complexes of Re(III) supported by m-accepting acetylene moieties.!!"!” Here, we
present a route to a new Qooooclass of thermally-stable, olefin-supported d* Re(IlI) terminal oxo
complexes containing a sterically encumbering [-diketiminate ligand. Furthermore, we
demonstrate this route exploits the uncommon electrophilic behavior of a bound cyclopentadienide
(Cp) ligand.

Results and Discussion

We have reported the synthesis of the oxo rhenium N,N’-bis(2,6-diisopropylphenyl)-2,4-
dimethyl-B-diketiminate (BDI) complex, OReCl>(BDI).2° Subsequently, we became interested in
functionalizing this complex with carbanion ligands by salt metathesis. While the reactions of
metal alkyl reagents with OReCl>(BDI) gave intractable mixtures of products, it was found that
the reaction of OReCly(BDI) with diphenylmagnesium (MgPh») forms the diphenyl complex
ORePho(BDI) (3.1; Scheme 3.1). The structure of 3.1 was confirmed by X-ray crystallography
(See Experimental). Preliminary experiments indicated 3.1 is a relatively inert compound poorly
suited for reactivity studies. For example, no reaction between 3.1 and triethylphosphine or H> was
observed even at elevated temperatures. Thus, with the hope of forming a more reactive compound,
we shifted our focus to functionalizing OReCl2(BDI) with the Cp ligand.

Ar o Ar o

—N-Il_cl MaPha SN Jl_Pn
N\ /Re\ T N /Re\
N Cl THF, 23 °C, 5 min N\ Ph
Ar - MgCl, Ar
Ar = 2 6-diisopropylphenyl 1,86%

Scheme 3.1 Synthesis of complex 3.1 by a salt metathesis route.

The reaction of OReClx(BDI) with NaCp was hypothesized to yield a x!-BDI complex
similar to that described in an analogous niobium imido system.?! However, we instead found that
this reaction gave the dark green, terminal oxo complex ORe(n?-DHF)(BDI) (3.2; DHF =
dihydrofulvalene; Scheme 3.2). Complex 3.2 was also isolated after OReCly(BDI) was stirred in
THF with excess TICp for one week. A scalable route to 3.2 was developed, which utilizes an
excess of NaCp and a short reaction time.
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Scheme 3.2 Coupling of cyclopentadienide anions leads to reduction of rhenium to form the d*
terminal oxo complex 3.2.

Complex 3.2 is an intriguing compound on several fronts. First, it represents a rare instance
of an oxo olefin complex.?>?> Second, 3.2 is a very uncommon example of a terminal oxo complex
of a d* Re(II) center.'!"!” Similar examples of NaCp acting as a sequential reductant and trapping
agent can be found in the literature.?®?” In one canonical report by Wilkinson and coworkers, it
was found that the reaction of ReCls with NaCp led to the formation of the Re(Ill) complex
Cp2ReH, as well as, presumably, an equivalent of coupled Cp (i.e. DHF).?®

The X-ray crystal structure of 3.2 shows approximate tetrahedral geometry about the metal
center, with nearly symmetric binding to the two carbons atoms of the bound olefin (Figure 3.1).
The rhenium oxo bond length is slightly extended from that observed in OReCl(BDI) (1.692(3)
A vs. 1.670(2) A).2° Also, the C-C bond length of the bound olefin is 1.462(6) A, which is expected
as a high degree of m-backbonding likely forms the basis of its interaction with Re.

Figure 3.1 Crystal structure of 2 with 50% probability ellipsoids. H atoms and isopropyl groups
are excluded for clarity. Selected distances (A) and angles (°): Rel-O1 = 1.692(3), Rel-N1 =
2.028(4), Re1-N2 =2.054(4), Re1-C30 =2.101(6), Re1-C31 =2.111(5), C30-C31 = 1.462(6), N1-
Rel-N2 = 87.48(15).
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While single crystals of 3.2 studied by X-ray diffraction were found to contain a single
isomer of the DHF fragment, tautomerization results in a second set of signals in the '"H NMR
spectrum. As synthesized, samples of 3.2 can contain both tautomers, though one has been found
to predominate in crystallized samples. Heating solutions of 3.2 eventually led to an approximate
1:1 ratio of the two tautomers, as observed by "H NMR spectroscopy. The presence of this second
tautomer in samples of 3.2 does not affect the results of elemental analyses. It is worth noting that
the facile tautomerization of DHF is a well-known phenomenon.?’

The '"H NMR spectrum of 3.2 indicates the complex is diamagnetic, though a high degree
of fluxionality was observed in the DHF fragment: an extremely broad feature spans the entirety
of the vinyl and methine regions. Upon cooling a toluene-d8 solution of 3.2 to -50 °C, the 'H NMR
spectrum greatly resolves and all resonances of the DHF fragment can be observed. Fortunately,
the apparent symmetry of the BDI ligand and the several signals from the bound DHF observed in
the room temperature 'H NMR data are sufficient for determining the purity of samples of 3.2.

In order to model the electronic structure of 3.2, density functional theory (DFT)
calculations were conducted using Gaussian09.>° In the optimized gas-phase structure of 3.2, the
HOMO-1 has n-backbonding character between the a rhenium 54 orbital and the olefin ©* orbital
(Figure 3.2). This molecular orbital also appears to have some amount of lone pair density
localized on the oxo moiety. After establishing the nature of the bonding between Re and DHF in
3.2, we turned back to synthetic experiments in hope of better understanding the reaction that leads
to this interesting complex.

Figure 3.2 DFT-optimized gas-phase structure of 3.2 with its calculated HOMO-1 surface
(isovalue = 0.05).

We sought to determine if the coupling reactivity that presumably leads to the DHF ligand
in 3.2 could extend to other carbanions, which required the synthesis of an intermediate in the
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reaction that leads to 3.2. In pursuit of this intermediate, OReCly(BDI) was combined with
stannocene (SnCp2), a non-polar Cp source, in toluene. The reaction formed a dark red precipitate,
which was determined to be the salt [ORe(n’-Cp)(BDI)][SnCls] (3.3a; Figure 3.3). It was
hypothesized that the Lewis acidity and open coordination site of Sn(I[) are what abate the
coupling reaction to form DHF, and that [ORe(1>-Cp)(BDI)]* (3.3") was an intermediate along the
pathway to 3.2. We found that 3.3a is best prepared on a larger scale using a combination of SnCp>
and SnCl; in Et,O (Scheme 3.3). Considering the reactive nature of the SnCls™ anion, we pursued
a route to salts of 3.3* that contain other anions. The reaction of 3.3a with Ag(PF¢) readily gave
[ORe(n’-Cp)(BDI)][PFs] (3.3b, see Experimental). We were also able to efficiently access a new
salt of 3.3" with a two-pot procedure, involving salt metathesis of the starting material
OReCly(BDI) with Ag(OTf) (OTf = trifluoromethanesulfonate) prior to its reaction with SnCp> to
give [ORe(n’-Cp)(BDD)][OT{] (3.3¢).

Figure 3. Crystal structure of 3.3* as found in 3.3a with 50% probability ellipsoids. The SnCl3
anion, BDI isopropyl groups, and H atoms are excluded for clarity. Selected distances (A) and
angles (°): Rel-O1 = 1.693(2), Rel-N1 = 2.040(3), Rel-N2 = 2.033(3), Rel-Cp(centroid) =
2.008(2), N1-Rel1-N2 = 85.39(10).

1 eq. SnCp, —|+
NAr(IJI Cl 0.5 eq. SnCl, NArﬁ
=N~ > =Nl
>N ol Et,0, 23°C, 2 d >N~ @
\
Ar Ar SnCls

1.1 eq. AgOTf, THF, 23 °C, 5 min

Ar +
2.1eq. SnCp,, THF, 23°C, 2d ir\]\ﬁ _l
> Q

_Re_
D)
-SnCpCl Ar oTf

-AgCl
3.3c, 69%
Scheme 3.3 Routes to salts of the cation 3.3" using stannocene (SnCp>) as a transfer agent.

The ability to synthesize 3.3¢ allowed us to study the reactivity of 3*. We found the reaction
of NaCp with 3.3¢ readily gave 3.2, as confirmed by 'H NMR spectroscopy. Furthermore, we
found that the reactions of 3.3¢ with fluorenyl potassium (FI-K) or Cp*K (Cp* =
pentamethylcyclopentadienide) resulted in coupling to the bound Cp ligand of 3.3* to form
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ORe(n?>-Cp-F1)(BDI) (3.4; Cp-Fl = (9-fluorenyl)cyclopentadiene), and ORe(n?-Cp-Cp*)(BDI)
(3.5; Cp-Cp* = pentamethylcyclopentadienyl cyclopentadiene) respectively (Scheme 3.4). While
3.4 could be isolated by crystallization from Et,O, the extremely high solubility of 3.5, even in
hexamethyldisiloxane (HMDSO), only led to the isolation of impure crystalline material, from
which single crystals of 5 could be selected for analysis.

Ao |t Aron X
— NI 1 eq. M(X) —N_ Il = &=H
N\ /Re\ » \ /Re\l
N N L
¥ ors THF 23°C.t WS
-MOTf " H
3.3c M(X) = K(fluorenyl), t = 2 min, 3.4, 71%

M(X) = KCp*, t=2h, 3.5, <10%
M(X) = NaCp, t =5 min, 3.2, NMR

Scheme 3.4 Reactions of 3.3¢ with aromatic anion salts yields a series of olefin-supported
rhenium(III) terminal oxo complexes.

The successful formation of 3.2, 3.4, and 3.5 from 3.3¢ by salt metathesis provided insight
into the formation of 3.2 from OReCl(BDI) using NaCp. Namely, 3.3" likely forms transiently in
solution with chloride as a counterion after the reaction of OReCl2(BDI) with one equivalent of
NaCp. Subsequently the counterion to 3.3* is removed by the added alkali cation as a salt, leaving
an unstable ion pair (the nucleophilic Cp anion and the electrophilic 3.3* cation) in solution, which
then combine to form the neutral Re(IIl) oxo complex 3.2. Thus, in the syntheses of 3.4 and 3.5,
K(F1) and KCp* are simply acting as the second equivalent of NaCp would in our initial syntheses
of 3.2.

We also studied the reactivity of 3.3¢ with other nucleophiles, and found that the use of
PMe; (trimethylphosphine) led to the formation of the Re(Ill) oxo complex, [ORe(n?-Cp-
PMes3)(BDI)][OTH] (3.6; Cp-PMes = cyclopentadienyltrimethylphosphonium, Scheme 3.5). This
result aligns with previous studies of electrophilic Cp complexes.?!' Likewise, harder nucleophiles,
like organolithium or magnesium reagents, led to intractable mixtures of products in which some
amounts of 3.2 could be identified. We found 3.3c¢ also reacted readily with both NaBH4 and NaN3,
but the high solubility of the products prevented their purification and full characterization.

Arg |+ AroH P'ﬂaJr

— Nl >>: =
< N/Reﬁ xs. PMe; . \_N:Re\l
N o N L
\ OTf THF/Tol, 23 °C, A : oOTF

2 min " H
3.6, 89%

xs. BUNC &l\i\ |
? N\ /Re\
THF, 23 °C, 5 min N ]
: Ar oTf
BUNCO
3.7, 78%

Scheme 3.5 Divergent reactivity of 3.3¢ with neutral nucleophiles.
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Structural determination of 3.4, 3.5, and 3.6 by X-ray crystallography revealed that
identically to 3.2, these complexes contain a Re center bound to one of the olefin moieties of a
neutral, substituted Cp ring (Figure 3.4, see Experimental). As observed in canonical examples of
nucleophilic addition to unsaturated hydrocarbon ligands, only exo isomers of the substituted Cp
ligand were observed.*

In contrast, we found that rather than attack at the bound Cp ligand of 3.3*, ‘BuNC (tert-
butylisocyanide) reacted at the oxo moiety, producing an equivalent of ‘BuNCO (tert-
butylisocyanate) by oxygen atom transfer (OAT) prior to coordination of a second equivalent of
‘BuNC to give the Re(III) salt [Re(n’-Cp)(‘BuNC)(BDI)][OTf] (3.7, Scheme 3.5). The structure of
3.7 was confirmed by X-ray crystallography, and a distinct IR absorbance at 2109 cm™ for the
bound isocyanide was also measured. The formation of 3.7 is intriguing in that no OAT was
observed in the reaction of 3.3¢ with PMes, a potent oxygen atom acceptor, whereas ‘BuNC has
an entirely different selectivity. Previous examples of electrophilic Cp complexes did not contain
0x0 moieties, nor was their reactivity with isocyanides probed. However, OAT from reactive metal
0xo species to isocyanides is a known reaction.’* OAT from 3.3¢ to CO was not observed, even
with prolonged heating. Regardless, the divergent reactivity of 3.3¢ to generate 3.6 and 3.7
indicates that the frontier orbitals of 3.3* likely contain character from both the oxo and the Cp
moieties. In order to test this hypothesis, we again turned to DFT calculations.

Figure 3.4 Crystal structure of the cationic portion of 3.6 with 50% probability ellipsoids. Anion,
solvent, isopropyl, and H atoms have been excluded for clarity. Selected distances (A) and angles
(°): Rel-O1 = 1.685(5), Rel-N1 = 2.041(5), Rel-N2 = 2.032(3), Rel-C1 = 2.094(6), Rel1-C2 =
2.125(7), C1-C2 = 1.490(9), C2-C3 = 1.529(7), C3-P1 = 1.830(8), N1-Rel1-N2 = 89.02(17).

A DFT-optimized gas phase structure of 3.3" was obtained (as was done for 3.2) using
Gaussian09, and surfaces for the frontier molecular orbitals of this structure were calculated
(Figure 3.5).3° We found that both the HOMO and LUMO of 3.3" contain significant contributions
from the oxo moiety, the Cp ligand, and the Re center. The HOMO is an archetypal example of
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’n-loading” in that both m-donating ligands are interacting with the same metal orbital
simultaneously, which should lead to enhanced reactivity of the involved metal-ligand  bonds.**
The topic of ’n-loading” and its effect on the reactivity of metal-ligand multiple bonds has been
explored previously in our groups, most notably in @ group 5 bis(imido) systems.?*3*

The calculated LUMO of 3.3* further helped to rationalize the behavior of this complex.
This orbital is antibonding with respect to the oxo ligand and Re center, while the Cp ligand is
forming some bonding interaction to the metal at two of its carbon atoms, and the remainder of the
ligand is either antibonding or nonbonding with respect to Re. The presence of metal-ligand
antibonding interactions in the LUMO of 3.3* involving both the oxo and Cp ligands aligns with
our experimental observation that both groups can readily undergo nucleophilic attack, resulting
in a loss of or decrease in coordination to the metal. However, future DFT studies will be necessary
to discern why one nucleophile attacks preferentially at one ligand over the other.

Figure 3.5 DFT-optimized gas-phase structure of 3" with its calculated HOMO (left) and LUMO
(right) surfaces (isovalue = 0.05). The oxo ligand is oriented upwards, with the Cp ligand to the
right. Hydrogen atoms have been excluded for clarity.

Summary and Conclusions

In summary, we report the synthesis of a new class of low-valent terminal oxo complexes
of Re(III) supported by an olefin group as well as an encumbering BDI ligand. Reactivity studies
have demonstrated the Cp ligand of 3* acts as an electrophile, allowing for a variety of nucleophiles
to trigger the reduction of Re(V) to Re(Ill). Additionally, the divergent reactivity of 3.3¢ with
PMes and ‘BuNC, along with DFT studies of 3.3*, indicated simultaneous contribution of the oxo
and Cp ligands to the frontier orbitals of this cationic species. The ability of 3.3 to display
regioselectivity in its reactions with nucleophiles is particularly unique in light of its “n-loaded”
nature. Further studies of 3.2 and 3.3" will be the subject of future reports.
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Experimental

General Considerations: All manipulations were carried out either in an MBraun LabStar
glovebox under a dry nitrogen atmosphere or on a Schlenk line using standard inert atmosphere
techniques. All solvents were dried by passage through a basic alumina column and were handled
and stored in standard Strauss flasks or in the glovebox under a dry nitrogen atmosphere.
Deuterated benzene and chloroform were obtained from Cambridge Isotope Labs, dried over an
appropriate reagent (Na/benzophenone for CsDs, CaHz for CDCI3), and transferred under vacuum
prior to storage in the glovebox over 4 A molecular sieves. Anhydrous tin(Il) chloride, sodium
cyclopentadienide (2.0 M in THF), silver trifluoromethanesulfonate, trimethylphosphine (1.0 M
in toluene), and fert-butylisocyanide were obtained from commercial sources and used without
further purification. The reported compounds OReClz(BDI),?° cyclopentadienyl sodium (solid),*
bis(cyclopentadienyl)tin,*° diphenylmagnesium,*! fluorenyl potassium,* and
(pentamethyl)cyclopentadienyl potassium**** were synthesized using known procedures. NMR
spectroscopy data were obtained on Bruker AVQ-400, AV-500, and AV-600 instruments. All 'H
and '3C spectra were calibrated to the residual peak of the solvent used. Select peak assignments
were corroborated with 'H-'H COSY and 'H-'3C HSQC experiments as necessary. Unless noted
otherwise, “room temperature” and “ambient temperature” both refer to approx. 23 °C. Infrared
absorption data were obtained using a Thermo Scientific Nicolet iS10 instrument, with the sample
chamber under ambient atmosphere. Samples were prepared as Nujol mulls pressed between KBr
plates in the glovebox. A background IR spectrum was obtained immediately prior to data
acquisition for each sample.

ORePh2(BDI) (3.1): In the glovebox, THF (3 mL) was added to a solid mixture of OReCl»(BDI)
(100 mg, 0.145 mmol) and MgPh; (25.9 mg, 0.145 mmol) at ambient temperature. Within seconds
a color change from dark green to dark red-orange was observed. After the reaction mixture was
stirred for 5 minutes, its volatile components were removed in vacuo. The solid residue was
extracted with hexane (12 mL), and these extracts were filtered through diatomaceous earth to give
a clear orange solution. The volatile components of this solution were removed in vacuo to give
beige, analytically pure, crystalline 3.1 (98 mg, 86% yield). Single crystals suitable for X-ray
diffraction were obtained from a concentrated HMDSO solution stored at -40 °C. m.p.: 200-201
°C. 'H NMR (500 MHz, C¢Ds, 298 K): 6.98 (t, 2H, BDI Ar, J = 7.6 Hz), 6.94 (dd, 2H, BDI Ar, J
=17.5, 1.1 Hz), 6.89 (dd, 2H, BDI Ar, J=7.4, 1.1 Hz), 6.81 (t, 4H, Ph, J= 7.6 Hz), 6.44 (broad s,
4H, Ph), 6.27 (t, 2H, Ph, J="7.3 Hz), 5.22 (s, 1H, HC[MeC(NAr)]>2), 3.59 (sept, 2H, BDI CH(Me).,
J=6.6 Hz), 2.36 (sept, 2H, BDI CH(Me)., J = 6.8 Hz), 1.74 (s, 6H, HC[MeC(NAr)]2), 1.27 (d,
6H, BDI CH(Me),, J=6.0 Hz), 1.26 (d, 6H, BDI CH(Me), J=6.1 Hz), 1.18 (d, 6H, BDI CH(Me)a,
J=6.7Hz), 0.98 (d, 6H, BDI CH(Me),, J = 6.7 Hz). 3C NMR (151 MHz, C¢Ds, 298 K): 178.62
(HC[MeC(NAr)]2), 173.36 (Ph), 149.58 (Ph), 142.43 (BDI Ar), 141.88 (BDI Ar), 127.49 (BDI
Ar), 126.09 (Ph), 125.42 (BDI Ar), 123.37 (BDI Ar), 123.18 (Ph), 108.82 (HC[MeC(NAr)]>),
29.54 (BDI CH(Me).), 28.05 (BDI CH(Me)2), 26.92 (HC[MeC(NAr)]2), 25.64 (BDI CH(Me)>),
25.16 (BDI CH(Me)»), 24.20 (BDI CH(Me)>), 23.98 (BDI CH(Me)>). Anal. Cald for C41Hs1N2ORe
(3.1): C, 63.62; H, 6.64; N, 3.62%. Found: C, 63.80; H, 6.78; N, 3.50%.
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ORe(DHF)(BDI) (3.2): A 2.0 M solution of NaCp in THF (1.4 mL, 2.8 mmol, 4 eq.) was added
by syringe to a stirred solution of OReCl>(BDI) (0.500 g, 0.724 mmol) in diethyl ether (40 mL) at
ambient temperature. A substantial amount of pale precipitate was observed to form over the
following 2-3 min, along with a subtle change in color of the solution to a deeper shade of green.
After stirring the reaction mixture for a total of 5 min, its volatile components were removed in
vacuo. The solid residue was extracted with hexane (60 mL). These extracts were filtered into a
new flask through a glass filter tipped cannula and then they were concentrated in vacuo prior to
storage at -40 °C. After several hours 3.2 was isolated as dark green crystalline solids (367 mg,
68%). Single crystals suitable for X-ray diffraction were obtained by storing a concentrated hexane
solution of 3.2 at -40 °C. m.p. 178-179 °C (decomp). 'H NMR (500 MHz, CsDs, 298 K): 7.30 (d,
2H, Ar,J=7.6 Hz), 7.16 (t, 2H, Ar, J= 7.6 Hz), 7.09 (d, 2H, J = 7.6 Hz), 6.44 (d, 1H, Cp-Cp, J =
3.5Hz), 6.24 (d, I1H, Cp-Cp, J=5.1 Hz), 6.11 (s, 1H, Cp-Cp), 5.32 (s, |H, HC[MeC(NAr)]2), 4.05
(s, IH, Cp-Cp), 3.71 (m, 2H, CH(Me).), 2.70 (s, 2H, Cp-Cp), 1.92 (s, 6H, HC[ MeC(NAr)]2), 1.49
(d, 8H, CH(Me)> and CH(Me); (overlapped), J = 6.3 Hz), 1.27 (d, 6H, CH(Me)>, J= 6.7 Hz), 0.91
(d, 6H, CH(Me)2, J = 6.6 Hz), 0.84 (d, 6H, CH(Me)>, J = 6.6 Hz). '*C NMR (151 MHz, C¢Ds, 298
K): 172.37 (HC[MeC(NAr)]2), 155.23 (BDI Ar), 152.12 (BDI Ar), 141.36 (BDI Ar), 140.54 (BDI
Ar). 133.03 (Cp-Cp), 130.57 (Cp-Cp), 126.93 (Ar), 126.03 (Ar), 125.72 (Cp-Cp), 123.30 (BDI
Ar), 107.31 ((HC[MeC(NAr)]2), 58.74 (Cp-Cp), 41.78 (Cp-Cp), 28.48 (CH(Me)2), 28.03
(CH(Me)2), 25.35 (CH(Me)2), 24.80 (CH(Me),), 24.67 (CH(Me)2), 24.64 (CH(Me)), 24.31
(HC[MeC(NAr)]2). Some of the bound dihydrofulvalene resonances could not be found in the
room temperature NMR spectra. Anal. Cald for C39Hs51N2ORe (3.2): C, 62.45; H, 6.85; N, 3.73%.
Found: C, 62.31; H, 6.85; N, 3.62%.

[ORe(Cp)(BDD][SnCl3] (3.3a) Diethyl ether (12 mL) was added to a solid mixture of
OReCl2(BDI) (250 mg, 0.363 mmol), SnCp2 (90.1 mg, 1 equiv., 0.362 mmol), and anhydrous
SnClz (34.2 mg, 0.5 equiv., 0.181 mmol) to give a dark green suspension. This suspension was
stirred at room temperature for 2 days after which time a copious amount of dark red, crystalline
precipitate was observed along with a clear, green supernatant. The supernatant was removed
carefully by pipette, and the solids were washed with 2x10 mL of diethyl ether before being dried
in vacuo to give 3.3a (261 mg, 79% yield). Large (5 mm) single crystals suitable for X-ray
diffraction were obtained by vapor diffusion of benzene into a concentrated THF solution of 3.3a
at room temperature. m.p.: 204-206 °C. '"H NMR (600 MHz, CDCls, 298 K): 7.43 (dd, 2H, BDI
Ar,J=17.6,1.4 Hz), 7.37 (t, 2H, BDI Ar, J= 7.7 Hz), 7.33 (dd, 2H, BDI Ar, J=7.6, 1.4 Hz), 6.03
(s, SH, Cp), 5.87 (s, 1H, HC[MeC(NAr)]2), 2.89 (sept, 2H, BDI CH(Me)., J = 6.7 Hz), 2.51 (sept,
2H, BDI CH(Me),, J = 6.8 Hz), 2.04 (s, 6H, HC[MeC(NAr)]2), 1.36 (d, 6H, BDI CH(Me)2, J=6.9
Hz), 1.32 (d, 6H, BDI CH(Me),, J= 6.7 Hz), 1.25 (d, 6H, BDI CH(Me)>, J = 6.8 Hz), 1.21 (d, 6H,
BDI CH(Me),, J = 6.7 Hz). °C NMR (151 MHz, CDCls, 298 K): 171.99 (HC[MeC(NAr)]»),
154.74 (BDI Ar), 141.79 (BDI Ar), 140.36 (BDI Ar), 130.15 (BDI Ar), 127.31 (BDI Ar), 124.78
(BDI Ar), 118.35 (HC[MeC(NAr)]2), 107.76 (Cp), 28.76 (BDI CH(Me)»), 27.87 (BDI CH(Me)»),
25.74 (BDI CH(Me).), 25.36 (BDI CH(Me)2), 25.22 (HC[MeC(NAr)]2), 24.70 (BDI CH(Me)>),
24.52 (BDI CH(Me)2). Anal. Cald for C34H46N2OReSnCl; (3.3a): C, 44.87; H, 5.09; N, 3.08%.
Found: C, 44.48; H, 5.25; N, 2.90%.
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[ORe(Cp)(BDI)][PF¢] (3.3b): Solid AgPF¢ (27.8 mg, 0.110 mmol) was added to a stirred solution
of 3.3a (100 mg, 0.100 mmol) in THF (5 mL) at ambient temperature. A pale precipitate formed
immediately. After the reaction mixture was stirred for 15 minutes, the solution component of the
reaction mixture was decanted by pipette and filtered through diatomaceous earth. The solids
remaining in the reaction vial were further extracted with an additional 20 mL of THF, and these
extracts were also filtered through diatomaceous earth. The two filtered solutions were
concentrated in vacuo and combined to give a final volume of ca. 8 mL. This concentrated solution
was stored at -40 °C to yield red, needle-shaped crystals of 3.3b (57 mg, 62% yield). m.p.: decomp.
above 100 °C. "H NMR (600 MHz, CDCls, 298 K): 7.42 (dd, 2H, BDI Ar, J = 7.6, 1.1 Hz), 7.35
(t, 2H, BDI Ar, J = 7.6 Hz), 7.32 (dd, 2H, BDI Ar, J= 7.6, 1.1 Hz), 5.97 (s, 5H, Cp), 5.81 (s, 1H,
HC[MeC(NAr)]2), 2.87 (sept, 2H, BDI CH(Me)., J = 6.7 Hz), 2.49 (sept, 2H, BDI CH(Me)2, J =
6.8 Hz), 1.99 (s, 6H, HC[MeC(NAr)]2), 1.34 (d, 6H, BDI CH(Me)., J = 6.9 Hz), 1.30 (d, 6H, BDI
CH(Me)., J= 6.6 Hz), 1.23 (d, 6H, BDI CH(Me)2, J = 6.7 Hz), 1.19 (d, 6H, BDI CH(Me)>, J=6.7
Hz). 3C NMR (151 MHz, CDCls, 298 K): 172.10 (HC[MeC(NA1)]2), 154.77 (BDI Ar), 141.77
(BDI Ar), 140.41 (BDI Ar), 130.11 (BDI Ar), 127.22 (BDI Ar), 124.73 (BDI Ar), 118.14
(HC[MeC(NAr)]2), 107.64 (Cp), 28.71 (BDI CH(Me)), 27.84 (BDI CH(Me)), 25.57 (BDI
CH(Me),), 25.16 (BDI CH(Me)>), 25.03 (HC[MeC(NAr)]2), 24.57 (BDI CH(Me),), 24.35 (BDI
CH(Me)z). Anal. Cald for C3sHs0N201.50FsPRe (3.3b 0.5 THF): C, 49.93; H, 5.82; N, 3.23%.
Found: C, 49.71; H, 5.55; N, 3.54%.

[ORe(Cp)(BDI)][OTA] (3.3¢): THF (3 mL) was added to a solid mixture of OReCIl>(BDI) (500
mg, 0.724 mmol) and silver trifluoromethanesulfonate (186 mg, 0.724 mmol). The resulting dark
orange solution and pale precipitate (AgCl) was allowed to stir for 5 minutes at room temperature.
This solution was then filtered through diatomaceous earth to remove AgCl. The filtrate was then
added to solid SnCp> (180 mg, 0.724 mmol), and the solution was stirred at room temperature.
After 2 days, a dark red solution with substantial amounts of red crystalline precipitate was
observed. The volatile components of the reaction mixture were removed in vacuo. The resulting
residue was then washed with diethyl ether (2 x 8mL) to give dark red, microcrystalline 3.3¢ (431
mg, 69%). m.p.: 229-232 °C. 'H NMR (600 MHz, CDCls, 298 K): 7.43 (dd, 2H, BDI Ar, J = 7.6,
1.6 Hz), 7.36 (t, 2H, BDI Ar, J= 7.7 Hz), 7.32 (dd, 2H, BDI Ar, J= 7.7, 1.5 Hz), 5.99 (s, 5H, Cp),
5.90 (s, 1H, HC[MeC(NAr)]2), 2.88 (sept, 2H, BDI CH(Me)., J = 6.7 Hz), 2.50 (sept, 2H, BDI
CH(Me),, J = 6.8 Hz), 2.01 (s, 6H, HC[MeC(NAr)]2), 1.34 (d, 6H, BDI CH(Me)., J = 6.9 Hz),
1.31 (d, 6H, BDI CH(Me)>, J = 6.7 Hz), 1.24 (d, 6H, BDI CH(Me),, J= 6.8 Hz), 1.20 (d, 6H, BDI
CH(Me),, J = 6.7 Hz). 3C NMR (151 MHz, CDCl3, 298 K): 172.14 (HC[MeC(NAr)]>), 154.78
(BDI Ar), 141.84 (BDI Ar), 140.35 (BDI Ar), 130.14 (BDI Ar), 127.29 (BDI Ar), 124.72 (BDI
Ar), 118.24 (HC[MeC(NAr)]»), 107.68 (Cp), 28.73 (BDI CH(Me).), 27.85 (BDI CH(Me)>), 25.60
(BDI CH(Me)>), 25.17 (BDI CH(Me)2), 25.12 (HC[MeC(NAr)]2), 24.62 (BDI CH(Me),), 24.41
(BDI CH(Me)). Anal. Cald for C39Hs4N2O4F3SRe (3.3¢ « THF): C, 51.69; H, 6.01; N, 3.09%.
Found: C, 51.94; H, 5.73; N, 3.13%.

ORe(Cp-FI)(BDI) (3.4): To a solution of 3.3¢ (50.0 mg, 0.0583 mmol) in THF (6 mL) was added
a solution of fluorenyl potassium (11.9 mg, 0.0583 mmol) in THF (2 mL) at room temperature. A
color change from dark red to a dark orange-green was observed in seconds. The reaction mixture
was stirred for 2 minutes, and then exposed to vacuum to remove volatile components. The residue
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was triturated with 2 mL of hexane, and then extracted with 10 mL of Et,O. The dark green extracts
were filtered through diatomaceous earth, concentrated in vacuo, and stored at -40 °C to give 3.4
as dark green crystals (35 mg, 71%). Single crystals suitable for X-ray diffraction were obtained
by the slow evaporation of a benzene solution of 3.4 at room temperature. m.p.: 190-193 °C
(decomp.). '"H NMR (600 MHz, C¢Ds, 298 K): 7.57 (d, 2H, Fl Ar, J= 7.5 Hz), 7.47 (br s, 2H, Fl
Ar), 7.25-7.18 (m, 4H, BDI Ar), 7.13 (t, 2H, BDI Ar, J = 7.4 Hz), 7.04 (br s, 4H, Fl Ar), 5.65 (br
s, IH, Cp), 5.30 (s, 1H, HC[MeC(NAr)]2), 4.91 (br s, 1H, Cp), 3.89 (s, 1H, Fl methine), 3.85 (br
s, 1H, Cp), 3.76 (d, 1H, Cp methine, J=2.4 Hz), 3.63 (br s, 2H, BDI CHMe»), 3.21 (br s, 1H, Cp),
1.89 (s, 6H, HC[MeC(NAr)]2), 1.45 (br s, 8H, BDI CHMe; and BDI CHMe>), 1.26 (d, 6H, BDI
CHMe>,J = 6.7 Hz), 0.95 (br s, 6H, BDI CHMe>), 0.84 (d, 6H, BDI CHMe;, J = 6.7 Hz). *C NMR
(151 MHz, CeDs, 298 K): 146.28 (Fl Ar), 141.83 (BDI Ar), 140.29 (BDI Ar), 127.12 (F1 Ar),
127.00 (BDI Ar), 126.88 (F1 Ar), 125.75 (Fl Ar), 124.89 (BDI Ar), 119.69 (Fl Ar), 107.33
(HC[MeC(NAr)]2), 60.59 (FI methine), 54.43 (Cp methine), 28.55 (BDI CHMe»), 27.96 (BDI
CHMe»), 25.23 (BDI CHMe>), 24.83 (BDI CHMe:), 24.68 (BDI CHMe:>), 24.48 (BDI CHMe:>),
24.27 (HC[MeC(NATr)]2). Anal. Cald for C47HssN2ORe (3.4): C, 66.40; H, 6.52; N, 3.29%. Found:
C, 66.24; H, 6.39; N, 3.35%.

ORe(Cp-Cp*)(BDI) (3.5): A suspension of KCp* (10.2 mg, 0.0583 mmol) in THF (3 mL) was
added to a stirred solution of 3.3¢ (50.0 mg, 0.0583 mmol) in THF (4 mL) at room temperature.
The reaction mixture was observed to slowly change in color from dark red to dark green. After 2
hours, the volatile components of the reaction mixture were removed in vacuo, and the resulting
dark residue was triturated with 1 mL of HMDSO, which was removed in vacuo along with
residual THF. The solid residue was then extracted with 6 mL of HMDSO. The dark green extracts
were filtered through diatomaceous earth and concentrated to ca. 1 mL. Storage of the concentrated
filtrate at room temperature yielded a small amount (ca. 8 mg) of dark green crystals that were
primarily composed of 3.5 with a significant portion of 3.2. It was possible to obtain structural
characterization of 3.5 by selecting a single crystal from the product mixture for analysis by X-ray
diffraction.

[ORe(Cp-PMe3)(BDI)][OTH] (3.6): To a stirred suspension of 3.3¢ (50.0 mg, 0.0583 mmol) in
THF (3 mL) in a 50 mL Schlenk tube, was added a 1.0 M solution of PMe3 in toluene (0.50 mL,
0.50 mmol, 8.6 eq.). A clear, dark brown solution formed immediately, and after 10 minutes the
volatile components of the reaction mixture were removed in vacuo. Following trituration of the
resulting residue with 2 mL of diethyl ether to remove remaining toluene and PMes, the beige
solids were dissolved in 2 mL of THF. These extracts were filtered through diatomaceous earth
and concentrated in vacuo to ca. 0.5 mL in volume. Approximately 4 volumes of hexane were then
added to the dark solution, resulting in the immediate formation of crystals. Following storage of
this mixture at -40 °C for several hours, 3.6 was isolated as brown crystals (48 mg, 89%). Crystals
suitable for X-ray diffraction were grown by the room temperature vapor diffusion of hexane into
a benzene solution of 3.6. m.p.: 136-138 °C. '"H NMR (600 MHz, C¢Ds, 298 K): 7.53 (br s, 1H,
BDI Ar), 7.22 (br s, 3H, BDI Ar), 7.03 (br s, 2H, BDI Ar), 5.67 (br s, 1H, Cp), 5.24 (s, 1H,
HC[MeC(NAr)]»), 4.45, (brs, 1H, Cp), 3.52 (br s, 1H, BDI CH(Me)»), 3.44 (br s, 1H, Cp), 3.25 (d
and br s, 2H, Cp and Cp CH-PMes, J = 4.7 Hz), 2.88 (br s, 1H, BDI CH(Me)2), 1.80 (s, 6H,
HC[MeC(NAr)]2), 1.52 (d, 9H, PMes, J=13.8 Hz), 1.47 (br s, 6H, BDI CH(Me)>), 1.34 (brs, 2H,
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CH(Me)>), 1.23 (d, 6H, BDI CH(Me)., J = 6.7 Hz), 0.86 (br s, 6H, BDI CH(Me),), 0.79 (d, 6H,
BDI CH(Me),, J = 6.7 Hz). *C NMR (151 MHz, CsDs, 298 K): 150.38 (BDI Ar), 141.26 (BDI
Ar), 140.41 (BDI Ar), 128.21 (BDI Ar), 123.61 (BDI Ar), 108.13 (HC[MeC(NAr)]2), 52.02 (d, Cp
CH-PMes, J = 40.0 Hz), 28.42 (BDI CH(Me)2), 28.01 (BDI CH(Me).), 25.83 (BDI CH(Me)>),
25.29 (BDI CH(Me)»), 24.74 (BDI CH(Me)>), 24.53 (HC[MeC(NAr)]2), 5.11 (d, PMes, J = 52.9
Hz). Due to the instability of 3.6 in solution or under vacuum for extended periods (loss of PMe3
and reformation of 3.3c), satisfactory elemental analysis could not be obtained.

[Re(Cp)(‘BuNC)(BDD)|[OTH] (3.7): To a suspension of 3.3¢ (50.0 mg, 0.0583 mmol) in THF (4
mL) was added neat tert-butylisocyanide (0.10 mL, 0.89 mmol, 15 eq.), which immediately gave
a dark orange solution. After the reaction mixture was stirred for 5 minutes, its volatile components
were removed in vacuo. The orange solids were redissolved in 5 mL of THF, and the extracts were
filtered through diatomaceous earth. To these filtered extracts was added an equal volume of
diethyl ether, which initiated the formation of crystals. This mixture was stored at -40 °C overnight
to yield 3.7 as orange crystals (41 mg, 78%). Single crystals suitable for X-ray diffraction were
grown by the slow evaporation of THF solution of 3.7. The production of tert-butylisocyanate
(‘BuNCO) in the reaction was confirmed by an NMR scale experiment where 3.3¢ was combined
with ca. 1.6 eq. of ‘BuNC in CDCl3, producing equal amounts of 3.7 as well as a singlet at 1.35
ppm in the "H NMR spectrum that integrated to 9 protons, which aligns to the reported chemical
shift of ‘BUNCO.* m.p.: 214-216 °C. '"H NMR (600 MHz, CDCls, 298 K): 7.31 (s, 1H,
HC[MeC(NAr)]2), 7.13 (t, 2H, BDI Ar, J= 7.6 Hz), 7.09 (dd, 2H, BDI Ar, J= 7.7, 1.5 Hz), 7.01
(dd, 2H, BDI Ar, J=17.5, 1.4 Hz), 6.79 (s, SH, Cp), 3.99 (s, 6H, HC[MeC(NAr)]2), 2.68 (sept, 2H,
BDI CH(Me),, J = 6.8 Hz), 1.90 (sept, 2H, BDI CH(Me),, J = 6.8 Hz), 1.42 (s, 9H, ‘BuNC), 1.21
(dd overlapped, 12H, BDI CH(Me)>, J = 6.8 Hz), 1.06 (d, 6H, BDI CH(Me)2, J= 6.7 Hz), 1.02 (d,
6H, BDI CH(Me),, J = 6.9 Hz). '*C NMR (151 MHz, CDCls, 298 K): 177.39 (HC[MeC(NAr)]>),
157.79 (Me3CNC), 141.15 (BDI Ar), 137.75 (BDI Ar), 130.12 (HC[MeC(NAr)]2), 128.13 (BDI
Ar), 125.02 (BDI Ar), 124.12 (BDI Ar), 99.61 (Cp), 57.66 (Me3CNC), 35.40 (Me;CNC), 29.79
(BDI CH(Me)»), 27.74 (BDI CH(Me)»), 25.34 (BDI CH(Me).,), 25.27 (BDI CH(Me)>), 24.54 (BDI
CH(Me)>), 23.65 (BDI CH(Me),), 22.58 (HC[MeC(NAr)]2). IR (Nujol): 2109 cm™ (vN=C). Anal.
Cald for C40Hs3N303F3SRe (3.7): C, 53.43; H, 5.94; N, 4.67%. Found: C, 53.16; H, 5.96; N, 4.67%.

X-Ray Crystallographic Details: X-ray diffraction data for 3.1, 3.2, 3.3a, 3.3c, 3.4, 3.6, and 3.7
were collected at CheXray, Berkeley, CA, using a Bruker SMART APEX (3.2, 3.3a, 3.4) or Bruker
APEX II QUAZAR (3.1, 3.3¢c, 3.6, 3.7) instrument outfitted with a monochromated Mo-K
radiation source (A = 0.71073 A). Diffraction data for 3.5 were obtained at the Advanced Light
Source (ALS), (Lawrence Berkeley National Laboratory, Berkeley, CA) station 11.3.1 using a
silicon monochromated beam of 16 keV (A = 0.7749 A) radiation. All data collections were
conducted in a 100 K stream of dry nitrogen. Absorption corrections were carried out by a multi-
scan method, utilizing the SADABS program.*® Bruker APEX3 software were used for the data
collection and the associated Bruker SAINT V8.37A program conducted the cell refinement and
data reduction procedures.*® Initial structure solutions were found using SHELXT and refinements
were conducted by SHELXL-2014.*7 All main residue (3.1) and solvent (3.3¢) disorder was
adequately resolved into two components. Publication materials were made using WinGX.*®
Thermal ellipsoid plots were made using Mercury.** All structures have been deposited to the
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CCDC, with deposition numbers 1565563 (3.1), 1565564 (3.2), 1565565 (3.3a), 1565566 (3.3¢),
1565567 (3.4), 1565568 (3.5), 1565569 (3.6), and 1565570 (3.7).

Figure 3.6 Crystal structure of 3.1 with 50% probability ellipsoids. BDI isopropyl groups and H
atoms have been excluded for clarity. Selected distances (A) and angles (°): Re1-O1 = 1.598(10),
Rel-N1 =2.088(5), Rel-N2 =2.116(5), Re1-C30 = 2.130(5), Re1-C36 = 2.253(13), N1-Rel1-N2
= 85.55(19).

Figure 3.7 Crystal structure of the cationic portion of 3.3¢ with 50% probability ellipsoids. Anion,
solvent, BDI isopropyl, and H atoms have been excluded for clarity. Selected distances (A) and
angles (°): Rel-O1 = 1.692(2), Rel-N1 = 2.044(3), Rel-N2 = 2.026(3), Rel-Cp(centroid) =
2.0199(18), N1-Rel1-N2 =85.41(11).
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Figure 3.8 Crystal structure of 3.4 with 50% probability ellipsoids. BDI isopropyl groups and H
atoms have been excluded for clarity. Selected distances (A) and angles (°): Re1-O1 = 1.686(2),
Rel-N1=2.070(3), Re1-N2=2.035(3), Re1-C1 =2.113(4), Re1-C2 =2.105(4), C1-C2 = 1.469(6),
C2-C3 =1.528(5), C3-C6 = 1.560(5), N1-Rel-N2 = 87.42(11).

Figure 3.9 Crystal structure of 3.5 with 50% probability ellipsoids. BDI isopropyl groups and H
atoms have been excluded for clarity. Selected distances (A) and angles (°): Re1-O1 = 1.693(2),
Rel-N1=2.028(3), Rel1-N2=2.048(2), Re1-C1=2.116(3), Re1-C2=2.106(3), C1-C2 =1.459(4),
C2-C5 =1.549(4), C5-C6 = 1.563(4), N1-Rel-N2 = 86.75(8).
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Figure 3.10 Crystal structure of one of the two crystallographically-independent cationic portions
of 3.7 with 50% probability ellipsoids. Anion, solvent, BDI isopropyl, and H atoms have been
excluded for clarity. Selected distances (A) and angles (°): Re1-C1 =1.982(6), Rel1-N1=2.014(4),
Rel-N2 =2.024(3), Rel-Cp(centroid) = 1.931(2), N1-Re1-N2 = 89.66(14).
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Table 3.1. Crystallographic details for compounds 3.1, 3.2, 3.3a, and 3.3c.

3.1 3.2 3.3a 3.3¢ 0.5 Tol

Chemical formula Cs1H51N2ORe  C39oHs51N2ORe  C34HasN2ORe  Csgs50Hs0F3N204R
Sn eS

Formula weight 774.03 750.02 909.97 880.06
Color, habit Orange, plate  Green, rod Red, lath Red, plate
Temperature (K)  100(2) 100(2) 100(2) 100(2)
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P-1 P-1 P2i/n P2i/n
a(A) 8.9276(4) 11.9092(4) 10.7631(5) 10.1761(3)
b (A) 10.0088(4) 12.1245(4) 19.7494(9) 21.6910(7)
c(A) 22.2322(8) 12.9056(5) 17.1630(7) 17.1400(6)
a (°) 87.064(2) 86.2610(10) 90 90
B () 80.901(2) 77.7500(10) 102.4450(10)  100.4260(10)
v (©) 64.838(2) 68.8620(10) 90 90
V (A% 1775.13(13) 1698.39(10) 3562.5(3) 3720.8(2)
Z 2 2 4 4
Density (Mg m™)  1.448 1.467 1.697 1.571
F(000) 788 764 1792 1780
Radiation Type MoK, MoK, MoK, MoK,
i (mm™) 3.456 3.610 4.349 3.379
Crystal size 0.06 x 0.04 x 0.08x0.04x 020 x 0.10 x 0.10x0.10x 0.01

0.01 0.02 0.04
Meas. Refl. 22208 48269 93857 57061
Indep. Refl. 6450 6205 6524 6849
R(int) 0.0708 0.0609 0.0377 0.0371
Final R indices R =0.0452 R =0.0349 R =0.0263 R =0.0278
[1>20(D)] Rw=0.0828 Rw=0.0670 Rw=0.626 Rw=0.0622
Goodness-of-fit 1.027 1.087 1.154 1.086
Apmax, APmin 1.616,-1.937  4.371,-1.684  2.907,-0.630  2.615,-0.900
(e A?)
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Table 3.2 Crystallographic details for compounds 3.4, 3.5, 3.6, and 3.7.

34 3.5 3.6 - 0.25 3.7-05
n-hexane THF
Chemical C47Hs55N2ORe Cs4Hs1N20ORe  Czo50Hss50F3  Ca2HsoF3N3
formula N>O4PReS Os50ReS
Formula weight ~ 850.13 820.14 931.61 937.18

Color, habit

Green, shard

Green, shard

Orange, lath

Orange, plate

Temperature (K) 100(2) 100(2) 100(2) 100(2)

Crystal system Monoclinic Monoclinic Monoclinic Triclinic

Space group P2i/n P2i/n P2i/n P-1

a(A) 12.9408(18) 10.179(5) 21.2352(9) 12.4703(6)

b (A) 22.116(3) 17.536(10) 9.6042(4) 18.6139(9)

c(A) 13.8371(19) 21.913(12) 22.9845(10) 19.5750(9)

a (°) 90 90 90 103.176(2)

B(°) 97.435(3) 101.404(4) 113.483(2) 96.488(2)

v (°) 90 90 90 105.810(2)

V (A% 3926.9(9) 3834(4) 4299.4(3) 4181.8(3)

Z 4 4 4 4

Density (Mg m™) 1.438 1.421 1.439 1.489

F(000) 1736 1688 1898 1912

Radiation Type =~ MoKq Synchrotron ~ MoK, MoK,

u (mm™) 3.132 3.852 2.964 3.011

Crystal size 0.16 x 0.10 x 0.07 x 0.05 x 0.11 x 0.02 x 0.10 x 0.06 x
0.08 0.03 0.01 0.01

Meas. Refl. 56530 54579 71230 64961

Indep. Refl. 7234 7906 7889 15099

R(int) 0.0442 0.0362 0.0619 0.0453

Final R indices R =0.0269 R =0.0193 R =0.0440 R =0.0357

[1>20(I)] Rw=10.0562 Rw=0.0349  Ry=0.1052 Ry =0.0759

Goodness-of-fit ~ 1.059 1.021 1.055 1.073

Apmax, ApPmin 0.962, -0.817 0.818,-0.769  2.426,-1.414 3.105,-0.897

(e A®)

DFT Calculations: The structures and energies of complexes 3.2 and 3.3* were calculated using
the Gaussian09 suite of programs.'? Self-consistent field calculations were performed with tight
convergence criteria on fine grids, while geometry optimizations were converged to tight
geometric convergence criteria. Frequencies were calculated analytically at 298.15 K and 1 atm.
The optimized structures were considered a true minima by virtue of their lack of imaginary
vibrational modes. The B3LYP hybrid functional was used, along with the 6-31G(d,p) basis for
light atoms (C, N, O, H) while the Re atom was treated with a Stuttgart/Dresden ECP
pseudopotential (SDD).
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Chapter 4

Reductions of a Rhenium(III) Terminal Oxo
Complex by Isocyanides and Carbon
Monoxide
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Introduction

Transition metal oxo complexes have played a central role in the development of our
understanding of metal-ligand multiple bonds.! In early metal systems (i.e. those containing
electron-deficient transition metals with electronic configurations of @* or less) oxo moieties are
generally quite robust, as the lack of valence electrons on the metal center allows for extensive
electron donation from the oxo ligand.? However, in the handful of known oxo complexes where
the metal center is occupied by a greater number of valence electrons, a unique range of stabilities,
geometries, and reactivities has been observed.?'* The relative lack of well-defined examples of
these atypical metal oxo species, coupled with their unpredictable behavior, makes the study of
new low-valent metal oxo systems a promising area of research.

We recently reported the synthesis of the d* terminal oxo species ORe(n>-DHF)(BDI)
(DHF = dihydrofulvalene, BDI = N,N’-bis(2,6-diisopropylphenyl)-2,4-dimethyl-B-diketiminate),
which was the unexpected reaction product of OReCl>(BDI) and NaCp (Cp = cyclopentadienide).'’
Studies by Mayer and coworkers of Re(IIl) oxo complexes found that this multiply-bonded Re-O
metal-ligand fragment was quite robust when supported by two highly electron-accepting
acetylene moieties, as it remained intact upon exposure to a variety of reagents and conditions,
including reduction to a formally Re(I) oxo species.”!* Considering there have been no similar
studies of any Re(III) oxo compounds reported since, we wished to determine the relative reactivity
of the oxo moiety in ORe(n>-DHF)(BDI) as a means of comparison. Herein, we present the
reactivity of ORe(n>-DHF)(BDI) with isocyanides and carbon monoxide, whereby the oxo moiety
of this complex will readily undergo transfer to these substrates under mild conditions. We
rationalize these results in the context of previously reported examples of Re(Ill) terminal oxo
complexes and demonstrate that the oxo moiety of ORe(n?>-DHF)(BDI) can be understood as solely
nucleophilic, as opposed to electrophilic, in character by virtue of its inertness to
trimethylphosphine (PMe3).

Results and Discussion

Our preliminary studies of ORe(n?-DHF)(BDI) attempted to exchange the DHF ligand with
other unsaturated hydrocarbons, as well as strong o-donors. We found no evidence for ligand
exchange or any other mode of reactivity of ORe(n?-DHF)(BDI) with ethylene, various alkynes
(e.g. diphenylacetylene and 3-hexyne), or 4-dimethylaminopyridine (DMAP). Upon the addition
of excess aryl or alkyl isocyanide, however, a color change or the formation of a precipitate was
observed within minutes. Specifically, the addition of excess (ca. 7 eq.) of tert-butyl isocyanide
(‘BuNC) to a solution of ORe(n>-DHF)(BDI) in diethyl ether gave an emerald green solution, while
the addition of 2,6-xylyl isocyanide (XyINC) under similar conditions resulted in the formation of
a yellow-orange precipitate (Scheme 4.1). The Cay solution symmetry of each of the new products,
as observed by 'H NMR spectroscopy, indicated the incorporation of four equivalents of
isocyanide in two distinct chemical environments. The in situ production of one equivalent of the
appropriate isocyanate was also observed in both cases. Broad absorbance bands spanning ca.
1750-2150 cm™ were also measured in the FT-IR spectra of both compounds. Based on the
spectroscopic evidence, the products of these reactions were assigned as the Re(I)
tetrakis(isocyanide) complexes, (RNC)sRe(BDI) (4.1, R = 'Bu; 4.2, R = Xyl). (Scheme 4.1).
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Scheme 4.1 Reduction and trapping of a rhenium(IIl) oxo complex by isocyanides yields
complexes 4.1 and 4.2.

Complexes 4.1 and 4.2 have vastly differing solubilities: while 4.1 is highly soluble in
HMDSO, 4.2 was found to be completely insoluble in diethyl ether and hydrocarbon solvents, but
moderately soluble in THF. Complex 4.2 is soluble enough in chloroform-d to facilitate its
characterization by NMR spectroscopy, but these samples visibly darken and degrade upon
standing overnight at room temperature, giving a complicated mixture of products. The 'H NMR
spectrum of 4.2 displays broadened peaks for the BDI backbone methyl and C-H groups, while all
of the resonances for the XyINC ligands are sharp and well-defined.

Single crystals of 4.2 suitable for X-ray diffraction studies could be grown by vapor
diffusion of n-hexane into a THF solution of the isolated compound. The complex crystallizes
along a 2-fold rotational axis in the monoclinic space group C2/c, with the two chemically
equivalent sets of XyINC ligands being related by symmetry (Figure 4.1). In the solid state, there
is an observable torsion to the BDI ligand, with the backbone methyl groups displaced
approximately 21° from co-planarity. The BDI nitrogen atoms also lie 2.220(3) A from the metal,
which is ca. 0.1 A longer than is generally observed in our studies of Re complexes of this
ligand.'>!® This distal binding of the BDI ligand, which is likely due to the steric and electronic
influence of the isocyanide ligands, appears to lead to a decrease in conjugation of the BDI n-
system: Compared to other Re BDI complexes the C™"™-N bond lengths (1.324(3) A) are
shortened and the C'™"-C® bond lengths (1.411(3) A) are elongated. This indicates a buildup of
negative charge on the backbone CH group, explaining the observable torsion in the BDI ligand
backbone in the solid state and the corresponding fluxionality of this moiety in solution.

The reactivity observed with isocyanides prompted us to investigate the reaction of
ORe(n*-DHF)(BDI) with carbon monoxide, with the intention of forming a tetracarbonyl complex
analogous to 4.1 and 4.2. Observation of the reaction by 'H NMR spectroscopy revealed the
formation of several new products within minutes. One of the products identified is protonated
BDI ligand, along with two or more rhenium-containing BDI species. When the reaction mixture
was heated at 80 °C, the conversion to protonated BDI species was complete within 3 hours. When
the reaction was conducted on a larger scale at room temperature, only an intractable mixture of
products could be isolated. On the basis of these experiments, we concluded that if the intended
tetracarbonyl complex (CO)sRe(BDI) was being formed, its lifetime in solution was markedly
shorter than the time needed for the reaction to go to completion.

50



Figure 4.1 X-ray crystal structure of 4.2 with 50% probability ellipsoids. BDI isopropyl groups
and H atoms are excluded for clarity. Labels are reserved for select, crystallographically
independent atoms. Selected bond distances (A) and angles (°): C1-Rel = 2.034(4), C2-Rel =
1.937(3), N3-Rel =2.220(3), C1-N1 =1.155(4), C2-N2 = 1.188(3), N3-C32 = 1.324(3), C32-C33
=1.411(3), C1-Rel-C2 =86.82(10), C1-Rel-N3 = 89.26(9), C2-Re1-N3 =92.94(13), N1-C1-Rel
=176.44(18), N2-C2-Rel = 173.7(2).

An analogous Re(I) tetracarbonyl complex containing a less encumbering and less
electron-donating BDI derivative (with 2,6-dichlorophenyl substituents on the binding nitrogens)
has been reported.!” This complex could be isolated as crystalline material, yet it expelled one
equivalent of CO within minutes in the presence of nitriles or amines to give fac-tricarbonyl
adducts of the added o-donor. Therefore, it is likely that either the increased steric profile or
increased donor properties of the BDI ligand used in this study increases the lability of the
tetracarbonyl complex (CO)4Re(BDI), generating coordinately unsaturated species in solution that
contribute to the degradative pathways leading to protonated BDI. It is also possible the presence
of free DHF as generated in the reaction mixture may contribute to the degradation of
(CO)4Re(BDI).

Taking inspiration from the reactivity of the previously reported rhenium tetracarbonyl
complex, we repeated the reaction of ORe(n?-DHF)(BDI) with CO in the presence of one
equivalent of DMAP. Upon workup, the product fac-(CO);:Re(DMAP)(BDI) (4.3) was isolated as
light-yellow crystals in moderate yield (Scheme 4.2). The IR absorbance of spectrum displayed
metal carbonyl stretches at 2004 and 1878 cm™. The solid state structure of 4.3 was determined by
X-ray crystallography, which confirmed the facial arrangement of the three carbonyl ligands
(Figure 4.2). When the same reaction was conducted by adding CO to a solution of ORe(n>-
DHF)(BDI), followed by the addition of DMAP after consumption of the Re starting material, the
isolated yield of 4.3 was markedly lower. This result supports the hypothesis that the reaction of
ORe(n>-DHF)(BDI) likely generates a monomeric tetracarbonyl complex that can bind DMAP and
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release one equivalent of CO to form 4.3. In all, the isolation of 4.3 in these experiments indicates
that OAT from ORe(n?>-DHF)(BDI) to CO takes place quickly under mild conditions, as was
observed with isocyanides.

5
1 equiv. DMAP

r\f‘rﬂ H [u 1 atm. CO
— N — - » o
SN ) Tol, 23 °C, 90 min 4.3, 51%
Ar o - DHF +
|
AI’ o =N
—N_ ”/@
N\ /Re
N %
Ar

4.4, 14%

Scheme 4.2 The reduced rhenium(I) complex 4.3 and the oxidized cis-dioxo complex 4.4 are
generated upon exposure of the rhenium(IIl) terminal oxo complex to CO in the presence of

DMAP.

Figure 4.2 X-ray crystal structure of one of the two crystallographically independent molecules of
4.3 with 50% probability ellipsoids. BDI isopropyl groups, solvent molecules, and H atoms are
excluded for clarity. Labels are reserved for select, crystallographically independent atoms.
Selected bond distances (A) and angles (°): C1-Rel = 1.910(9), C2-Rel = 1.920(6), N1-Rel =
2.267(9), N3-Rel =2.192(6), C1-O1 = 1.175(8), C2-02 = 1.157(6), C1-Re1-C2 = 83.80(19), C1-
Rel-N1=171.3(2), C1-Re1-N3 =97.99(17), C2-Rel-N1 = 89.80(17), C2-Re1-N3 = 94.4(3), O1-
C1-Rel = 171.4(6), O2-C2-Rel = 175.8(5).
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In all of our reactions to form 4.3, a minor product was also isolated as a green powder,
with its separation and purification eased by its insolubility in diethyl ether and hydrocarbon
solvents (Scheme 4.2). The IR absorbance spectrum of this green product indicated it did not
contain any carbonyl ligands or unsaturated C-O bonds. X-ray structural determination of the
recrystallized product revealed that it was a rhenium(V) cis-dioxo compound,
(O)2Re(DMAP)(BDI) (4.4) (Figure 4.3). The geometry of this complex is distorted trigonal
bipyramidal with the oxo ligands occupying equatorial positions, and the DMAP ligand being
situated in an axial positon trans to one of the bound nitrogen atoms of the BDI ligand, which
occupies both axial and equatorial sites around the metal. This geometry is analogous to that of
the well-known Re(V) cis-dioxo compound (O),Rel(PPhs),'32° as well as Lewis base adducts of
niobium(V) bis(imido) complexes studied by our groups that also contain the BDI ancillary
ligand.?!?

Figure 4.3 X-ray crystal structure of 4.4 with 50% probability ellipsoids. BDI isopropyl groups
and H atoms are excluded for clarity. Selected bond distances (A) and angles (°): Ol-Rel =
1.742(5), O2-Re2 = 1.732(5), N1-Rel = 2.184(6), N3-Rel = 2.099(6), N4-Rel = 2.019(6), O1-
Rel-02 =137.0(2), O1-Rel1-N4 = 111.0(2), O2-Re1-N4 = 111.8(2), N1-Rel-N3 = 170.7(2), N3-
Rel-N4 =90.0(2).

While the isolated yields of 4.4 were consistently low (12-14%), the fact that an oxidized
product was generated under reducing reaction conditions was at first, unintuitive. We tested
whether the CO, generated in situ by OAT was capable of oxidizing the starting material ORe(n*-
DHF)(BDI) or 4.3 to form 4.4 (or an analog of 4.4 free of the dative DMAP ligand). We found no
evidence of any reaction between CO2 and these complexes, either as isolated species, or following
the simultaneous exposure of ORe(n?-DHF)(BDI) to both CO and CO: gases. By excluding CO:
as potential means for the formation of 4.4, we were left with the following hypothesis: an
intermediate along the pathway between ORe(n>-DHF)(BDI) and 4.3, perhaps a species of the
formulation “ORe(CO)2(BDI)” or similar, where the DHF ligand has been displaced by CO
ligands, is capable of transferring its oxo ligand to an equivalent of the starting material or
exchanging oxo ligands between itself. OAT between metal species has been observed in several
systems,?*%* including between identical or closely related species containing the same metal.?6-%
This proposed OAT-mediated disproportionation, a subset of such metal-centered OAT reactions,
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aligns with the fact that the oxidized product 4.4 is only isolated when CO is used as an OAT
acceptor; its steric profile is much smaller than those of either ‘BuNC or XyINC, increasing the
feasibility of an intermetallic OAT. The generation of Re dioxo compounds and other oxidized
products from ORe(n?>-DHF)(BDI) by more efficient and selective routes will be a topic of future
studies.

Considering the mild conditions necessary for OAT between ORe(n?-DHF)(BDI) and
isocyanides or CO, it was expected that OAT from this Re(IIl) oxo complex to PMes would be
similarly facile. Trialkylphosphines are considered to be excellent OAT acceptors, owing to their
electron-rich phosphorus centers. PMejs is particularly potent in this regard: it is reducing enough
to require handling under inert conditions to prevent its rapid decomposition when combined with
atmospheric oxygen. Therefore, we were surprised to find that ORe(n?>-DHF)(BDI) did not show
any signs of reactivity with PMes, even when the complex was heated for several days in the
presence of excess phosphine. This indicates that the rhenium oxo moiety of ORe(n?-DHF)(BDI)
does not have demonstrable electrophilic character, and therefore must be the nucleophilic agent
in the observed OAT reactions with isocyanides and CO. In conventional transition metal terminal
oxo complexes, the oxo ligand tends to display electrophilic character as a result of extensive
electron donation to the metal through one o-bond and two equivalent, orthogonal n-bonds. '
Many other examples of nucleophilic metal oxo moieties have been known,**3¢ including,
relevantly, a Re(V) oxo complex that displays ambiphilic character.’” We attempted to
demonstrate the nucleophilic character of the oxo moiety in ORe(n>-DHF)(BDI) by making an
adduct with the Lewis acid B(CsFs)3. We found that this reaction led to the decomposition of the
starting material, and no products could be isolated from the resulting mixture.

The OAT reactivity of ORe(n>-DHF)(BDI) deviates from the chemistry of the Re(IlI)
terminal oxo complexes originally studied by Mayer. This difference can be rationalized in terms
of the ancillary ligands in both complexes. Namely, Mayer’s Re(Ill) oxo complexes were
invariably supported by two highly electron-accepting alkyne ligands,'®'* whereas ORe(n?-
DHF)(BDI) is supported by a less electron-accepting olefin group and a sterically encumbering,
electron-donating BDI ligand.'* The expected impact on the rhenium oxo moiety in ORe(n*
DHF)(BDI) as compared to those in Mayer’s complexes thus aligns with our experimental
observations, whereby a decrease in backbonding from the d* Re(III) center leads to increased
electron density on the oxo moiety, which, as demonstrated by this study, manifests as
nucleophilicity and a corresponding selectivity for electrophilic OAT acceptors.

Summary and Conclusions

We have described the oxygen atom transfer reactivity of the d* terminal oxo complex
ORe(n?-DHF)(BDI), yielding several Re(I) isocyanide and carbonyl complexes containing the
BDI ligand. While the tetrakis(isocyanide) complexes proved to be stable at room temperature, the
inclusion of a trapping agent was necessary to obtain an isolable product from the reduction of
ORe(n?-DHF)(BDI) by CO. Unexpectedly, in addition to the DMAP-trapped fac-tricarbonyl
complex 4.3, the oxidation product 4.4 was also isolated, indicating that under the reaction
conditions OAT also occurs between reactive, transient Re species as well as from Re to CO. The
lack of reactivity of ORe(n?-DHF)(BDI) with PMe; indicated that the oxo moiety of this low-
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valent species can be typified as a nucleophile, which explains its facile OAT reactivity with CO
and isocyanides. Future work will continue to explore the use of ORe(m*-DHF)(BDI) as a
convenient synthetic source of the Re(IIl) oxo fragment.

Experimental

General Considerations: All manipulations were carried out under a dry nitrogen atmosphere,
either in an MBraun LabStar glovebox or on a Schlenk line using standard techniques. Toluene,
diethyl ether, and n-hexane were dried by passage through a basic alumina column and were
handled and stored under a dry nitrogen atmosphere in standard Strauss flasks or in the glovebox.
Hexamethyldisiloxane (HMDSO) was dried over Na/benzophenone, distilled under N>, and stored
in the glovebox prior to use. Deuterated benzene and chloroform were obtained from Cambridge
Isotope Labs, dried over an appropriate reagent (Na/benzophenone for C¢Ds, CaH, for CDCl3),
and transferred under reduced pressure prior to storage in the glovebox over 4 A molecular sieves.
Celite was dried in a 150 °C oven for 24 hours prior to storage in the glovebox. 2,6-Xylyl
isocyanide, fert-butylisocyanide, 4-dimethylaminopyridine, and CO gas were obtained from
commercial sources. Solid reagents were dried under high vacuum and liquid reagents were
degassed prior to use. The reported compound ORe(n>-DHF)(BDI) was synthesized using known
procedures.® NMR spectroscopy data were obtained on Bruker AV-500 and AV-600 instruments.
All 'H and 3C spectra were referenced to the residual peak of the solvent used. Select peak
assignments were corroborated with 'H-'3C HSQC experiments as necessary. Unless noted
otherwise, “room temperature” and “ambient temperature” both refer to approx. 23 °C. Infrared
absorption data were obtained using a Thermo Scientific Nicolet iS10 instrument, with the sample
chamber under ambient atmosphere. Samples were prepared as Nujol mulls pressed between KBr
plates in the glovebox. A background IR spectrum was obtained immediately prior to data
acquisition for each sample.

(‘BuNC)4Re(BDI) (4.1): A solution of tert-butyl isocyanide (39.1 mg, 0.470 mmol, 7 equiv.) in
Et,0 (3 mL) was added to a stirred solution of ORe(n?-DHF)(BDI) (50.0 mg, 0.0667 mmol) in
Et,0 (5 mL) at ambient temperature. Within minutes, a color change from dark forest green to a
lighter emerald green was observed. After the reaction mixture was stirred for 15 minutes, its
volatile components were removed in vacuo. The dry residue was extracted into HMDSO (5 mL),
and these extracts were filtered through Celite. The volatile components of the filtered extracts
were removed in vacuo, and the resulting residue was further exposed to high vacuum for ca. 3 h
to give 1 (50 mg, 80% yield) as an emerald green powder. m.p.: decomp. above 117 °C. '"H NMR
(600 MHz, CsDs, 298 K): 7.27 (d, 4H, BDI Ar, J= 7.6 Hz), 7.15 (t, 2H, BDI Ar, J= 7.6 Hz), 4.75
(s, 1H, HC[MeC(NAr)]2), 3.71 (sept, 4H, BDI CH(Me),, J = 6.8 Hz), 1.72 (s, 6H,
HC[MeC(NAr)]2), 1.69 (d, 12H, BDI CH(Me),, J = 6.7 Hz), 1.35 (d, 12H, BDI CH(Me),, J = 6.8
Hz), 1.23 (s, 18H, Me;CNC), 1.19 (s, 18H, Me;CNC). 1*C NMR (151 MHz, C¢Ds, 298 K): 183.70
(HC[MeC(NAr)]2), 162.60 (BDI Ar), 153.81 (BDI Ar), 142.94 (BDI Ar), 124.30 (BDI Ar), 123.71
(BDI Ar), 98.73 (HC[MeC(NAr)]2), 55.99 (Me3sCNC), 55.64 (Me3CNC), 33.05 (BDI CH(Me)»),
31.73 (HC[MeC(NAr)]2), 27.77 (BDI CH(Me)2), 25.89 (Me;CNC), 25.83 (Me3;CNC), 24.90 (BDI
CH(Me)). IR (Nujol/KBr, cm™): 2117 (‘BuNC), 1967 (‘BuNC), 1836 (‘BuNC), 1774 (‘BuNC).
Elemental analysis was not obtained for this compound, as its extreme solubility prevented its
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purification by crystallization or washing. A detectable, variable amount of HMDSO remained in
isolated 1 even after prolonged exposure to vacuum at room temperature. The instability of 1 to
heat also precluded its purification by heating under vacuum.

(XyINC)sRe(BDI) (4.2): A solution of 2,6-xylyl isocyanide (43.7 mg, 0.333 mmol, 5 equiv.) in
Et,0 (5 mL) was added to a stirred solution of ORe(n?-DHF)(BDI) (50.0 mg, 0.0667 mmol) in
Et;0 (5 mL) at ambient temperature. Within minutes, a color change from dark forest green to
orange was observed, quickly followed by the formation of a yellow-orange precipitate. After the
reaction mixture was stirred for 15 minutes, its volatile components were removed in vacuo. The
resulting residue was washed with hexane (2 x 6 mL), and the residual volatiles were removed in
vacuo to give 2 as a yellow-orange powder (67 mg, 86% yield). Single crystals suitable for
structural determination by X-ray crystallography were grown by the vapor diffusion of n-hexane
into a filtered, saturated solution of 2 in THF. m.p.: decomp. above 190 °C. 'H NMR (600 MHz,
CDCls, 298 K): 7.08-7.04 (m, 6H, BDI Ar), 6.98 (d, 4H, Xyl Ar, J= 7.6 Hz), 6.90 (t, 2H, Xyl Ar),
6.80 (d, 4H, Xyl Ar), 6.71 (t, 2H, Xyl Ar), 4.71 (bs, 1H, HC[MeC(NAr)]2), 3.71 (sept, 4H, BDI
CH(Me),, J = 6.8 Hz), 2.42 (s, 12H, Xyl Me), 1.92 (s, 12H, Xyl Me), 1.62 (bs, 6H,
HC[MeC(NAr)]2), 1.03 (d, 12H, BDI CH(Me),, J = 6.7 Hz), 0.93 (d, 12H, BDI CH(Me),, J = 6.8
Hz). ®C NMR (151 MHz, CDCls, 298 K): 134.76 (XyINC Ar), 130.27 (XyINC Ar), 127.97 (BDI
Ar), 126.88 (XyINC Ar), 126.44 (XyINC Ar), 123.84 (XyINC Ar), 123.42 (XyINC Ar), 123.42
(BDI Ar), 100.16 (HC[MeC(NAr)]2), 27.64 (BDI CH(Me)>), 25.73 (HC[MeC(NAr1)]2), 25.16
(XyINC Me), 24.92 (XyINC Me), 19.43 (BDI CH(Me)>), 18.86 (BDI C(Me)2). IR (Nujol/KBr, cm
1): 2023 (XyINC), 1996 (XyINC), 1921 (XyINC). Anal. Cald. for ReN¢CesH77 (2): C, 69.18; H,
6.88; N, 7.45 %. Found: C, 68.93; H, 7.02; N, 7.62 %.

fac-(CO)sRe(DMAP)(BDI) (4.3): A solid mixture of ORe(n?--DHF)(BDI) (150 mg, 0.200 mmol)
and DMAP (24.4. mg, 0.200 mmol, 1 eq.) were dissolved in toluene (ca. 7 mL), and this solution
was added to a 25 mL Schlenk flask, which was then sealed. The room temperature solution was
degassed under vacuum for ca. 15 seconds, the headspace of the flask was refilled with CO gas
(ca. 1 atm.) via the Schlenk line, and the flask was again sealed. The reaction mixture was stirred
at room temperature for 90 minutes, yielding a dark, turbid green-yellow solution. The volatile
components of the reaction mixture were removed in vacuo and the flask was returned to the
glovebox. The reaction residue was extracted with 15 mL Et,O, and these extracts were filtered
through Celite to give a dark yellow solution, which was concentrated in vacuo and stored at -40°C
to give 3 as light yellow crystals (82 mg, 51%). X-ray quality crystals were obtained by
recrystallizing isolated 3 from Et>O at -40 °C. m.p.: decomp. above 252 °C. '"H NMR (500 MHz,
CsDs, 298 K): 8.75 (bs, 1H, DMAP Ar), 8.49 (bs, 1H, DMAP Ar), 7.27 (dd, 2H, BDI Ar, J=6.9,
2.2 Hz), 7.20-7.14 (m, 4H, BDI Ar), 5.95 (bs, |H, DMAP Ar), 5.55 (bs, 1H, DMAP Ar), 5.00 (s,
1H, HC[MeC(NAr)]2), 3.78 (sept, 2H, BDI CH(Me)., J = 6.7 Hz), 2.72 (sept, 2H, BDI CH(Me).,
J=6.8 Hz), 2.06 (s, 6H, DMAP Me), 1.79 (s, 6H, HC[MeC(NAr)]2), 1.71 (d, 6H, BDI CH(Me)>,
J=6.7Hz), 1.32 (d, 6H, BDI CH(Me)>, J= 6.7 Hz), 1.01 (d, 6H, BDI CH(Me)>, J = 6.8 Hz), 0.98
(d, 6H, BDI CH(Me),, J = 6.8 Hz). 3*C NMR (151 MHz, CsDs¢, 298 K): 163.22 (HC[MeC(NAr)]2),
154.05 (DMAP Ar), 152.83 (DMAP Ar),143.35 (BDI Ar) 140.91 (BDI Ar), 126.13 (BDI Ar),
124.60 (BDI Ar), 123.87 (BDI Ar), 106.94 (DMAP Ar), 96.52 (HC[MeC(NAr)]>), 38.28 (DMAP
Me), 28.59 (BDI CH(Me)>), 27.94 (BDI CH(Me).), 25.65 (BDI CH(Me)>), 25.63 (BDI CH(Me)z>),
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25.49 (BDI CH(Me),), 25.11 (HC[MeC(NAr)]2), 24.09 (BDI CH(Me),). IR (Nujol/KBr, cm™):
2004 (CO), 1878 (CO). Anal. Cald. for ReO3N4C3oHs) (3): C, 57.83; H, 6.35; N, 6.92 %. Found:
C, 57.95; H, 6.19; N, 7.02 %.

(0)2Re(DMAP)(BDI) (4.4): Following the above synthetic procedure for 3, extraction of the dry
reaction residue with Et2O (to dissolve and separate 3) left behind kelly green solids. These solids
were dissolved into THF (ca. 6 mL), and the resulting green solution was filtered through Celite.
The volatile components of the filtered solution were removed in vacuo. The resulting solids were
washed with 2 x 3 mL Et;0, and the residual volatiles were removed in vacuo to give 4 as kelly
green solids (21 mg, 14%). X-ray quality crystals were obtained by the vapor diffusion of n-hexane
into a filtered solution of 4 in THF. m.p.: decomp. above 114 °C. 'H NMR (600 MHz, CDCls, 298
K): 7.47-7.39 (m, 2H, DMAP Ar), 7.13-7.04 ( m, 3H, BDI Ar), 6.93 (bs, 3H, BDI Ar), 6.01 (d,
2H, DMAP Ar, J= 6.6 Hz), 5.04 (s, |H, HC[MeC(NAr)]2), 3.35 (bs, 2H, BDI CH(Me)»), 3.27 (bs,
2H, BDI CH(Me)>), 2.90 (s, 6H, DMAP Me), 1.93 (bs, 3H, HC[MeC(NAr)]2), 1.83 (bs, 3H,
HC[MeC(NAr)]2), 1.43 (bs, 6H, BDI CH(Me)2), 1.14 (bs, 18H, BDI CH(Me),). '*C NMR (151
MHz, CDCls, 298 K): 170.59 (HC[MeC(NAr)]2), 155.20 (DMAP Ar), 150.04 (DMAP Ar),143.35
(BDI Ar) 140.91 (BDI Ar), 126.54 (BDI Ar), 123.90 (BDI Ar), 105.61 (DMAP Ar), 103.42
(HC[MeC(NAr)]2), 39.12 (DMAP Me), 28.47 (BDI CH(Me)»), 27.39 (BDI CH(Me)»), 25.77 (BDI
CH(Me),), 25.32 (BDI CH(Me)>), 25.23 (BDI CH(Me),), 23.64 (HC[MeC(NAr)]>). Anal. Cald.
for ReO2N4Cs6Hs1 (4): C, 57.04; H, 6.78; N, 7.39 %. Found: C, 57.23; H, 6.66; N, 7.31 %.

X-Ray Crystallographic Details: X-ray crystallographic measurements were conducted at the
Advanced Light Source (ALS), Lawrence Berkeley National Laboratory (LBNL), beam line
12.2.1, using a Bruker diffractometer equipped with a PHOTON100 CMOS detector and a silicon-
monochromated beam of 17 keV (0.7288 A) synchrotron radiation. Diffraction data was collected,
reduced, and corrected for absorption using the Bruker APEX3 software package and its associated
programs (SAINT, SADABS, TWINABS).3® Structure solutions were obtained by direct methods
using SHELXT and refined against £ using SHELXL-2014, as implemented by the WinGX shell
program.’**° Thermal ellipsoid plots as presented in this report were generated using Mercury.*!
CCDC 1834897 (4.2), 1834898 (4.3), and 1834899 (4.4) contain the supplementary
crystallographic information for this paper. These data can be obtained free-of-charge from the
Cambridge Crystallographic Data Centre.
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Table 4.1 Unit Cell and and Refinement Metrics for the Crystal Structures of 4.2, 4.3, and 4.4.

4.2 4.3 4.4
Chemical formula CesH77NsRe C43Hs1N4O4Re Cs36Hs51N4O2Re
Formula weight 1128.52 844.15 758.00
Color, habit Orange, block Yellow, block Green, blade
Temperature (K) 100(2) 100(2) 100(2)
Crystal system Monoclinic Monoclinic Triclinic
Space group C2/c P 2i/m P-1
a(A) 17.210(17) 13.79(4) 9.0737(6)
b (A) 16.719(16) 17.25(5) 11.6586(8)
c(A) 19.140(18) 17.98(6) 16.9664(12)
a (°) 90 90 73.799(5)
B(°) 90.651(8) 94.494(17) 88.041(5)
v (®) 90 90 75.883(4)
V (A%) 5507(9) 4265(22) 1670.4(2)
Z 4 4 2
Density (Mgm™)  1.361 1.377 1.507
F(000) 2336 1816 772
Radiation Type Synchrotron Synchrotron Synchrotron
i (mm™) 2.341 3.456 3.675
Crystal size (mm?®)  0.020 x 0.020 x 0.020 x 0.020 x 0.050 x 0.020 x
0.015 0.010 0.005
Meas. Refl. 46796 85554 17967
Indep. Refl. 8421 10278 7706
R(int) 0.0502 0.0665 0.0542
Final R indices R =0.0323 R=0.0319 R =10.0556
[1>20(1)] Rw=0.1129 Rw=0.0610 Rw=0.1338
Goodness-of-fit 1.076 1.172 1.091
ApPmax, APmin 1.189, -3.221 1.310,-1.330 9.764, -3.702
(e A%
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Chapter 5

Heterotetrametallic Re-Zn-Zn-Re Complex
Generated by an Anionic Rhenium(I) -
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Introduction

The controlled introduction and removal of electrons into and out of a molecule can provide
critical insights into its structure, bonding, and reactivity. In the cases when a strong reductant is
required, chemists typically rely on alkali metals and their derivatives (e.g. alkali napthalides,
alkali anthrocenides, KCs), which can be difficult to handle and present a potential safety hazard.
This has led to the development of alternative reducing agents that are both safer to handle and
provide additional utility as reagents. For example, organic reductants have been developed that
can be used in place of alkali metals and also avoid the subsequent generation of alkali halides as
side products.>* Consistent developments have also been made in photoredox catalysis, where a
strong reductant is generated by the photoexcitation of an organic compound or a transition metal
complex (such as Ru(2,2’-bipyridine)s>" or Ir(2,2’-phenylpyridine)s).>* Additionally, there have
been a number of studies into the use of low valent metal coordination complexes as strong
reductants, a class that includes magnesium(I) compounds’™ and gallium(I)!®'? and
aluminum(I)'3-15 species. Conveniently, these low valent complexes are soluble in common
organic solvents and can subsequently provide kinetic stabilization to the reduced species they
generate. This last point is of particular note, as canonical examples of strongly reducing
homogeneous metal complexes are largely precluded from forming complexes with reduced
species due to their saturated coordination environment (such as in the 19-electron reductants
Cp*2Co and Cp*(n°-CsMes)Fe, Cp* = pentamethylcyclopentadienyl).! Consequently, developing
the chemistry of coordinately unsaturated, strongly reducing metal coordination compounds has
facilitated the isolation of many uncommon or previously unknown inorganic fragments'®> as
well as the direct activation of a variety of C-F bonds.®?**” Here, we report the synthesis of an
anionic rhenium(I) complex free of any electron accepting substituents that can behave as both a
strong reductant and a supporting ligand. This behavior is exemplified in the reactivity of the
rhenium(I) anion with divalent zinc, which leads to a zinc(I) compound containing both Re-Zn and
Zn-Zn bonds. We have also found that this anionic rhenium(I) reagent can be oxidized or
protonated to give well defined compounds, including a rare example of a rhenium(II) complex.

Results and Discussion

Following our initial report of the oxo rhenium(V) cation ORe(n’>-Cp)(BDI)" (Cp =
cyclopentadienyl, BDI = N ,N’-bis(2,6-diisopropylphenyl)-3,5-dimethyl-B-diketiminate),?® we
developed a reliable method of using this species as a precursor to the rhenium(I) salt Na[Re(n’-
Cp)(BDI)] (5.1). This synthesis utilizes the SnCls™ salt of the starting cation with excess metallic
sodium as the reducing agent, forming 5.1 in good yield (Scheme 5.1). Isolated 5.1 is a highly air-
sensitive dark purple, crystalline solid that is very soluble in coordinating solvents. The X-ray
crystal structure of 1 confirms its composition and reveals that the Na" ion is coordinated by the
Cp and BDI moieties of surrounding equivalents of anion, forming polymeric 1-D chains in the
solid-state (Figure 5.1). The 'H NMR spectrum of 5.1 in pyridine-d5 indicates the expected Cay
solution-state symmetry for the BDI ligand.
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Scheme 1. The scalable synthesis of 5.1 using metallic sodium as a reductant.

Figure 5.1 X-ray crystal structure of 5.1 with 50% probability ellipsoids. The structure is extended
to display the full coordination environment of the Na atom. H atoms and BDI isopropyl groups
are excluded for clarity. Selected distances (A) and angles (°): Rel-N1 = 2.031(3), Rel-
Cp(centroid) = 1.816(2), Nal-N1 = 2.869(4), Nal-Cp(centroid) = 2.348(3), N1-Rel-N1’ =
87.16(17).

We expected 5.1 to be both basic and reducing; as such, we began to explore its oxidation
and protonation to form neutral species. We found that oxidation of 5.1 with silver(I)
trifluoromethanesulfonate (AgOTf) gives the neutral species Re(n’-Cp)(BDI) (5.2), a rare example
of a formally rhenium(II) compound (Scheme 5.2). The '"H NMR spectrum of paramagnetic 5.2 is
too broad to discern its composition, but X-ray crystallography reveals that it is structurally
analogous to the rhenium(I) anion in 5.1 (see Experimental). By the Evans NMR method, the
magnetic moment of 5.2 is 1.67 us, indicating that there is one unpaired electron in this d° species.
Reported examples of isolated rhenium(II) species have often contained linear nitrosyl ligands.>
31" Also, a thermally unstable rhenium(II) pincer compound has previously been found to bind,
reduce, and cleave dinitrogen to form rhenium(V) nitride compounds.?**3
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Scheme 5.2. Oxidation and protonation of 5.1 to form 5.2 and 5.3, respectively.

Protonation of 5.1 with triethylammonium tetraphenylborate gives the rhenium(III)
hydride complex Re(H)(n’-Cp)(BDI) (5.3, Scheme 5.2). Compound 5.3 is identified as a metal
hydride complex based on a distinct peak in the IR absorbance spectrum at 2028 cm™!, and a singlet
at -27.95 ppm in the '"H NMR spectrum in C¢Ds. Single crystal X-ray diffraction studies of 5.3
also allowed for the metal hydride to be located and freely refined (see Experimental).

Based on the observation that the rhenium center of 5.1 is the site of protonation, we
hypothesized that we might be able to employ this anionic fragment as a metalloligand for other
metal centers. Influenced by literature examples of divalent zinc compounds supported by anionic
metalloligands,****> we combined 5.1 with zinc(I) chloride in THF. Based on '"H NMR spectra of
crude material, we discerned that significant quantities of 5.2 were formed by the reaction, in
addition to another, presumably reduced species. This hypothesis was confirmed upon the
purification and structural characterization of the second product, identified as the zinc(I)
compound [ZnRe(n>-Cp)(BDI)]2 (5.4, Scheme 5.3). Complex 5.4 is thermally stable in solution up
to 120 °C, decomposing over several days to form a grey precipitate (presumably Zn°) and a
mixture of diamagnetic products, including a small amount of 5.3. While several examples of
zinc(I) compounds have been reported,?!¢*5 5.4 is the first example of such a compound to be
supported by bonding exclusively to other metal centers. Furthermore, the structural assignment
of 5.4 allowed us to conclude that in a single reaction, 5.1 had demonstrated utility as both a
reducing agent and a metalloligand.

Re/\\N§
_l i 0.5 eq. ZnCl, / ’N

r\f r ————> 025 zi A
S N/Re—e . THF 23°C,30min 4 /
Ar Na - NaCl Ar 2N 5.4,62%
51 -05¢q. 5.2 _N\R/
\ N/ e<\g
Ar

Scheme 5.3 The formation and trapping of 5.4, a heterotetrametallic Re-Zn-Zn-Re complex,
facilitated by 5.1.
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The X-ray crystal structure of 5.4 shows a Zn,?" core flanked on each side by an anionic
Re(n’-Cp)(BDI)" fragment bound to Zn through the rhenium(I) center (Figure 5.2). The nearly
linear tetrametallic Re-Zn-Zn-Re linkage in 5.4 (Re-Zn-Zn = 173.563(16)° and 173.371(15)°) has
two closely related examples, containing Co-Hg-Hg-Co and Ga-Sb=Sb-Ga motifs, where a central
metal homodimer is bonded exclusively to the terminal metal centers.*>*’ The Zn-Zn distance in
5.4 is 2.3938(4) A, in line with other Zn-Zn bonds (though ca. 0.1 A longer than the Zn-Zn bond
in Cp*2Zn,).%° The Re-Zn distances in 5.4 are 2.4681(3) A and 2.4711(3) A, which are substantially
shorter (by ca. 0.15 A) than the two other crystallographically characterized examples of Re-Zn
interactions.*34°

Figure 5.2 X-ray crystal structure of 5.4 with 50% probability ellipsoids. H atoms and BDI
isopropyl groups are removed, and the BDI aryl rings are displayed as capped sticks for clarity.
Selected distances (A) and angles (°): Zn1-Zn2 = 2.3938(4), Rel-Znl = 2.4681(3), Rel-N1 =
2.031(2), Rel-N2 = 2.028(2), Rel-Cp(centroid) = 1.8986(12), Re2-Zn2 = 2.4711(3), Re2-N3 =
2.022(2), Re2-N4 =2.025(2), Re2-Cp(centroid) = 1.8938(16), Re1-Zn1-Zn2 = 173.563(16), Re2-
Zn2-Znl = 173.371(15), N1-Rel-N2 = 87.11(9), N3-Re2-N4 = 87.46(8).

A structural optimization and subsequent frequency calculation of 5.4 was carried out using
density functional theory (DFT) with a correction applied for dispersion forces (B3PW91-
GD3BJ,>*52 see Experimental), and the results have provided some insights into the nature of the
metal-metal interactions and frontier orbitals in this compound (Figure 5.3). According to a
second-order Natural Bond Orbital (NBO) analysis, the Re-Zn interaction is formed by the dative
donation of a Re-based lone pair housed in a 5d orbital into an empty Zn-based 4p orbital. This
assignment is further supported by the calculated Wiberg Bond Index (WBI) between Re and Zn
of 0.37, which is indicative of a dative interaction. The Zn-Zn bonding orbital was found to lie
lower in energy than the Re-Zn bonding orbital, and based on a first-order NBO analysis the Zn-
Zn bond is entirely composed of Zn 4s orbitals, with a corresponding WBI of 0.77, which is in line
with similar computational studies of zinc(I) compounds.?'**I*> Overall, these calculations support
the assignment that 5.4 is composed of a covalently bonded Zn»** core with datively bound, anionic
rhenium(I) centers. Additionally, the calculations indicated that the frontier orbitals of 4 are
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composed almost entirely of linear combinations of 5d orbitals on the rhenium centers, with no
significant contributions from the zinc centers.

Figure 5.3 Renderings of select calculated molecular orbitals of 5.4, featuring a) the Re-Zn
bonding orbital (HOMO-5), b) the Zn-Zn bonding orbital (HOMO-10), c) the HOMO, and d) the
LUMO.

Inspired by our computational results and previous reactivity studies of zinc(I) compounds
we investigated the behavior of 5.4 upon oxidation. We found that combining 1 equiv. of AgOTf
with 5.4 led to the formation of two identifiable species, namely 5.2 and the dimeric complex [(p-
OTf)ZnRe(n’-Cp)(BDI)]2 (5.5, Scheme 5.4). The X-ray crystal structure of 5.5 shows the Re-Zn
distance of 2.4418(3) A is slightly shorter than those in 4. While the structure of 5.5 (Figure 5.4)
initially appeared to result from direct oxidative cleavage of the Zn-Zn bond, further investigation
revealed that this is likely not the case. When the oxidation of 5.4 was carried out using 2 equiv.
of AgOTT, the only identifiable product by NMR spectroscopy was 5.2, with no 5.5 observed. We
also confirmed that only a half equiv. of 5.5 is produced from the quantity of 4 consumed when
less than 1 equiv. of AgOTf is added. We thus propose that the oxidation of 4 leads directly to the
formation of stoichiometric amounts of 5.2, followed by disproportionation of the Zn-Zn bond to
give metallic zinc and zinc(II). Therefore, we propose 5.5 is a dimer of zinc(II) species formed by
this disproportionation mechanism, rather than a product of the direct oxidative schism of the Zn-
Zn bond in 5.4. This hypothesis aligns with the computational results, which indicate that the
HOMO of 5.4 (the orbital from which a chemical oxidant will remove an electron) is mainly
composed of rhenium 5d orbitals.
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Scheme 5.4 Oxidation of 5.4 leads to the isolation of the triflate-bridged heterotetrametallic
complex 5.5.

Figure 5.4 X-ray crystal structure of 5.5 with 50% probability ellipsoids. H atoms, BDI isopropyl
groups, and outer sphere solvent have been removed, and the triflate CF3 groups and BDI aryl
rings are displayed as capped sticks for clarity. Selected distances (A) and angles (°): Zn1-O1 =
2.0346(13), Zn1-02’ =2.0835(16), Rel-Zn1 =2.4418(3), Re1-N1=2.024(2), Re1-N2 = 2.020(2),
Rel-Cp(centroid) = 1.9107(10), N1-Rel-N2 = 87.37(8).

Summary and Conclusions

In conclusion, we have presented the synthesis of the rhenium(I) salt Na[Re(n>-Cp)(BDI)]
(5.1), and demonstrated its use as a reducing agent and ancillary metalloligand by preparing the
tetrametallic zinc(I) compound [ZnRe(n’-Cp)(BDI)]2 (5.4) from ZnCl>. By studying the oxidation
and protonation products derived from 5.1, we were able to access a rare example of a formally
rhenium(II) complex Re(n’>-Cp)(BDI) (5.2), as well as the rhenium(I1I) hydride complex Re(H)(n°’-
Cp)(BDI) (3). We also isolated an oxidation product derived from 5.4, the triflate-bridged zinc(II)
dimer [(u-OTf)ZnRe(n’>-Cp)(BDI)]2 (5.5). Based on reactivity and computational studies of 5.4,
we determined 5.5 likely forms as the result of oxidation of a rhenium(I) center to form an
equivalent of 5.2, followed by disproportionation of the Zn-Zn bond to yield equal amounts of
zinc(II) species and metallic zinc. Future reports will continue to explore the synthetic utility of
5.1 as a reducing agent and metalloligand, and will include reactivity studies and further
spectroscopic characterization of the rhenium(Il) complex 5.2.
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Experimental

General Considerations: All manipulations were carried out under a dry nitrogen atmosphere,
either in an MBraun LabStar glovebox or on a Schlenk line using standard techniques. Toluene,
diethyl ether, tetrahydrofuran, n-pentane, and n-hexane were dried by passage through a basic
alumina column and were handled and stored under a dry nitrogen atmosphere in standard Strauss
flasks or in the glovebox. Hexamethyldisiloxane (HMDSO) was dried over Na/benzophenone,
distilled under N, and stored in the glovebox prior to use. Deuterated benzene and pyridine were
obtained commercially, dried over an appropriate reagent (Na/benzophenone for C¢Ds, CaH> for
pyridine-d5), and distilled prior to storage in the glovebox over 4 A molecular sieves. Celite was
dried in a 150 °C oven for 24 hours prior to storage in the glovebox. Sodium metal, silver(I)
trifluoromethanesulfonate, and anhydrous zinc(I) chloride were obtained from commercial
sources and stored in the glovebox. The reported compounds [ORe(n>-Cp)(BDI)][SnCl5]*® and
triethylammonium tetraphenylborate® were synthesized using known procedures. NMR
spectroscopy data were obtained on Bruker AVQ-400, AVB-400, AV-500 and AV-600
instruments. All 'H and '3C spectra were referenced to the residual peak of the solvent used. Select
peak assignments were corroborated with 'H-'>*C HSQC experiments as necessary. Unless noted
otherwise, “room temperature” and “ambient temperature” both refer to approx. 23 °C. Infrared
absorption data were obtained using a Thermo Scientific Nicolet iS10 instrument, with the sample
chamber under ambient atmosphere. Samples were prepared as Nujol mulls pressed between KBr
plates in the glovebox.

Na[Re(n3-Cp)(BDI)] (5.1): In the glovebox, [ORe(n’-Cp)(BDI)][SnCl3] (2.60 g, 2.86 mmol), a
pre-weighed quantity of metallic sodium (800 mg, 34.8 mmol, 12.2 eq.) cut into approximately 20
equal sized pieces, and an egg-shaped Teflon-coated stir bar were added to a 100 mL pear-shaped
Schlenk flask. The flask was sealed, removed from the glovebox, and transferred onto a Schlenk
line, where THF (80 mL) was added, ensuring all of the rhenium starting material was dissolved.
The reaction mixture, sealed under N, was stirred vigorously at ambient temperature for 4 days,
with an observable change in color from dark red to a deep maroon-purple color. The volatile
components of the reaction mixture were removed in vacuo, and the resulting solids were extracted
with 200 mL of diethyl ether. These extracts were filtered through Celite, and concentrated in
vacuo to one quarter of their original volume. Hexane (100 mL) was then added, and the solution
was concentrated in vacuo to half of its volume (to remove most of the remaining diethyl ether)
and crystalline solids were observed. An additional aliquot of hexane (50 mL) was added to this
mixture, and the diluted mother liquor was then decanted by cannula transfer. The remaining deep
purple crystalline solids were washed with hexane (2 x 50 mL) and dried in vacuo to give 1 (1.36
g, 69% yield). m.p.: 161-168 °C (decomp.). '"H NMR (300 MHz, C¢Ds, 298 K): 7.19 (d, 4H, BDI
Ar, J=17.5 Hz), 6.81 (t, 2H, BDI Ar, J = 7.5 Hz), 6.13 (bs, IH, HC[MeC(NAr)]2), 4.51 (bs, S5H,
Cp), 3.74 (bs, 4H, BDI CH(Me)2), 1.60 (bs, 6H, HC[MeC(NAr)]2), 1.50-0.88 (m, 24H, BDI
CH(Me)). >*C NMR (101 MHz, Ce¢Ds, 298 K): 122.64 (BDI Ar), 120.51 (BDI Ar), 79.08 (Cp),
30.01 (HC[MeC(NAr)]2), 29.42 (BDI CH(Me)»), 25.78 (BDI CH(Me)2), 25.59 (BDI CH(Me)z>).
Due to the fluxional behavior of 1 in solution and the correspondingly low signal-to-noise ratio,
we could not observe a '*C NMR signal for the BDI backbone C-H group, as well as several BDI
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aryl signals typically observed in other Re BDI compounds. Anal. Calcd. for ReC34H46N2Na (1):
C, 59.00; H, 6.70; N, 4.05 %. Found: C, 58.70; H, 7.00; N, 3.75 %.

Re(>-Cp)(BDI) (5.2): In the glovebox, solid 1 (100 mg, 0.144 mmol) ,and silver(I)
trifluoromethanesulfonate (37.1 mg, 0.144 mmol) were separately dissolved in diethyl ether (5 mL
and 3 mL, respectively). The solution of AgOTf was then added to the solution of 1 with magnetic
stirring. The formation of a dark grey precipitate was observed in seconds, and the dark solution
became bright red in color. After being stirred for 15 min, the volatile components of the reaction
mixture were removed in vacuo. The red residue was extracted with pentane (6 mL). These extracts
were filtered through Celite and concentrated in vacuo prior to storage at -40 °C. The following
day, 2 was isolated as red crystals (63 mg). Concentration of the mother liquor and storage at -40
°C yielded a second crop (10 mg) of similar purity. Total yield: 73 mg, 76%. m.p.: 137-141 °C
(decomp.). "H NMR (400 MHz, C¢Ds, 298 K): 69.0 (bs), 38.8 (bs), 34.3 (bs), -1.5 (bs), -13.5 (bs),
-22.8 (bs), -29.1 (bs). Anal. Calcd. for ReC34H46N2 (2): C, 61.03; H, 6.93; N, 4.19 %. Found: C,
60.92; H, 6.91; N, 4.22 %.

Re(H)(m3-Cp)(BDI) (5.3): In the glovebox, solid 1 (100 mg, 0.144 mmol) was dissolved in THF
(5 mL) and this solution was set to stir. Separately, solid triethylammonium tetraphenylborate
(60.8 mg, 0.144 mmol) was dissolved in THF (4 mL), and this colorless solution was added to the
stirred solution of 1. In seconds, an emerald green solution was observed. After 15 minutes, the
volatile components of the reaction mixture were removed in vacuo, giving a tacky solid residue
that was triturated with 2 mL of HMDSO. The residue was then extracted with 7 mL HMDSO,
and these extracts were filtered through Celite. The filtered extracts were concentrated in vacuo
and stored at -40 °C to give 3 as green crystals (79 mg, 82%). m.p.: 125-128 °C. 'H NMR (600
MHz, C¢Ds, 298 K): 7.11 (bs, 2H, BDI Ar), 6.95 (bs, 2H, BDI Ar), 6.93 (t, 2H, BDI Ar, J= 7.7
Hz), 6.40 (s, 1H, HC[MeC(NAr)]2), 4.80 (s, 5SH, Cp), 3.44 (bs, 2H, BDI CH(Me)>), 2.80 (s, 6H,
HC[MeC(NAr)]2), 1.95 (bs, 2H, BDI CH(Me).), 1.22-1.00 (m, 18H, BDI CH(Me)>), 0.91 (bs, 6H,
BDI CH(Me),), -27.95 (s, 1H, Re-H). *C NMR (151 MHz, C¢Ds, 298 K): 165.42
(HC[MeC(NAr)]2), 158.85 (BDI Ar), 139.51 (BDI Ar), 138.55 (BDI Ar), 124.94 (BDI Ar), 123.81
(BDI Ar), 122.42 (BDI Ar), 105.44 (HC[MeC(NAr)]2), 78.67 (Cp), 29.40 (BDI CH(Me).), 28.15
(BDI CH(Me)»), 25.19 (BDI CH(Me)>), 24.74 (BDI CH(Me)»), 24.46 (BDI CH(Me)>), 24.16 (BDI
CH(Me),), 23.28 (HC[MeC(NAr)],). FT-IR (Nujol): 2028 c¢cm™ (Re-H). Anal. Calcd. for
ReC34H47N2 (3): C, 60.93; H, 7.07; N, 4.18 %. Found: C, 60.79; H, 7.24; N, 4.12 %.

[ZnRe(n’-Cp)(BDI)]2 (5.4): In the glovebox, solid 1 (250 mg, 0.361 mmol) was dissolved in THF
(6 mL). To this stirred solution was added ZnCl, (24.6 mg, 0.181 mmol) dissolved in 4 mL THF.
This mixture was stirred at ambient temperature for 30 minutes, and then its volatile components
were removed in vacuo. The residue was triturated with hexane (2 x 2 mL) to remove residual
THF. The dry, dark red residue was then extracted with toluene (8 mL), and these extracts were
filtered through Celite. The volatile components of the filtered extracts were removed in vacuo,
and then hexane (10 mL) was added to give a dark red-brown, homogeneous solution that was left
to sit at room temperature. Over the course of several days, large, block-shaped green crystals
formed. These crystals were isolated, washed with pentane (2 mL), and dried in vacuo to give 4
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(72 mg). A second crop of 4 of similar purity (10 mg) could be isolated by a similar method, using
half the volume of hexane (ca. 5 mL) in the crystallization conditions. Total yield: 82 mg, 62%.
m.p.: 181-186 °C (decomp.). '"H NMR (600 MHz, CsDs, 298 K): 7.18 (dd, 2H, BDI Ar, J = 7.1,
2.2 Hz), 7.06 (dd, 2H, BDI Ar, J=17.5, 1.6 Hz), 7.03-6.97 (m, 6H, BDI Ar), 6.95 (t, 2H, BDI Ar,
J=17.6 Hz), 6.31 (s, 2H, HC[MeC(NAr)]2), 4.51 (s, 10H, Cp), 3.79 (sept, 2H, BDI CH(Me)2, J =
6.8 Hz), 3.61 (sept, 2H, BDI CH(Me)2, J = 6.8 Hz), 2.46 (s, 6H, HC[MeC(NAr)]2), 2.42 (s, 6H,
HC[MeC(NAr)]2), 1.99-1.91 (m, 4H, BDI CH(Me)>), 1.40 (d, 6H, BDI CH(Me)>, J = 6.7 Hz), 1.28
(d, 6H, BDI CH(Me),, J z= 6.7 Hz), 1.23-1.19 (m, 12H, BDI CH(Me);), 1.03-1.01 (m, 12H, BDI
CH(Me),), 0.99-0.95 (m, 12H, BDI CH(Me),). *C NMR (151 MHz, C¢Ds, 298 K): 159.68
(HC[MeC(NAr)]2), 159.40 (HC[MeC(NAr)]2), 158.22 (BDI Ar), 158.15 (BDI Ar), 140.45 (BDI
Ar), 140.40 (BDI Ar), 136.91 (BDI Ar), 136.88 (BDI Ar), 124.70 (BDI Ar), 124.67 (BDI Ar),
123.96 (BDI Ar), 123.94 (BDI Ar), 122.64 (BDI Ar), 122.62 (BDI Ar), 105.10 (HC[MeC(NA1)]2),
72.03 (Cp), 30.02 (BDI CH(Me)2), 29.98 (BDI CH(Me)), 27.95 (BDI CH(Me)»), 27.72 (BDI
CH(Me)y), 25.35 (BDI CH(Me)>), 25.08 (BDI CH(Me),), 24.93 (BDI CH(Me)), 24.30 (BDI
CH(Me),), 24.25 (BDI CH(Me)), 24.22 (BDI CH(Me),), 24.09 (BDI CH(Me),), 23.94
(HC[MeC(NAr)]2). Anal. Calcd. for Re2Zn2CesHooN4 (4): C, 55.59; H, 6.32; N, 3.82 %. Found: C,
55.81; H, 6.47; N, 3.59 %.

[(u-OTf)ZnRe(n>-Cp)(BDI)]2 (5.5): Solid 4 (50.0 mg, 0.0340 mmol) was dissolved in toluene (6
mL) and set to stir. Solid silver(I) trifluoromethanesulfonate (9.2 mg, 0.036 mmol) was added to
this solution, and the mixture was stirred for 30 minutes at ambient temperature. The volatile
components of the reaction mixture were removed and the residue was triturated with hexane (1
mL), washed with additional hexane (3 x 3 mL) to remove the 2 formed in the reaction, and finally
extracted with Et;O (8 mL). These extracts were filtered through Celite, and their volatile
components were removed in vacuo. The resulting solids were washed with pentane (3 x 1 mL) to
give 5 as green microcrystalline solids (16 mg, 54 %). m.p.: 153-158 °C (decomp.). 'H NMR (600
MHz, CsDs, 298 K): 7.14 (d, 4H, BDI Ar, J = 8.3), 6.95-6.89 (m, 8H, BDI Ar), 6.49 (s, 2H,
HC[MeC(NAr)]2), 5.08 (s, 10H, Cp), 3.88 (sept, 4H, BDI CH(Me),, J = 6.8 Hz), 2.82 (s, 12H,
HC[MeC(NAr)]2), 1.75 (sept, 4H, BDI CH(Me)2, J = 6.7 Hz), 1.57-1.48 (m, 24H, BDI CH(Me)z),
1.01 (d, 12H, BDI CH(Me),, J= 6.7 Hz), 0.90 (d, 12H, BDI CH(Me),, J = 6.7 Hz). 3*C NMR (151
MHz, CsDs, 298 K): 159.43 (HC[MeC(NAr)]2), 139.38 (BDI Ar), 137.95 (BDI Ar), 125.27 (BDI
Ar), 124.21 (BDI Ar), 122.78 (BDI Ar), 106.88 (HC[MeC(NAr1)]2), 76.26 (Cp), 30.10 (BDI
CH(Me)»), 28.63 (BDI CH(Me).), 25.82 (BDI CH(Me)), 25.23 (BDI CH(Me).), 24.00 (BDI
CH(Me)2), 23.95 (HC[MeC(NAr)]2), 23.24 (BDI CH(Me),). '°F NMR (376 MHz, C¢Ds, 298 K):
77.22 (bs). Despite multiple attempts to obtain a satisfactory elemental analysis for 5, we
consistently observed different, very low (by 6-12%) values for its carbon content. Despite this,
we believe our other characterization data supports our assignment of its composition and
structure.

X-Ray Crystallographic Details: X-ray diffraction data were collected at CheXray, UC Berkeley
(5.1,5.2,5.4,5.5) and the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory
(5.3). At CheXray, measurements for 5.1 were taken using a Rigaku XtalLAB P200 instrument
equipped with a rotating-anode Mo X-ray source and a Pilatus 200K detector, and the data was
analyzed, reduced, and solved using the CrysAlisPro software package and Olex2 (SHELXT and

71



SHELXL).>*>¢ Measurements for 5.2, 5.4, and 5.5 were taken using a Bruker APEXII Quazar
diffractometer equipped with a micro-focus Mo X-ray source and a Bruker APEX-II CCD
detector, with data analyzed and reduced using either the Bruker APEX2 or APEX3 software
package, and solutions and refinements conducted using WinGX (SHELXT and SHELXL-
2014).°7 Measurements for 5.3 were taken using the ALS beam line 12.2.1, using a
monochromated beam of 17 keV synchrotron radiation and a Bruker D8 diffractometer equipped
with a Bruker PHOTON II CPAD detector. Diffraction data for 5.3 were analyzed and reduced
using the Bruker APEX3 software package, and the structure was solved and refined using
SHELXT and SHELXL-2014 as implemented by WinGX. All structures were collected at 100 K
in a stream of dry nitrogen. In refining the structure of 5.4, the SQUEEZE program in PLATON
was utilized to remove electron density associated with a highly disordered hexane molecule.> All
structures have been deposited to the Cambridge Crystallographic Data Centre (CCDC), with
deposition numbers 1877453 (5.1), 1877454 (5.2), 1877455 (5.3), 1877456 (5.4), and 1877457
(5.5).

Figure 5.5. X-ray crystal structure of 5.2 with 50% probability ellipsoids. H-atoms and BDI
isopropyl groups have been removed for clarity. Selected distances (A) and angles (°): Rel-N1 =
2.070(3), Re1-N2 = 2.032(3), Rel-Cp(centroid) = 1.890(2), N1-Re1-N2 = 89.15(13).

Figure 5.6. X-ray crystal structure of 5.3 with 50% probability ellipsoids. H-atoms (except for the
metal hydride) and BDI isopropyl groups have been removed for clarity. Selected distances (A)
and angles (°): Rel-N1 = 2.026(2), Re1-N2 = 2.013(2), Rel-HO = 1.46(3), Rel-Cp(centroid) =
1.8953(13), N1-Rel-N2 = 86.82(8).
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Table 5.1. Crystallographic details and refinement metrics for compounds 5.1, 5.2, 5.3, 5.4, and

5.5.
5.1 5.2 5.3 54 <+ n- 55°<Et:20
Hexane

Chemical C34H46N2O Cs4HasN2Re CssHa7N2Re  Cr74H106N4 C74H102N40O7
formula ReNa RexZny FeSaRexZny
Formula 691.92 668.93 669.93 1554.76 1840.85
weight

Color, habit Red, plank Red, tablet Green, block  Orange, Green, block

block

Temperature 100(2) 100(2) 100(2) 100(2) 100(2)

(K)

Crystal system  Orthorhombi  Monoclinic Triclinic Triclinic Triclinic
Space group C P2i/n P-1 P-1 P-1

Pnma

a(A) 12.1625(3) 12.5845(6) 9.6137(4) 12.6151(2) 11.9790(3)
b(A) 21.0519(7) 18.1223(7) 12.4780(6) 12.7440(2) 12.3925(3)
c(A) 12.4534(4) 13.8772(6) 13.2623(6) 22.8461(4) 13.8937(3)
a (°) 90 90 73.366(2) 88.556(1) 97.317(1)
B(°) 90 106.396(2) 85.413(2) 77.634(1) 109.657(1)

v (°) 90 90 84.457(2) 73.542(1) 94.520(1)

V (A% 3188.61(17) 3036.1(2) 1514.95(12)  3438.22(10)  1910.09(8)
4 4 4 2 2 1

Density Mgm™ 1.441 1.463 1.469 1.502 1.600

3

)

F(000) 1400 1356 680 1578 926
Radiation Type MoK, MoK, Synchrotron MoK, MoK,
p(mm™) 3.848 4.026 4271 4.241 3.901
Crystal size 0.430x0.070 0.060 x 0.030 0.070x 0.060 0.300x 0.200 0.190 x 0.160
(mm?) x 0.060 x 0.010 x 0.055 x 0.060 x 0.120
Meas. Refl. 34993 48933 16811 51839 33379

Indep. Refl. 3350 5570 6962 14109 7833

R(int) 0.1316 0.0607 0.0348 0.0360 0.0318
Final R indices R =0.0371 R =0.0336 R =0.0223 R=0.0218 R=0.0198
[1>20(])] Rw=0.0863 Ry =10.0693 Rw=0.558 Rw=10.0462 Ry=0.0411
Goodness-of- 1.032 1.059 1.095 0.995 1.029

fit

Apmax, APmin 3.307,-1.997 1.852,-0.754 0.812,-1.695 0.734,-0.728 0.628, -0.539
(e A7)
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Computational Details

Calculations were carried out with the Gaussian09 program® with the B3PW91-GD3BJ,>*
3! that includes dispersion effects according to the Grimme’s scheme.*? The Zn and Re atom were
treated with the corresponding Stuttgart-Dresden RECP (relativistic effective core potential) in
combination with its adapted basis sets,®'"** and augmented by an extra polarization function.®*
For all the remaining atoms the 6-31G(d,p) basis set was used.®> Geometry optimizations were
carried out without any symmetry restrictions. Natural population analysis (NPA) was performed
using Weinhold’s methodology.®®®” Finally, Chemcraft is used for the visualization of the
molecular orbitals.®®
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