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This dissertation describes the use of m-terphenyl isocyanides as a platform for isolating
unsaturated metal centers in molecular and material systems. The first two chapters explore the electronic
structure of homoleptic, unsaturated, metalates as well as their redox and reactivity profiles. Metalate
complexes — those that possess metal centers in formally negative oxidation states — are typically
coordinatively and electronically saturated organometallic species. While the chemistry of such
complexes is extensive, there are very few examples were coordinative or electronic unsaturation
accompanies highly reduced d-orbital manifolds as means to augment reactivity. Reported here is the

isolation of the 16e-, d'° group 9 metalate anions, A[IM(CNAr®"2)s], (A = Na, K; M = Co, Rh, Ir), where
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coordinative unsaturation is achieved through the use encumbering m-terphenyl isocyanide ligands. The
cobalt metalate displays a high degree of Lewis-acidity, featuring an agostic interaction in the solid state,
and binding N, when exposed to an N, atmosphere. The heavier rhodium and iridium metalates display an
unpredicted distortion to a Y-shaped, roughly Cov symmetric geometry possible promoting electronic
accessibility of the dy..y» as well as the d,. orbital. Both the Rh and Ir derivatives are shown to support up
to two, reverse dative bonding (Z-type) interactions and perform up to four electron swings in oxidation
state with substrates like PCls, forming complexes of the formulation MCI(PCI,)2(CNArP®?), (M= Rh,
Ir). While attempts to achieve similar chemistry with the cobalt metalates were unsuccessful, the
electrochemistry of this series of group 9 metalates offer insights as to why. Cyclic voltammetry of the Co
metalate reveals two reversible one electron features and one further irreversible oxidation. In contrast,
both Rh and Ir congeners display one initial irreversible oxidation, highlighting the stark differences in
their oxidative chemistry from formal M(1-) oxidation states. The final portion of this thesis takes lessons
learned from molecular work with m-terphenyl isocyanides and applies them toward synthesizing MOFs
with well-defined, coordinatively unsaturated metal nodes. Balancing the need for structural metal
coordination and coordinative unsaturation for inner sphere substrate interactions in a difficult challenge
in extended material systems such as metal organic frameworks (MOF). While methods to form
unsaturated metal centers like defect engineering can generate some unsaturated sites, the lack of well-
defined reactive metal centers makes these systems difficult to study and control. New multi-topic ligands
are synthesized using the bulky, CNArP"*"? and are applied to form a new Cu' based MOF and the first
well-defined MOF with coordinatively unsaturated Pd® metal nodes. Additionally, the redox properties of
these large, conjugated linker ligands are described. The largest of these multitopic linkers show multiple

reversible redox features that align well with DFT calculated LUMO energies.
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Chapter 1 Synthesis of Unsaturated Group 9

Metalates

1.1 Introduction — Metalates, metals in negative oxidation states

Metal complexes that bear a formal negative oxidation state, referred to as metalates, occur
throughout organometallic chemistry but are less visible and well-studied than their higher oxidation state
counterparts.®* This is intuitive as metals in the natural world tend to be found in positive oxidation states.>
& Additionally, relative to the commonly encountered p-block elements on the periodic table, transition
metals hold a more electropositive disposition.>” Some chemists have gone as far as to ascribe a single,
positive charge to each transition metal allowing for no downward mobility.> ® Despite this natural bias
towards positively charged metal complexes, for some chemists, metals with negative oxidation states have
been a fascination for decades. Ironically, the first verified examples of monatomic metal ions in their
negative oxidation states were found in the most electropositive group of the periodic table, the alkali
metals. In the 1950’°s and 1960’s, it was found that alkali metals could dissolve in ethereal solutions and
other aprotic polar organic solvents, yielding blue, electrically conductive solutions.*** Their conductivity
suggested the solutions were electrolytic. This implied charge separation and led to the postulation that the
alkali metals were disproportionating into A+ and A- components.’® ** In 1974, this idea was confirmed
crystallographically by James Dye and co-workers with the isolation of [Na(cryptand-2,2,2)]*Na-.%6

Since this foundational discovery, monomeric metalates have been synthesized for the full

transition metal series (Figure 1.1, A).*'" As more were discovered, so was their utility in bond activations
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Figure 1.1 A. List of metalates and the year synthesized, modified from Ellis et. al. 4 B. Crystal structure of [Fe(CO)4]* and
it’s synthesis, followed by the step-wise transformation first proposed by Manning and Cooke.® °

and organic transformations. A classic example is that of disodium tetracarbonyl ferrate, Na;Fe(CO)a,
popularly known as Collman’s Reagent.® While originally synthesized by Manning and Cooke, Prof. John
P. Collman popularized the reagent by exemplifying its ability to transform alkyl halides to their
corresponding aldehydes (Figure 1.1 B).1° While a simple and powerful transformation, being
stoichiometric in metalate, it suffers from a lack of atom economy. Recently, however, some catalytic
examples of metalate-mediated reactions have been described. Lamb, Coates, and co-workers have used
[Co(CO)4]™ as a convenient co-catalyst in the isomerization of epoxides to corresponding ketones. It is
proposed that upon O-atom activation of the epoxide by the ks-chelated, aluminum-based, Lewis Acid
catalyst, the [Co(CO)4]~ metalate undergoes a regioselective nucleophilic attack generating the ring opened
product. The catalyst can then undergo B-hydride elimination from Co to further generate methyl/ethyl
ketones, or under an atmosphere of CO do hydroformylation-like CO-insertion to further generate a
corresponding lactone. 22! Swapping the carbonyl metalate to [Mn(CO)s] results in deoxygenation of
disubstituted epoxides while inverting the cis/trans stereochemistry in the product.z2 While investigating Co-
catalyzed hydroarylation reactions previously performed by other groups using Co(ll) salts and aryl
Grignard reagents, Tilley. et al. uncovered the active catalyst to likely be a three coordinate, unsaturated,
cobalt metalate. While unable to isolate such a species, in the process of elucidating the active catalyst, they
were able to show Li[Co(N2)(PPhs)s] was a competent precatalyst obviating the need for any Grignard
reagents and greatly simplifying the reaction conditions.'® Within the theme of Group 9 metalate catalysis,

Lu et al. demonstrated the competence of an indium supported rhodium metalate for the hydrodefluorination
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Figure 1.2 Metallates in catalysis — A. Carbonyl metallate mediated epoxide transformations by Coates et al.*
2B. Alkyne hydroarylation catalyzed by Li[N2Co(PPhs)s].2* C. Hydrodefluorination of aryl fluorine bonds by
Lu, et al., mediated by an In-supported monoanionic rhodium center.

of notoriously chemically inert Ar-F bonds (~120 kcal/mol).1* 22 These recent examples illustrate the unique
ability of metalates to activate difficult bonds and efficiently achieve unique transformations.

Despite the long synthetic history of metalates and their bourgeoning utility, there is a surprising
dearth of unsaturation in the literature. Nearly all examples, to our knowledge, are coordinatively and
electronically saturated, with unsaturated examples relegated to low-temperature infrared matrix studies.*
23 This is likely due to the characteristics of the commonly used ligands in metalate complexes such as
alkenes and arenes (i.e. [K:][Zr(n*-CioHs)3)]**), m-acidic phosphines,?>% carbon monoxide,!” and
isocyanides.?”-? To illustrate this point, we can consider three examples of characteristic metalates from
across the periodic table; the dipotassium salt of tris(n*-naphthalene)zirconate, synthesized by Ellis and co-
workers in 1994,24 [Ni(COD)]? as reported by Klaus in 1975,% and finally a mono-anionic cobalt trimethyl
phosphite complex, [Co[P(OMe)s]]"3' Each of the ligands used in these examples share the ability to
accept excess electron density from the metal center via one or more n-symmetric antibonding orbitals.
Additionally, they lack a steric profile large enough to prevent ligation of an additional, saturating
equivalent of ligand. In each case, the metal used also plays a role in the stability of the metalate. Examples
of early transition metalates, like Ellis’s zirconium napthlanate, often utilize multi-donor ligands and high
coordination numbers to make up for a low initial d-electron count.3>3* In addition, given the highly
reducing nature of these early metals, the ligands used are often described as fully redox non-innocent,

complicating the identification of the true oxidation state.3> 3#% On the other side of the transition series,



examples of monomeric group 10 metalates like [Ni(COD).]* are rare due to the high initial d-electron
count (10 e) associated with the corresponding zero-valent metal. With the d-orbitals on the metal filled,
reduction of the complex to form a metalate fills the lowest-unoccupied orbitals which are generally ligand
based and anti-bonding in character. However, metalate examples from Group 9 like [Co(P(OMe)3)4] stand
out as a possible middle ground. They are electronegative enough and have enough space in the d-orbitals
to form a metalate. Unsaturated metalates like [Co(PhCCPh)(PPhs),]", a 16e” species, have been implicated
as active species in catalytic cycles.

Thus, a reasonable strategy for the preparation of coordinatively unsaturated metalate complexes
is the employment of sterically encumbering w-acid ligands on Group 9 metals. The Figueroa research group
has previously investigated this approach using the m-terphenyl isocyanide ligand CNAresz (ArMes? = 2 6-
(2,4,6-Me3sCsH,)2CeHs),*® which features two flanking mesityl substituents. While several monomeric
isocyanometalates of Mn, Fe, and Co have been prepared with CNArMes2 28-29. 3738 each has featured
coordinative saturation and an 18e~ configuration. The initial goal of this thesis was to define a metalate
system that was inherently coordinatively unsaturated, such that substrate binding and activation events
could be unimpeded. In the first part of this thesis, a route to unsaturation is described by using m-terphenyl
isocyanide ligands; a w-acidic ligand with a significant steric profile.

Herein the actualization of this goal, the synthesis of a series of 16e-, Group 9 metalate monoanions
[RN(CNArP®P2)1- and [Ir(CNArP™2),], is reported, where the CNArP™? ligand is a more sterically
encumbering m-terphenyl isocyanide derivative (Ar®"? = 2 6-(2,6-(i-Pr).CeHs).CsHs).[19-21] Both
[RN(CNArPPP2)1- and [Ir(CNArP2),]- display unusual electronic structure characteristics on account of
their low coordination number, but react as effective metal-based nucleophiles. In addition, this thesis
compares and contrasts the reactivity properties of these Rh and Ir metalates with that of the cobalt
derivative, [Co(CNArP"®P2):]- and uncover an unusual situation where the heavier Group 9 complexes

display weaker Lewis-acidity properties than their lighter congener.



1.2 Synthesis and electronic structure analysis of a series of Group 9

unsaturated metalates

The goal of the initial work described in this thesis was to synthesize examples of coordinatively
unsaturated metalates. It is worth noting that at the outset of this project and the time of their synthesis, to
our knowledge there were no other published examples of unsaturated metalates. Four years after the
synthesis of the Group 9 metalates described herein, two other notable examples were reported, a mixed
carbene and alkene complex by Deng and co-workers in 2020 ([(18-crown-6)K(u-CsH2N2Mes-
KC2%kN- )M(nz2:mz-dvtms)] M=Co, Rh). Unfortunately these complexes were found to be unstable,
undergoing C-N bond cleavage of the flanking mesityl of the N-heterocyclic carbene ligand. While these
examples stand as a validation of this strategy, to date there has not been a comparison of the electronic
structures of the metalates within this group and there has been no reported reactivity of these species.*

Synthetic entry to three-coordinate Rh and Ir metalates was provided by the monovalent d®

complexes, MCI(CNATrP®P2); (M =Rh (1), Ir (2)), which were obtained via the reaction between the dimers,

K[3]; M = Rh
K[4]; M = Ir
[K(crypt))®

e

1.0 [2.2.2]-cryptand
THF

[K(crypt)][3]; M = Rh
[K(crypt)][4]; M = Ir

Scheme 1.1 Synthesis of three coordinate Rh and Ir metalate anions.



[MCI(COD)]. (M = Rh, Ir; COD = 1,5-cyclooctadiene), with 6.0 equiv of CNArP™2, The *H NMR spectra
of complexes 1 and 2 both featured a 2:1 ratio of ArP"™"2 residues, which is diagnostic of a square planar
coordination geometry. This was confirmed by crystallographic analysis and it is important to note that the
IR spectra of complexes 1 and 2 each possess three ven bands in the range of 2156-1967 cm™, consistent
with both a C,v-symmetric coordination environment and moderate n-backdonation to the CNArP"#? ligand
7* orbitals.

Reduction of bright yellow complexes 1 or 2 via addition of potassium graphite in a cold Et,O
solution forms dark red solutions over the course of an hour (Scheme 1.1). The *H NMR spectra of these
products shows clean conversion to a single CNArP®P2 environment. Despite the symmetry observed on the
NMR timescale, the infrared spectra of the products display a broad series of overlapping peaks in the 2100
cm™ to 1800 cm™ region. Relative to complexes 1 and 2, these shifts to lower energy indicate the presence
of more reduced metal centers, while broadness of the bands are consistent with other isocyanometalates

that form tight ion pairing interactions between the isocyanide C=N units and alkali metal cations.?8-2% 38 40

Figure 1.3 Molecular structures of (A) K[Rh(CNArP"®2)3] (K[3]), (B) K[Ir(CNArP®r2)3] (K[4]), (C) [K([2.2.2]-
cryptand)][Rh(CNArPPr2)s] ([K(crypt)][3]) and (D) [K([2.2.2]-cryptand)][Ir(CNArPPP2)s] ([K(crypt)][4]).



Structural determination on crystals grown from Et,O solution under an N> atmosphere identified these
products as the three-coordinate metalate salts K[Rh(CNArP"*2);] (K[3]) and K[Ir(CNArP2);] (K[4]),
which are indeed unsolvated, contact ion-pairs in the solid state. In addition, complexes K[3] and K[4] give
rise to significantly downfield 3C NMR chemical shifts of 212.9 ppm and 225.5 ppm, respectively, for
their isocyanide carbon atoms. Such downfield chemical shifts are markers of significant n-backbonding to
isocyanide ligands and reflect the presence of highly reduced metal centers, despite the coincidence of a
formally 16e-, coordinatively-unsaturated primary coordination sphere.

While the metal centers in K[3] and K[4] adopt three coordinate environments, inspection of their
solid-state structures reveal a significant distortion from an idealized trigonal planar coordination geometry.
This is illustrated by the contracted C1-M-C2 angles of 113.0(13)° and 112.11(17)° for complexes K[3] and
K[4], respectively. The degree to which this is directly caused by the tight ion binding was not clear from
these structures and the collected spectroscopic data. To evaluate the structural features of these three-
coordinate metalates in the absence of ion pairing, cation encapsulation studies were conducted with [2.2.2]-
cryptand. Salts K[3] and K[4] both reacted readily with [2.2.2]-cryptand in THF solution to form the
separated ion pairs [K(crypt)][3] and [K(crypt)][4] as determined by X-ray crystallography (Scheme 1.1;
Figure 1.3). Most remarkably, the [M(CNATrP®P2);]- anions in [K(crypt)][3] and [K(crypt)][4] also deviate
substantially from an idealized Dsh-symmetric coordination geometry. Instead, they adopt pronounced Cay
symmetric, Y-shaped structures on account of expanded C2-M-C3 bond angles (125.7(2)° and 126.9(8)°
for [K(crypt)][3] and[K(crypt)][4], respectively). While predictions for the isolobal and isoelectronic metal
carbonyl complexes ([M(CO)s]") suggest a perfect Dsn, trigonal planar geometry,? these structures reveal
roughly C,, symmetric metal environments. Indeed, the stretching frequencies observed in the infrared
spectra of these 2.2.2-cryptand salts are far simplified compared to K[3] and KI[4]. [K(crypt)][3]
and[K(crypt)][4] each show two strong and broad absorbances respectively located at 1782 cm™ and 1738
cm* for rhodium and 1768 cm™ and 1724 cm for iridium. Also observed is a weaker absorbance at 1927
cm? (Rh), and 1918 cm™ (Ir), consistent with a Cov symmetric environment at the metal center. This

suggests that the distortion towards the lower symmetry coordination environment is retained in solution.



Table 1.1 . Isocyanide-metal-isocyanide bond angles (2C-M-C) from the solid-state structures of the listed
compounds. A. DFT optimized geometry. (B3LYP/ LANL2ZP).

(KCrypt)Co[4] (KCrypt)Rh[5] (KCrypt)Ir[6] Pd(PPhg)s* [Rh(CNArPh2);]al
120° 125.7(2)° 128.7(8)° 126.24(2)° 125.072°
120° 117.4(2)° 117.2(8)° 116.98(3)° 118.267°
120° 116.6(2)° 114.1(7)° 114.82(2)° 116.402°

While a distortion of only a few degrees may seem small, Density Functional Theory (DFT) studies
suggest that it has an outsize effect on the frontier orbital landscape. The optimized geometry of truncated
models [Rh(CNAr"2);]- and [Ir(CNAr"?);]- retain the important parameters of the corresponding
structures of [K(crypt)][3] and[K(crypt)][4]. In an ideal Dsh metal complex in a Cz symmetric m-acidic
ligand field, such as the unstable gas phase molecule [Rh(CO)3], the expected HOMO is the metal based
a1’ (dz? in character) and the HOMO —1 and -2 are the in plane n-back-bonding e’ interaction (dxz_y2, Oxy)
(Figure 1.4 A). Remarkably, DFT calculations suggest the small distortions observed for [K(crypt)][3]
and[K(crypt)][4] reflect a change in the frontier orbital landscape of the anions, promoting the dx>y> to be
the HOMO above the d, (HOMO -1) (Figure 1.4 B). Given the higher symmetry observed on the NMR
time scale, the energy barrier of the distortion was assessed using a relaxed potential energy scan of an
expanding C-Rh-C angle in both carbonyl and phenyl isocyanide (PhNC) model complexes (Figure 1.5).
Within the C-M-C angle range of 115° — 133°, encompassing the full upper range of angles experimentally
observed, the depth of the potential energy wells show a small barrier of <2 kcal mol™* for the [Rh(CO)3]
and <1 kcal mol? for the [Rh(PhNC)s]". Notably, scanning beyond this range for the small isocyanide
suggests rotation of the aryl group in to the plane of the complex and significant bending of the C-N-C bond
angles suggesting reduction of the PhNC group. We believe that rotation is unlikely to occur in 3 and 4 due
to the drastically increased steric pressures of the m-terphenyls, and suggests the flanking terphenyl rings
provide stability against potential decomposition pathways with smaller ligands. Given the insights gained
from these computational studies, we believe this may impart accessibility to both the dx.-y» and d, orbitals

resulting in diverse reactivity profiles for group 9 unsaturated metalates.



We postulate that the source of this desymmetrization is related to the higher electronegativity of
Rh and Ir relative to Co. It has been shown for homoleptic metal carbonyls that as the electronegativity of
the metal increases, the importance of the back-bonding interaction lessens while, inversely, the a:-
symmetry, primary M-C sigma bonding interaction increases.*? Conflated with the greater sigma donor
character of the isocyanide compared to carbon monoxide, the net effect imparts a greater resemblance to
a phosphine complex rather than a carbonyl complex for [K(crypt)][3] and[K(crypt)][4].** In low
temperature IR matrix studies on Group 9 tri-carbonyl monoanions, it was concluded by the authors that
the complexes were likely Dsh in symmetry.?® In contrast, d*® phosphine complexes like Pd(PPhs); and
Pt(PPhs); are more in line with what is structurally observed for [K(crypt)][3] and[K(crypt)][4], displaying

analogous C, distortions towards T-shaped geometries (Table 1.1).
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Figure 1.4 DFT-calculated (B3LYP/LANL2ZP) molecular orbitals, associated d-orbital splitting pattern and
optimized metrical parameters for the A) Dsn-symmetric tricarbonyl metalate [Rh(CO)s]- amd B) the Ca-
symmetric model complex [Rh(CNArP"?)s]-
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Figure 1.5 DFT-calculated relaxed potential energy scans of in plane C-Rh-C bond angle scans. Left is a graph
of the potential energy well for the [Rh(CO)s] ~ from 115°to 140° and on the right is the potential energy well for
[ Rh(CNPh)3z ]~ from 115° to 135°.

Both the K* and [K(crypt)]* salts of metalates 3 and 4 can be prepared and manipulated under an
N atmosphere and show no propensity for N, binding. However, the cobalt congener, [Co(CNArPP2),],
exhibits distinctly different behavior. As shown in Scheme 1.2, treatment of CoCl, with 3.0 equiv of
CNATrP®P2 in THF under N, followed by addition of sodium amalgam (Na/Hg), results in the isolation of
the four-coordinate dinitrogen complex, K[Co(N2)(CNArP"?2);] (Na[5-N:]), as determined by X-ray
diffraction (Figure 3). Unlike the synthesis of K[3] and K[4], repeated attempts to prepare the potassium
derivative of [5-N2]- using KCg often led to overreduction and decomposition. Nevertheless, in the solid
state, Na[5-N;] exhibits contact ion-pairing between the isocyanide C=N units and the Na+ cation, while
the terminal N ligand occupies a position distal from the Na center. The solution FTIR spectrum of Na[5-
N.] features broad, overlapping vcn stretches from 2018-1840 cm™, which are indicative of a significantly
reduced Co center and contact ion pairing interaction involving the isocyanide C=N units (vcn for free
CNArPPrz = 2118 cm).4 Most notably, the FTIR spectrum of Na[5-N.] shows a sharp vy band centered

at 2159 cm™. This relatively high-energy band reflects only a marginal degree of N=N bond activation,*
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which is unusual given the electron-rich nature of the Co center in Na[5-N,]. While isocyanide ligands are
expected to function as stronger n-acids than N, and therefore more effectively compete for metal based
electron density, the magnitude of n-back donation from the Co to the n*(C=N) orbitals in [5-N] is similar
to that of the Rh and Ir metalates K[3] and K[4]. However, the fact that the anionic [Co(CNArP"*P?);]- unit
binds N, while the analogous Rh and Ir do not, suggests that the Co center in these metalates retains a far
higher degree of Lewis acidity. Lending further credence to this notion is that the unsolvated metalate salt,
Na[Co(CNArP®?2);]- (Na[5]), can be prepared via Na/Hg reduction of CoCl, under an argon atmosphere
(Scheme 1.2). However, rather than adopting a three-coordinate geometry, crystallographic analysis
revealed the clear presence of a C-H agostic interaction* between the Co center and an isopropyl methyl
group of the CNArP®? |igand (Figure 1.6). In addition, this agostic interaction is located in the apical
position of a trigonal monopyramid, which is the coordination geometry expected from coordination of

fourth ligand to the p; orbital of a d*° metal center.

0.33 CoCl,
Na/Hg
N

Et,0
— 2 NaCl

0.33 CoCl,
Na/Hg
Ar

Et,0
-2 NaCl

Scheme 1.2  Synthesis of the cobalt metalate complexes Na[(N2)Co(CNArP®P2);] (Na[5-N2]) and
Na[Co(CNArP®P2)3] (Na[5]), which possesses a C-H agostic interaction in the solid-state
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We contend that the enhanced Lewis acidity displayed by [Co(CNArP"®2);]- is due to the lower
energy of the empty Co 4p; orbital relative to the empty 5p, and 6p, orbitals in K[3] and K[4], respectively.
Importantly, Lu et al. has described a related phenomenon for the rhodium [ERhL3]™ metalate complexes
(E = Al, Ga, In; L = N(0-(CsH4)NCH,P(i-Pr2))s) featuring Lewis-acid coordination to a formally anionic
[Rh(PRs)s]” fragment.'* In that work, coordination of Al and Ga Lewis acids to the Rh center results in four-
coordinate structures. However, upon coordination of the more a Lewis-acidic In center to rhodium, a five-
coordinate dinitrogen complex is observed, with the N2 unit bound trans to the Lewis acid (i.e. Z-type
ligand). As has now been established, Lewis-acid coordination to d'° metal centers effectively lowers the
energy of trans-disposed acceptor orbitals of p-orbital parentage.®®>® This effect has traditionally been
evaluated as a function of the acceptor strength of Lewis acidic ligands.*® 5! However, a similar effect can
be expected for a transition-metal triad when low-coordination numbers, and therefore, empty metal-based
p-orbitals are available. To this end, it is important to note that the Na* cation in both Na[5] and Na[5-N]
occupies a position seemingly within bonding contact to the Co center and could in principle function as a
trans-disposed Z-type ligand. However, the zwitterionic complex [n-C,C-PPN][Co(CNArMe2),],3" which

possesses the less encumbered [Co(CNArVe?);]- metalate fragment, binds the traditionally noncoordinating

Figure 1.6 Molecular structures of the cobalt metalate complexes Na[(N2)Co(CNArP®r2)3] (Na[5-N2]; left)
and Na[Co(CNArPPP2)3] (Na[5], right). Selected Bond Distances for Na[5] (A). d(Co-H1) = 2.02(1); d(Co-C4)
= 2.899(13).
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[PPN]+ cation, which in turn stabilizes the coordinatively-unsaturated Co center. Coupled with the with
binding of both N, and C-H bonds in Na[5] and Na[5-N-], this unusual coordination behavior of [n.-C,C-
PPN][Co(CNArMe2):], provides additional evidence that the cobalt congener in three coordinate metalates

of the Group 9 triad possess the most significant Lewis acidic properties.

1.3 Concluding remarks and outlook

A full series of homoleptic, unsaturated, metalates have been isolated and described for the first
time. The heavier rhodium and iridium metalates display an unpredicted distortion to a Y-shaped, roughly
C,v symmetric geometry possible promoting electronic accessibility of the dxzy2 as well as the d,, orbital.
The cobalt metalates surprisingly show a higher degree of Lewis-acidity, displaying an agostic interaction
in the solid state, and binding N2 when exposed to an N, atmosphere. The redox behavior and reactivity of
these anions are highlighted in the second chapter of this thesis. The electronic and steric diversification of
aryl isocyanides used in this chapter as well as other isocyanides are further explored in the third chapter

of this thesis.

1.4 Synthetic procedures and characterization data

General Considerations — All manipulations were carried out under an atmosphere of purified
dinitrogen using standard Schlenk and glovebox technigues. Unless otherwise stated, reagent-grade starting
materials were purchased from commercial sources and either used as received or purified by standard
procedures.®? Solvents were dried and deoxygenated according to standard procedures.® Benzene-ds
(Cambridge Isotope Laboratories) was distilled from NaK alloy/benzophenone ketyl and stored over 4 A
molecular sieves under N, for at least 24 h prior to use. Celite 405 (Fisher Scientific) was dried under
vacuum (24 h) at a temperature above 250 °C and stored in the glovebox prior to use. The m-terphenyl

isocyanide CNArP™2 was prepared as previously reported.* 54
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Solution *H and *C{*H} NMR spectra were recorded on a Bruker Avance 300, a Varian Mercury
400, a Jeol ECA 500, or a Varian X-SENS 500 spectrometer. *H and **C{*H} chemical shifts are reported
in ppm relative to SiMes ( *H and 3C & = 0.0 ppm) with reference to residual solvent resonances of 7.16
ppm (*H) and 128.06 ppm (**C) for CsDs.>® Solution FTIR spectra were recorded on a Thermo-Nicolet iS10
FTIR spectrometer. Samples were prepared as CsDs solutions injected into a ThermoFisher solution cell
equipped with KBr windows. For solution FTIR spectra, solvent peaks were digitally subtracted from all
spectra by comparison with an authentic spectrum obtained immediately prior to that of the sample. The
following abbreviations were used for the intensities and characteristics of important IR absorption bands:
Vs = very strong, s = strong, m = medium, w = weak, vw = very weak; b = broad, vb = very broad, sh =
shoulder. Combustion analyses were performed by Midwest Microlab LLC, Indianapolis, IN.

Synthesis of RhCI(CNArP"2); (1): [RhCI(COD)]. (0.619 g, 1.255 mmol, 0.5 equiv) and
CNArPPP2 (3,124 g, 7.533 mmol, 3 equiv) were combined as solids and dissolved in 40 mL of THF. The
yellow/orange reaction was stirred at room temperature for 4 h before being dried in vacuo. The resulting
yellow solid was slurried 3 times in n-pentane for 10 min and dried to remove excess cyclooctadiene.
Recrystallization of the solid from a concentrated THF solution followed by storage at -32 °C for 1 week
afforded yellow crystals suitable for X-ray diffraction. Yield: 3.01 g, 2.134 mmol, 85%. *H NMR (499.8.9
MHz, C¢Ds, 20 °C): 6 = 7.42 (t, 4H, 8Hz, p-Dipp), 7.29 (d, 8H, 8Hz, m-Dipp), 7.16 (t, 2H, 8Hz, p-Dipp),
7.12 (d, 4H, 8Hz, m-Dipp), 6.93 (d, 4H, 8Hz, m-Ar), 6.89 (d, 2H, 8Hz, m-Ar), 6.83 (dd, 2H, 8Hz, p-Ar),
6.79 (dd, 1H, 8Hz, p-Ar), 2.73 (septet, 8H, 7Hz, CH(CHs)2), 2.54 (septet, 4H, 7Hz, CH(CHs),), 1.27 (d,
24H, THz, CH(CHs)2), 1.10 (d, 24H, 7Hz, CH(CHs)2), 1.09 (d, 12H, 7Hz, CH(CHs)), 0.96 (d, 12H, 7Hz,
CH(CHs)2) ppm. BC{*H} NMR (125.8MHz, C¢Ds, 20 °C): & = 163.3 (d, Jcrn = 70.2 Hz, CNR), 159.6 (d,
Jern = 58.8 Hz, CNR), 147.5, 146.7, 138.1, 137.9, 135.7, 135.4, 131.6, 130.9, 129.6, 129.4, 127.8, 127.5,
127.2,126.1, 123.6, 31.2, 31.0, 25.4, 24.8, 24.6 ppm. FTIR (KBr windows, CsDs, 20 °C) v(C=N) = 2152
(w), 2094 (vs), 2059 (s), 2036 (s), 2001(s) cm?; also 3062 (w) 3062 (w), 2962 (s), 2927 (m), 2865 (M),
1577 (w), 1457 (m), 1411 (w), 1384 (w), 1361 (w), 1056 (w), 759 (s) cm™. Anal. calcd. for

C93H111N3Rh1C|1: C, 79.26; H, 7.94; N, 2.98. Found: C, 79.58; H, 809, N, 3.02.
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Synthesis of IrCI(CNArP"2); (2): The procedure for RhCI(CNArP™2); (1) was followed using
[IrCI(COD)]. (0.842 g, 1.253 mmol, 0.5 equiv). Recrystallization of the resulting red solid from n-pentane
spiked with 2 drops of Et;O (5mL total) followed by storage at -32 °C for 1 week afforded red crystals
suitable for X-ray diffraction. Yield: 3.21 g, 2.15 mmol, 86%. *H NMR (499.8.9 MHz, C¢Ds, 20 °C): § =
7.41 (t, 4H, 8Hz, p-Dipp), 7.27 (d, 8H, J = 8 Hz, m-Dipp), 7.16 (t, 2H, J = 8 Hz, p-Dipp), 7.11 (d, 4H, J =
8 Hz, m-Dipp), 7.04 (t, 2H, J = 8 Hz, m-Ar), 6.89 (d, 2H, J = 8 Hz, m-Ar), 6.81 (t, 2H, J = 8 Hz, p-Ar),
6.80 (t, 1H, J = 8 Hz, p-Ar), 2.71 (septet, 8H, J = 7 Hz, CH(CHj3)2), 2.57 (septet, 4H, J = 7 Hz, CH(CHj),),
1.26 (d, 24H, J = 7 Hz, CH(CHs)2), 1.10 (d, 24H, J = 7 Hz, CH(CHs)z), 1.09 (d, 12H, J = 7 Hz, CH(CHa).),
0.98 (d, 12H, J = 7 Hz, CH(CHs),) ppm. 3C{*H} NMR (125.8MHz, CsDs, 20 °C): § = 154.2 (CNR), 151.1
(CNR), 147.0, 146.4, 138.1, 137.0, 135.9, 135.0, 131.2, 130.6, 130.2, 129.2, 128.8, 127.3, 127.2, 126.8,
124.9,123.2,123.0, 30.8, 30.6, 29.9, 25.0, 24.6, 24.3, 24.2 ppm. FTIR (KBr windows, C¢Dsg, 20 °C) v(C=N)
= 2156 (w), 2082 (vs), 1967 (s) cm?; also 2962 (s), 2927 (m), 2865 (m), 1577 (w), 1461 (m), 1411 (w),
1384 (w), 1361 (w), 759 (m) cm2. Anal. calcd. for Co3H11:NsIrCl: C, 74.54; H, 7.47; N, 2.37. Found: C,
75.68; H, 7.47; N, 2.49.

Synthesis of K[Rh(CNArP®P?);] (K[3]): To a thawing 1:2 Et,O/THF solution (20 mL total) of
RhCI(CNATrP®P2), (1; 0.300 g, 0.213 mmol, 1 equiv) was added KCs (0.086 g, 0.639 mmol, 3 equiv.) in
two equal portions, letting the reaction stir at —32 °C for 30 minutes between additions. After the second
addition, the reaction mixture was allowed stir for an additional 30 minutes at —32 °C before filtering over
Celite to remove graphite and KCI. The resulting dark brown filtrate was dried in vacuo before being
subjected to three cycles of slurrying in n-pentane (3 x 5 mL) to remove any remaining THF. The resultant
dark solid was dissolved in CsHs and filtered over a plug of Celite packed on fiberglass. The filtrate was
frozen and lyophilized to a fluffy powder. Yield: 0.285 g, 0.202 mmol, 95%. Recrystallization of the solid
from n-pentane spiked with 3 drops of Et,O (5 mL total) followed by storage at —32 °C for 3 weeks afforded
dark red crystals suitable for X-ray diffraction. *H NMR (499.8.9 MHz, CsDs, 20 °C): § = 7.28 (t, 6H, J =
8 Hz, p-Dipp), 7.17 (d, 12H, J = 8 Hz, m-Dipp), 6.96 (d, 6H, J = 8 Hz, m-Ar), 6.88 (t, 3H, J = 8 Hz, p-Ar),

2.86 (septet, 12H, J = 7 Hz, CH(CHs)2), 1.18 (d, 36H, J = 7 Hz, CH(CHs)2), 1.14 (d, 36H, 7Hz, CH(CHs)2)
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ppm. BC{*H} NMR (125.8MHz, CeDs, 20 °C): & = 212.9 (d, Jc.rn = 82.3 Hz, CNR), 147.8, 138.3, 135.2,
133.4, 130.2, 128.7, 123.1, 31.0, 25.1, 24.3 ppm. FTIR (KBr windows, C¢Ds, 20 ° C) v(C=N) = 2067 (w),
2012 (m, sh), 1982 (vs), 1850 (s, br), 1741 (s, br), 1688 (vs), cm™; also 2962 (s), 2962 (m), 1866 (m), 1461
(m), 1411 (s), 1383 (w), 1362 (w), 1328 (s), 1199 (w), 1177 (w), 1055 (m, br), 757 (s) cm™. Anal. calcd.
for CosH11:NsRhK: C, 79.06; H, 7.92; N, 2.97. Found: C, 78.68; H, 7.80; N, 2.87.

Synthesis of K[Ir(CNArP®P2);] (K[4]): To a thawing 1:2 Et,O/THF mixture of IrCI(CNArP"P2),
(2; 0.126 g, 0.084 mmol, 1 equiv, 15 mL) was added KCs (0.034 g, 0.252 mmol, 3 equiv) in two equal
portions, letting the reaction stir at —32 °C for 30 minutes between additions. After the second addition, the
reaction was allowed to stir for an additional 30 minutes at —32 °C before filtering over Celite packed
remove both graphite and KCI. The resulting dark brown filtrate was dried in vacuo before being subjected
to three cycles of slurrying in n-pentane (3 x 5 mL) and drying in vacuo again to remove any remaining
THF. The resultant dark solid was dissolved in CsHs and filtered over Celite. The filtrate was frozen and
lyophilized to a fluffy powder. Yield: 0.115 g, 0.077 mmol, 91%. Recrystallization of the solid from n-
pentane spiked with 2 drops of Et,O (3 mL total) followed by storage at —32 °C for 1 week afforded dark
red crystals suitable for X-ray diffraction. 'H NMR (499.8.9 MHz, CsDs, 20 °C): 6 =7.26 (t, 6H, J = 8 Hz,
p-Dipp), 7.18 (d, 12H, J = 8 Hz, m-Dipp), 7.00 (d, 6H, J = 8 Hz, m-Ar), 6.92 (t, 3H, J = 8 Hz, p-Ar), 2.9
(septet, 12H, J = 7 Hz, CH(CHs)2), 1.18 (d, 36H, J = 7 Hz, CH(CHs)2), 1.13 (d, 36H, J = 7 Hz, CH(CHs)2)
ppm. BC{*H} NMR (125.8MHz, CsDg, 20 °C): 5 = 225.5 (CNR), 147.7, 138.4, 137.0, 133.0, 130.3, 128.8,
123.1, 122.7, 31.0, 25.1, 24.2 ppm. FTIR (KBr windows, CeDs, 20 °C) v(C=N) = 2015 (m, sh), 1961 (s),
1804 (vs, sh), 1743 (vs), 1657 (vs), 1660 (vs, sh) cm™; also 3060 (m), 3038(w, sh), 3022 (w, sh), 2962 (s),
2926 (m), 2866 (m), 1571 (vs), 1461 (s), 1411 (s), 1383 (m), 131 (m), 1331 (s), 1251 (w), 1202 (w), 1177
(w), 1055 (m), 924 (w), 795 (s), 680 (m), 620 (W), 582 (m), 570 (m) cm™. Anal. calcd. for CesH111N3IrK:
C, 74.36; H, 7.45; N, 2.80. Found: C, C, 73.90; H, 7.38; N, 3.23.

Synthesis of [K(cryptand-2.2.2)][Rh(CNArP®P2);] ([K(crypt)][3]): To a stirring solution of
K[Rh(CNATrP®P2);] (K[3]; 0.027 g, 0.019 mmol, 1 equiv) in 2 mL CsHs, cryptand-2.2.2 (0.006 g, 0.015

mmol, 1 equiv) was added as a solid. The reaction was allowed to stir 20 min, during which time a dark

16



precipitate formed. The precipitate was collected via filtration on a pad of Celite, and washed with n-pentane
(3x2mL). The precipitate was then dissolved and washed through the Celite with 5 mL of THF. The THF
filtrate was the dried in vacuo yielding a dark red solid. Yield: 0.032 g, 0.018 mmol, 93%. X-ray quality
crystals were grown by dissolving the solid in 2 mL of a THF/benzene (20:1) solution and placing it at —32
°C for 2 weeks. *H NMR (499.8.9 MHz, CeDs, 20 °C): & = 7.28 (t, 6H, 8 J = Hz, p-Dipp), 7.17 (d, 12H, J
= 8 Hz, m-Dipp), 6.96 (d, 6H, J = 8 Hz, m-Ar), 6.88 (t, 3H, J = 8 Hz, p-Ar), 3.57 (s, 12H, CH,CH,0), 3.53
(dd, 12H, OCH,CH:N), 2.55 (s, 12H), OCH,CH:N), 2.86 (septet, 12H, J = 7 Hz, CH(CHj3)2), 1.18 (d, 36H,
J =7 Hz, CH(CHa)2), 1.14 (d, 36H, J = 7 Hz, CH(CHs)) ppm. BC{*H} NMR (125.8MHz, C¢Ds, 20 °C):
8=212.9 (d, Jcrn = 86.8 Hz, CNR), 147.8, 138.3, 135.2, 133.4, 130.2, 128.7, 123.1, 31.0, 25.1, 24.3 ppm.
FTIR (KBr windows, THF, 20 °C) v(C=N) = 1926 (w), 1781 (vs), 1737 (vs) cm%; also 1569 (s), 1407 (s),
1380 (w, sh), 1355 (m), 1133 (m), 1108 (s), 755 (s) cm™. Anal. calcd. for C111H147NsOsRhK: C, 74.51; H,
8.24; N, 3.91. Found: C, 71.36; H, 8.34; N, 3.90.

Synthesis of [K(cryptand-2.2.2)][Ir(CNArP®P2),] ([K(crypt)][4]): This compound was prepared
and crystallized analogously to K(crypt)][3] using 0.023 g of K[Ir(CNArP®?2);] (K[4]; 0.017 mmol, 1 equiv)
and 0.006 g of cryptand-2.2.2 (0.015 mmol, 1 equiv). Yield (dark red solid): 0.030 g, 0.016 mmol, 92%. *H
NMR (499.8.9 MHz, THF-d?, 20 °C): & = 7.30 (t, 3H, J = 8 Hz, p-Ar), 7.03 (t, 6H, J = 8 Hz, p-Dipp), 6.90
(d, 12H, J = 8 Hz, m-Dipp), 6.74 (d, 6H, J = 8 Hz, m-Ar), 3.64 (septet, 12H, J = 7 Hz, CH(CHjs).), 3.60 (s,
12H, CH2CH,0), 3.53 (dd, 12H, OCH,CH:N), 2.54 (s, 12H), OCH.CH,N), 0.87 (d, 36H, J = 7 Hz,
CH(CHs)2), 0.84 (d, 36H, J = 7 Hz, CH(CHs)2) ppm. C{*H} NMR (125.8MHz, THF-ds, 20 °C): & =
229.1(CNR), 147.5,139.2, 132.7, 129.9, 128.8, 127.5, 122.6, 119.4, 71.1, 68.2, 53.5, 31.1, 30.8, 25.2, 24.8,
24.4 ppm. FTIR (KBr windows, THF, 20 °C) v(C=N) = 1918 (w), 1768 (vs), 1724 (vs), cm™; also 1569
(s), 1479 (s), 1407 (s), 1355 (m), 752 (m), 680 (s) cm™. Anal. calcd. for C111H147NsOglrK: C, 70.96; H,
7.89; N, 3.73. Found: C, 70.58; H, 7.88; N, 3.48.

Synthesis of Na[(N2)Co(CNArP"PP2);] (Na[5-N,]): This reaction procedure is carried out under
N2 atmosphere. To a THF (10 mL) suspension of CoCl, (0.054 g, 0.42 mmol, 1 equiv) was added

CNArP®P2 (0,500 g, 1.26 mmol, 3 equiv). The resulting mixture was allowed to stir for 10 min, after which
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0.1 % NaHg (Na: 0.96 g, 4.2 mmol, 10 equivalents; Hg: 9.6 g) was added. The reaction mixture was shaken
by hand for ca. 7 min, where upon a color change to deep purple was observed. The reaction mixture was
allowed to stir for an additional 20 mins upon which time the solution was decanted from the sodium
amalgam via filtration over Celite packed on a medium porosity glass sintered frit and evaporated to
dryness. The resulting residue was then slurred in n-pentane (15 mL) allowed to stir for 5 min and then
concentrated to dryness. This step was repeated two additional times to desolvate residual NaCl by-
products, whereupon a color change from purple to red was observed. Extraction of the resulting residue
with benzene (10 mL), followed by filtration through Celite produced a deep-red solid.
Na[(N2)Co(CNArP™2)] is isolated as a fluffy red solid, 0.400 g, 0.29 mmol, 69 % yield. *H NMR (499.9
MHz, CsDs, 20C): & = 7.31 (t, 6H, J = 5 Hz, p-Dipp), 7.18 (d, 12H, J = 5 Hz, m-Dipp), 6.98 (d, 6H, J =5
Hz, m-Ph), 6.87 (t, 3H, J = 5 Hz, p-Ph), 2.91 (sept, J = 5 Hz, 12H, CH(CHs),), 1.27 (d, J = 5 Hz, 36H,
CH(CHs)2), 1.13 (d, J = 5 Hz, 36H, CH(CHa)2) ppm. 3C{*H} NMR (125.7 MHz, CsDs, 20 C): & = 147.5,
138.5, 135.1, 134.0. 130.7, 130.4, 128.6, 127.7, 127.5, 123.1, 34.4, 31.1, 25.4, 24.3, 22.8, 14.3 ppm. FTIR
(CsDs, KBr windows, 25 °C): van = 2159 (m) cm?, ven = 2018 (w), 1946 (m), 1840 (vs) cm?, also 2961
(s), 2927 (m), 2868 (w), 1463 (m), 1383 (w), 1363 (w) cm™. Anal. Calcd. for CosH11:N3sCoNa: C, 80.89; H,

8.10; N, 5.07. Found C, 80.46; H, 8.28; N, 5.06.

1.5 Details of DFT computational studies

General Computational Details: Density Functional Theory (DFT) calculations were
performed with ORCA 4.0.0 program suite and/or the Gaussian 16 software package.’®%’
Geometry optimizations, were performed using the B3LYP functional®° in conjunction with the
6-31g(d) basis set®* for H, C, O and N atoms, and the LANL2DZ basis set® plus f-type polarization
functions for the rhodium atoms. Atomic coordinates obtained by single-crystal X-ray diffraction
analysis on [K(crypt)][3] were used as the starting point for optimizations on the truncated model,

[Rh(CNAr""2)3]~. Optimizations on [Rh(CO)s]~ used an idealized Dsn-symmetric complex as a
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starting point. ChemCraft 1.8 was used for visualization of geometry optimized structures and

molecular orbitals (MO).%

Input file for model of Rh(CNArPh2)s-,

%chk=RhL3-.chk

%nprocs=8

%mem=30GB

#P GFINPUT POP(FULL)

# opt freq b3lyp gen pseudo=read geom=connectivity

-0.02150000 0.01530000

Rh tris CNArPh2

-11

Rh

C -1.80080000
N -2.90120000
C 0.72390000
N 1.16480000
C -4.06180000
C 0.92710000
N 1.54040000
C -4.24540000
C 1.50680000
C 2.94410000

-0.55920000

-1.01830000

1.70580000

2.79060000

-1.72240000

-1.11360000

-1.79740000

-2.73670000

4.05230000

3.14710000

0.29590000
0.75720000
0.93610000
0.85560000
1.14440000
0.98050000
-0.90680000
-1.69690000
1.96880000
1.49910000

3.41010000
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-1.85370000

1.38750000

0.99330000

1.01380000

-4.98370000

2.37320000

-5.93370000

-6.73850000

-3.17330000

-2.51150000

-2.77410000

2.53370000

-4.82070000

-4.75650000

4.47470000

5.23310000

-3.48180000

-6.53310000

-7.48100000

-6.01190000

3.54270000

3.56900000

-3.86840000

2.21710000

2.48730000

2.55420000

-3.37640000

6.45770000

7.30410000

5.16930000

-0.37300000

4.26780000

1.51040000

2.23040000

-3.12790000

-3.72820000

-3.85130000

-2.23540000

1.53910000

2.27600000

-3.64750000

-4.32490000

-3.30930000

-3.06290000

-3.59020000

0.56510000

-2.37010000

-2.04510000

-0.32830000

6.67600000

7.68720000

-1.83920000

2.50590000
1.15570000
0.59950000
0.75470000
-0.98460000
2.61530000
-2.21040000
-2.34140000
2.92340000
5.19380000
6.24220000
-2.51760000
-3.05380000
-3.85120000
-2.91700000
-2.53300000
4.28380000
1.18070000
1.24890000
-1.18790000
-4.72750000
-5.76430000
-1.83960000
2.25390000
2.54640000

-3.88950000
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O O

-5.48660000

-5.61460000

3.40820000

-1.20640000

-0.44600000

-0.88280000

0.13030000

-0.40100000

-0.15820000

2.70030000

3.37080000

-1.80410000

-2.66120000

-6.33900000

-7.13510000

-3.78840000

-2.91180000

3.52890000

4.49960000

5.26860000

0.29300000

0.04280000

-5.12230000

-1.51630000

-2.15320000

3.54050000

-3.38100000

-4.16900000

-2.74560000

-3.97340000

-4.29320000

-3.79380000

-3.97250000

5.67850000

6.26040000

5.58200000

5.73870000

4.08570000

3.41810000

-2.08560000

-1.85590000

0.61710000

0.63090000

-3.62570000

-3.26730000

-3.65010000

1.18400000

2.11150000

-1.40470000

4.83760000

4.76440000

2.02820000

2.04390000
2.78140000
0.47370000
4.76270000
5.47130000
3.41600000
3.06550000
-2.72550000
-3.61190000
2.96910000
3.81000000
-1.57770000
-1.56390000
0.20670000
-0.49660000
-2.86210000
-3.50430000
-0.61630000
-4.25710000
-4.92280000
-4.42970000
-3.92150000
0.07840000
-2.71930000
-3.59780000

2.80200000
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O O

3.70780000

0.13790000

3.51140000

3.76750000

3.89720000

0.41550000

-0.98820000

3.52700000

3.50540000

4.11930000

4.56710000

4.12190000

4.57780000

-0.30120000

-1.01580000

0.02660000

-0.43770000

1.21010000

0.94080000

2.94680000

3.64460000

3.68410000

1.55100000

3.46310000

3.35590000

1.29680000

-4.99420000

5.01610000

-3.15410000

-5.46780000

-6.53220000

5.76380000

4.17400000

2.20660000

2.27850000

1.10450000

0.31410000

1.02170000

0.16800000

0.86630000

1.54790000

-0.33550000

-0.60030000

0.31110000

-1.20830000

3.21430000

-4.58090000

-4.94730000

-0.90240000

-3.21960000

-2.51660000

6.39980000

-0.34230000
-0.43880000
-2.02790000
0.96820000
1.15080000
-1.59850000
-0.44930000
5.58510000
6.67020000
4.96620000
5.56360000
3.57190000
3.07660000
-5.65350000
-6.10920000
-6.28540000
-7.23280000
-3.84270000
-5.69630000
4.81480000
2.03980000
3.06290000
-4.46580000
1.78470000
2.60680000

-1.61900000
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H -1.22890000
H 1.65710000
H 1.17260000
H -3.05600000
H -6.87020000
H 3.55040000
H 2.46760000
H -1.58000000
H -4.48990000
H 3.77710000
H 3.26390000

121041071.0

231.0

361.0

451.0

5101.0

691.0601.0

781.0

82310

9201.0381.0

10151.0171.0

11171.0631.0831.0

12201.0431.0971.0

13141.0151.0351.0

14

3.57820000

0.57750000

-2.15360000

-1.03370000

0.56210000

1.94720000

4.05820000

-3.24220000

-3.09720000

-5.69400000

-1.68560000

0.42340000
-2.89190000
-6.18040000
-1.70700000
-0.52080000

1.72100000

5.30420000

1.46560000

4.63080000
-1.17110000

0.30050000
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15651.0

16311.0341.0601.0

174710

18191.0241.0311.0

19

2028 1.0

21221.0281.0411.0

22

23371.066 1.0

24251.0531.0

25

26271.0561.0661.0

27

2898 1.0

29301.0381.0511.0

30

31941.0

32331.0371.0561.0

33

34531.0931.0

35361.0471.0

36

3786 1.0

38391.0

39

40551.0871.01001.0



41421.0431.0
42

43441.0

44

4546 1.0 61 1.0 69 1.0
46

4748 1.0

48

4950 1.0 61 1.0 70 1.0
50

51521.060 1.0

52

5354 1.0

54

5564 1.0 66 1.0

5657 1.0

57

5859 1.0 77 1.0 81 1.0
59

60

6162 1.0

62

63 75 1.0 95 1.0

64 67 1.0 99 1.0

6569 1.0 70 1.0

66
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67681.0841.0

68

6989 1.0

70901.0

71721.0731.0831.0

72

73741.0751.0

74

7576 1.0

76

77781.0791.0

78

79801.0821.0

80

81861.0911.0

82861.0921.0

8396 1.0

84851.0871.0

85

86

8788 1.0

88

89

90

91

92
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93
94
95
96
97
98
99

100

CHNO
6-31g(d)
Rh 0

lanl2dz

*kk*k

Rh O

lanl2dz

Optimized Cartesian Coordinates for Model of [Rh(CNArP"?)s]-.

oozoozozod

-0.07495523
-1.81422403
-2.95976414
1.60538620
2.66480937
-4.30873508
-0.05264925
0.02422558
-5.06108156
3.75498757

0.06654014
-0.35368219
-0.57243897
-0.52712821
-0.94804092
-0.68594772

1.00031661

1.56912841

0.33543768
-1.52949859

-0.30681918
-1.03208863
-1.33789394
-1.04303259
-1.43787180
-1.44786075
1.34746157
2.41477261
-2.10398411
-1.99352291
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4.38611102
-3.54519854
5.18384139
5.39318846
4.05181617
-4.23955840
4.61934052
-3.86692533
-4.07360318
-4.43811675
-4.25539433
-4.52857772
0.57603753
-2.97018093
-2.48019321
1.33772180
1.57017076
-4.77982780
-7.08266488
-8.15491542
-4.49240816
1.29498812
1.49314981
-3.33111092
6.01899009
6.88824612
0.80788982
-6.43700577
-7.01033853
1.04284213
-3.37231864
-2.95609033
-3.01909196
-2.32589631
3.11668664
3.63074627
5.72997528
6.39115124
1.07917066
-0.00457178
-6.34438679
-6.84453988
-2.70438422
-2.00455331
0.61568797
1.55948266
1.95534803
0.75294510
1.10895642
-4.96603275
1.72365135

0.68147911
2.34749843
-3.46838646
-4.51916046
-2.90378258
-2.94538196
-0.76149016
-5.33154169
-6.36121849
1.58812876
3.27055009
3.61703014
2.16138185
-5.05375615
-5.86515699
4.15682387
5.21842691
2.07130452
-1.00539206
-1.12163228
-4.28842960
2.04994341
1.45783524
-2.68247773
-2.73130880
-3.19643600
1.39627014
0.14373640
0.93367351
4.04428376
4.01415373
4.94588363
3.54586256
4.10804040
-5.40499097
-6.02028213
-1.38907384
-0.79620969
-4.63154852
-4.63962554
-1.98773638
-2.86998207
-3.72492959
-3.48965614
4.41749731
3.41806804
3.89918237
-2.33256607
-3.00193156
-1.85756419
-5.44008526

-3.11164804
-1.83351765
-2.33385578
-2.15151506
-1.73325758
-0.25387888
-2.83362378
0.09486275
-0.18857129
-2.61065189
-4.36832659
-5.36267568
3.51035930
1.12893313
1.66217454
4.67487196
4.65697602
-3.88680169
-1.82871064
-1.96266240
-0.58764061
5.83160091
6.72129948
0.78670524
-3.17102133
-3.62826996
4.69291223
-2.28062848
-2.75854240
1.02095802
-3.58309852
-3.95880496
-2.31570195
-1.69550831
0.95743544
1.69261196
-3.40946399
-4.03606653
-0.07830348
-0.15497182
-1.17167512
-0.78088183
1.46942578
2.26679610
2.30782493
5.83494510
6.72548448
3.89823083
3.11925974
-0.96305199
0.86094975
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1.14463874
4.09880124
-0.02160394
3.22086706
0.84979915
-0.22328562
-0.72716195
3.85382962
1.81796650
4.35406291
4.44253626
4.07433827
3.94906551
3.94758046
3.72823213
0.06660490
-0.11457123
-0.38877311
-0.93462105
0.98584335
-0.15675042
4.50755529
0.20510039
0.04356919
0.53543990
0.83628759
1.16640642
4.93546463
1.29606396
1.51943860
-0.53382106
-3.10865790
-5.17187775
3.99673121
4.70372544
-3.25544121
-5.44781061
-0.38237032
1.53135643

-6.08808947
1.60192289
5.66317692

-3.75011279
3.56268409
6.50646537
7.46002605

-4.56816394

-3.79690142
2.52867194
2.87896973
3.43055046
4.48862821
2.95939204
3.65038536

-2.83872357
-3.90724270

-1.96155074
-2.34159808

-0.96175920

-0.59169510
1.17118678
6.12032166
6.77230169

-0.06574599
4.88495155
4.56249799

-4.52568425

-3.17674315

-0.59024270
0.08833207

-1.65923808

-4.51114828
1.25250342
0.47200979
2.00268212
1.48553610
5.95902452
3.08921205

1.51485672
-2.08815767
2.45545340
-0.83407500
3.50381969
1.36296006
1.50464628
0.12052538
-0.91781595
-4.70585503
-5.73176697
-3.67787471
-3.89456541
-2.36893194
-1.55876643
5.00487323
5.09573328
5.99166158
6.85244172
3.77895808
5.87050677
-4.42429424
0.09116093
-0.76403335
4.76444004
-0.07309620
-1.05720706
0.21926799
-1.63702212
2.91163642
6.63016891
1.06685203
-1.40636336
-1.06693529
-5.23301447
-0.84755256
-4.51314891
3.43723867
0.86688671
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Input file for model of Rh(CO)s.

%chk=RhCO-.chk

%nprocs=8

%mem=20GB

#P GFINPUT POP(FULL, NBO)

# opt freq b3lyp/Gen Pseudo=Read geom=connectivity

Rh tris CO anion

-11

Rh -0.00502920 0.00860421 -0.00000012
C -1.00494005 -1.72349807 -0.00000027
C 1.99497079 0.00870717 0.00000000
C -1.00511835 1.74060355 -0.00000007

Figure 1.7 Optimized structure for [Rh(CNAr""?)s] with relevant bond angles

0] -1.56259090 -2.68949118 0.00000026
0] -1.56286656 2.70654046 0.00000013
@) 3.11037079 0.00875988 0.00000008
1210310410

253.0

373.0
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463.0

CO0
6-31g(d)

*kk*k

Rh 0
lanl2dz

*kk*k

Rh 0O
lanl2dz

Optimized Cartesian Coordinates for Model of Rh(CO)s.

Rh  0.000000000 -0.000235689 0.000000000
C 1.665982158 -0.953385184  0.000000000
C  -1.659060609 -0.965377177  0.000000000
C -0.006927981 1.919119757  0.000000000
@) 2.681133239 -1.534141335 0.000000000
O  -0.011135268  3.088646955  0.000000000
O  -2.669993147 -1.553447917  0.000000000

Figure 1.8 Optimized structure of [Rh(CO)3]- with relevant bond angles.
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1.6  Details of crystallographic structure determinations

General Information. Single crystal X-ray structure determinations were carried out at low
temperature on a Bruker P4, Platform or Kappa Diffractometer equipped with a Mo or Cu radiation
source. Data were acquired with Bruker APEX II, Photon Il or Dextris Eiger 1M detectors. All
structures were solved via direct methods with SHELXS®*® and refined by full-matrix least-
squares procedures using SHELXL%4® within the Olex2% software package. All H-atoms were
refined using standard HFIX instruction. Crystallographic data collection and refinement
information is listed in Table S3.1. The PLATON crystallographic tool®” was used to account for
overly disordered solvent using SQUEEZE routine,®® and to identify twin laws in twinned

crystalline habits using the TwinRotMat Routine.5°

Information on Crystallographic Disorder and Twinning: The following molecules contain
positionally disordered and/or pseudo-merohedrally twinned components. They are listed along
with their respective disordered components.

RhCI(CNArPPP2)3 (1): Pseudo-meroherdral twinning was observed and a twin law was
determined using PLATONSs TwinRotMat algorithm (-1 000 -1 00 0 0 1, BASF 0.4397(15)).
Two site positional disorder was observed in on flanking isopropyl group (C59A/B) which was
modeled using PART/FVAR and EADP commands and subsequently refined anisotropically.
K[Rh(CNArP®Pr2)3] (K[3]): SQUEEZE was used to remove one half of a heavily disordered n-
pentane or diethyl ether molecule co-crystallized on a special position from the structure (void
removed was 189 A% in volume and contained 50 electrons/cell).

K[Ir(CNArP®r?)3] (K[4]): Two site positional disorder was observed in one diisopropylphenyl

group (C52/C52A) and one co-crystalized molecule of n-pentane. The diisopropylpheny! disorder
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was modeled using PART/FVAR and limited use of EADP commands then refined
anisotropically. The n-pentane molecule of co-crystallization was modeled using PART/FVAR
commands and refined isotropically.

[K(cryptand-2.2.2)][Rh(CNArP®rP2)s] ([K(crypt)][3]): A two-site positional disorder was
observed in one methyl group (C62A/B) which was modeled using PART/FVAR and EADP
commands and subsequently refined anisotropically.

[K(cryptand—-2.2.2)][Ir(CNArPPP2)3] ([K(crypt)][4]): EADP commands were used to constrain
oblate/prolate ellipsoids primarily on the 2,2,2-cryptand moiety. SQUEEZE was used to remove
a large solvent void containing partially occupied and disordered n-pentane and/or diethyl ether
molecules. Void removed was 2304 A2 in volume and contained 603.4 electrons.
Na[(N2)Co(CNATrPPP2)3](Na[5-N2]): A two-site positional disorder was observed in one
diisopropylphenyl group (C39) and one flanking i-Pr group (C14A/C14B). In both cases the
disorder was modeled using PART/FVAR and EADP commands then refined anisotropically.
Na[Co(CNArPPr2)3] (Na[5]): A two-site positional disorder was observed in one flanking i-Pr
group (C94/C94B). This disorder was modeled using PART/FVAR, SADI, and limited use of

EADP commands then refined anisotropically.
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Figure 1.9 Molecular Structure of RhCI(CNArP®P?); (1). Hydrogen atoms and disorder omitted for
clarity. Selected bond distances (A) and angles (): Rh-C1 = 1.944(5); C1-N1 = 1.156(7); Rh-Cl = 2.369(2);
C1-Rh-Cl =79.97(17); CI-Rh-C2 = 78.3(2)

Figure 1.10 Molecular Structure of IrCI(CNArP®P?); (2). Hydrogen atoms omitted for clarity. Selected
bond distances (A) and angles (9): Ir-C1 = 1.959(3); C1-N1 = 1.166(4); Ir-Cl = 2.3605(8); C1-1r-Cl =
86.42(10); CI-Ir-C2 = 85.98(11).
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Figure 1.11 Molecular Structure of K[Rh(CNArPPP2)3] (K[3]). Hydrogen atoms, disorder and one co-
crystallized Et2O molecule omitted for clarity. Selected bond angles and or distances. Selected bond
distances (A) and angles (): Rh-C1 =1.77(3); C1-N1=1.27(3); Rh-K =3.374(8); C1-Rh-C2 = 120.5(12);
C2-Rh-C3 =125.9(12); C3-Rh-C1 = 113.0(13).

Figure 1.12 Molecular structure of K[Ir(CNArP"®r?);] (K[4]). Hydrogen atoms and one co-crystallized
Et.O molecule omitted for clarity. Selected bond angles and or distances. Selected bond distances (A)
and angles (): Ir-C1 = 1.849(4); C1-N1=1.211(5); Ir-K =3.4877(10); C1-1r-C2 =112.11(17); C2-IR-C3
=132.46(17); C3-1r-C1 = 114.34(17).
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Figure 1.13 Molecular structure of [K(cryptand-2.2.2)][Rh(CNArP®P2);] ([K(crypt)][3]). Hydrogen atoms,
disorder and one co-crystallized Et2O molecule omitted for clarity. Selected bond distances (A) and angles (9:
Rh-C1 =1.887(5); C1-N1 =1.217(6); C1-Rh-C2 =125.7(2); C2-Rh-C3 = 116.6(2); C3-Rh-C1 = 117.3(2)

Figure 1.14 Molecular structure of [K(cryptand-2.2.2)][Rh(CNArP®P2)3] ([K(crypt)][4]). Hydrogen atoms
omitted for clarity. bond distances (A) and angles (9): Ir-C1 = 1.94(2); C1-N1=1.12(2); C1-Ir-C2=117.2(8);
C2-1r-C3 = 128.6(8); C3-1r-C1 = 114.2(8).
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Figure 1.15 Molecular Structure of Na[(N2)Co(CNArP"PP?)s] (Na[5-N2]). One co-crystalized molecule of CsHs,
disorder, and hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (9: Co-C1 =
1.808(4); C1-N1 =1.199(4); Co-N2 =1.875(3); N2-N3 = 1.098(5); Co-Na = 2.7216(16); C1-Co-C2 = 111.76(15);
C2-Co-C3 = 118.50(15); C3-Co-C1 = 114.63(15).

Figure 1.16 Molecular structure of Na[Co(CNArP"?)3] (Na[5]). Two co-crystalized solvent molecules (one
CsHs and one n-pentane), disorder, and hydrogen atoms are omitted for clarity excluding H1-H3. Selected
bond distances (A) and angles (): Co-C1 = 1.765(5); C1-N1 =1.211(6); Co-C4 = 2.895(2); Co-H1 = 2.009(2);
Co-Na = 2.724(2); C1-Co-C2 = 116.89(19); C2-Co-C3 = 116.74(19); C3-Co-C1 = 123.6(2).
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Table 1.2 Crystallographic Data and Refinement Information.

Name
Formula
Crystal System
Space Group
a, A
b, A
c, A
a, deg
B, deg
Y, deg
Vv, A
Z
Radiation (A, A)
p (calcd.), g/cm?
p (Mo Ka), mm-?
Temp, K
6 max, deg
data/parameters
R1
WR2

GOF

RhCI(CNATrPPP2)5 (1)
Co3H11:CIN2RA
Monoclinic
P2i/n
12.1525(11)
26.070(3)
25.366(2)
90
90.135
90
8036.6(13)

4
Mo-Ka, 0.71073
1.165
0.292
100
26.460
16503(914)
0.0715
0.2022
1.049

IrCI(CNATrPPP2)5 (2)
CagsH111CINaIr
Orthorhombic

P212121
13.0746(15)
21.665(3)
30.205(3)
90
90
90
8555.8(17)
4
Mo-Ka, 0.71073
1.163
1.635
100
26.370
17460(907)
0.0218
0.0459
0.992
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K[Rh(CNArP®2):][EL,0](K[3])

Co7H121KN3RhO
Triclinic
P-1
12.668(3)
15.428(4)
26.014(7)
82.208(5)
76.170(4)
67.091(4)
4542(2)

2
Cu-Ka, 1.54178
1.087
2.260
100
39.877
5090(948)
0.1000
0.3151
1.424



Table 1.3 Crystallographic Data and Refinement Information — Continued.

Name

Formula
Crystal System
Space Group
a, A
b, A
¢, A
a, deg
B, deg
Y, deg
v, A3
VA
Radiation (A, A)
p (caled.), g/cm?
p (Mo Ka), mm™!
Temp, K
0 max, deg
data/parameters
R
wR>

GOF

K[Ir(CNATP®2)3][CsH,4](

K[3])

CosH123IrKN3
Monoclinic
P2/n
14.8385(7)
23.6578(11)
24.4547(11)
90
92.115(1)
90
8578.9(7)

4
Mo-Ka, 0.71073
1.219
1.651
100
26.442
17647(1035)
0.0503
0.1079
1.117

[[2,2,2]-cryptand-

K][Rh(CNArP®2)][Et,0]

(K(erypt)[3])
Ci115H11sKNsO7Rh
Monoclinic
P2,/c
19.1608(18)
23.412(2)
23.752(2)
90
91.004(2)
90
10653.3(16)
4
Mo-Ka, 0.71073
1.161
0.255

100
23.341
15388(1187)
0.0699
0.1210
1.036
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[[2,2,2]-cryptand-
K][Ir(CNAr?2);)(K (cry
pH[4])
C111H1471rKN5sOg
Monoclinic
Cc
14.3476(4)
26.3991(7)
30.7635(9)

90
97.567(2)

90
11550.6(6)

4
Cu-Ka, 1.54178
1.080
2.928
100
60.171
14628(1069)
0.0894
0.2365
1.001



Table 1.4 Crystallographic Data and Refinement Information — Continued.

Name

Formula
Crystal System
Space Group
a, A
b, A
¢, A
a, deg
B, deg
7, deg
v, A3
VA
Radiation (A, A)
p (caled.), g/em?
p (Mo Ka), mm™!
Temp, K
0 max, deg
data/parameters
R
wR:

GOF

Na[Co(CNAP®P2);][CoH]

(Na[5-N2])
CgoH117CoNsNa
Monoclinic
P2,/c
12.5833(5)
25.3208(10)
28.7835(10)
90
94.443(1)
90
9143.4(6)
4
Mo-Ka, 0.71073
1.060
0.238
100
24.196
14646(1035)
0.0718
0.2110
1.015

Na[Co(CNATP#2);][CeHe][CsHis]

(Na[5])
Ci104H120CoN3Na
Orthorhombic
Pna2,
26.175(2)
22.4836(18)
16.1776(13)
90
90
90
9520.7(13)
4
Mo-Ka, 0.71073
1.049
0.229
100
24.180
15236(1026)
0.0455
0.1135
1.033
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Chapter 2 Reactivity and Redox Profile of Group 9

Metallates

2.1 Stoichiometric reactivity studies

Reactivity of metalates has historically been dominated by simple salt-elimination type
reactions.’? Generally these reactions were derivatizations, taking advantage of the pseudo-halide like
nature of metalates to help support the structural identification of the parent metalate.>” Indeed, this type
of simple transformation can be quite powerful. The strong thermodynamic driving force provided by the
precipitation of a simple inorganic salt can be used to break strong covalent bonds or install otherwise
unstable and difficult to access chemical functionalities at the metal center.2® For instance, as mentioned
in Chapter 1, alkylation of Collman’s reagent and the hydrodefluorination of Ar-F bonds by Lu’s Rh(-1)
metallate proceed with concomitant loss of sodium halide salts.2*!! More exotic reactions include Drance,
Figueroa and co-workers example of the first isolation of a terminal boron monofluoride ligand (BF); a
diatomic otherwise rarely observed outside the gas-phase. Addition of 2.8 equivalents of boron trifluoride
etherate to the Collman’s reagent analog, K:[Fe(CO)2(CNAr™?),] proceeds to make the Fe(BF)
(CO)2(CNAr™®P2), The process is believed to proceed through installation of BF, and concomitant loss of
KF, with the second fluoride abstraction coinciding with the loss of KBFs.'? As the chemistry of
Collman’s reagent suggests, metallates act as potent, metal-based nucleophiles. Next to Collman’s
reagent, few have exemplified this more than [Co(CO)4]". The work done by Prof. Coates group using
well-defined, [Co(CO)4]~ containing catalysts to perform various transformations on epoxides was
discussed in Chapter 1.2* However, they are just one stand out example of a few groups who have used
this carbonyl cobaltate for its ability to perform nucleophilic attack at carbon. As far back as 1960,

Eisenmann et al. noted that propylene oxide could be hydroesterified in moderate yields (<40%) using
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catalytic amounts of Co2(CO)s in methanol under 3000 psi of CO.* While no mechanism was proposed,
later studies by others using Co(CO)s in similar reactions found that the likely active species was
[Co(CO)4] %"  Since then, more research has utilized well-defined [Co(CO)4]  salts to act as
nucleophiles in various catalytic applications such as actylation®® and ring-opening of epoxides®® and
aziridines®®. As detailed in this chapter, the reactivity profiles of K[3] and K[4] display a rich reactivity
profile in the context of these notable examples.

Seeing as the coordinatively unsaturated Rh and Ir metalates K[3] and K[4] do not bind N, or
coordinating solvents such as THF or Et,O, we sought to assess whether the coordination of a Z-type
ligand could induce such behavior.? Previously we demonstrated that binding of TI(l) ions to the d°
nickel tris-isocyanide complex Ni(CNArVe2); results in the p-coordination of a CNArMe2 Jigand mesityl
group to the Ni center.? This interaction is absent in 16e- Ni(CNArM®2); which adopts a near perfect
trigonal planar coordination geometry.?? As shown in Scheme 2.1, treatment of the Ir metalate K[4] with

1.0 equivalent of thallium triflate (TIOTT; [OTf]— = [OsSCFs]") under N, readily generates the neutral,

2.0 TIOTf

Rh - KOTf

Kli
=TI
- KOTf

K[3]; M =Rh
K[4]: M =1Ir

M=ir 1.0 TIOTf
- KOTf

Scheme 2.1 TI(I) coordination to Rh and Ir metalate anions.
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Figure 2.1 Molecular structures of (A) TI.Rh(CNArP"P2)3] (8) and (B) [TI.Rh(CNArP®P2);]OTH (7).

four coordinate complex TIIr(CNArP®P?); (6) as determined by X-ray diffraction (Figure 2.1). In contrast,
the Rh derivative K[3] reacts with equimolar TIOTf to afford 0.5 equiv of the bis-thallium salt
[T1.Rh(CNATrPP2)JOTF (7), leaving 0.5 equivalent of starting material remaining (Scheme 2.1; Figure
2.1). However, treatment of K[3] with 2.0 equivalents of TIOTf furnishes salt 7, which can then be readily
converted to the neutral mono-thallium adduct, TIRh(CNArP™?2); (8), by simple addition of potassium
iodide (K1) under an N, atmosphere. Notably, mono-thallium adducts 6 and 8 can be viewed as neutral
analogues of Lu’s anionic Rh/Group 13 element [ERhL3]™ metalate complexes with respect to the EML;
unit.® Most importantly however, the Ir and Rh centers in complexes 6 and 8, respectively, adopt trigonal
monopyramidal coordination geometries that are free of N2, bound solvent or secondary interactions from
the CNArP®2 ligands. As formally TI(I) centers are reasonably assumed to be less effective Lewis acids
than trivalent Group 13 EXj3 species, we interpret that these observations are a result of the inability of
TI(I)-coordination to low enough p-orbital energies to enable Lewis base binding. Consequently, these
findings suggest that 16e- d® Rh and Ir metalates are not as inherently Lewis acidic as their
coordinatively-unsaturated nature would indicate.

To further explore the nucleophilic character of the anions, we chose to test their reactivity with
protons, a smaller and more electronegative monocation. The Rh and Ir metalates react smoothly and

stoichiometrically with benzoic acid to form the mono-hydrides HM(CNATrP®?2); (M= Rh [10], Ir [11])
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(Scheme 2.2; Figure 2.2 A). Structures of 10 and 11 adopt C,y symmetric, pseudo square planar
geometries in line with other Group 9 metal hydrides of the formulation HML3.22% Solution infrared
spectra reveal two broad N=C stretching absorbances from 2000 to 2040 cm?, indicative of a relatively
oxidized Rh(l) or Ir(l) metal center and a C,, geometry around the metal center. The structural differences
between the products of the two monoatomic monocations , H* and TI*, highlight and reflect the
differences in metal-ligand bonding character. The relatively electronegative, X-type, hydride ligand leads
the complex to adopt a classic ds square planar geometry, comparable to the MCI(CNArP®P?); complexes
discussed in Chapter 1. In contrast, the mono-thallium adducts 6 and 8 exhibit trigonal monopyramidal
geometries similar to other complexes bearing Z-type interactions, such as boratrane ligands, but without
requiring the chelating/buttressing supports.?> 2627 Notably, the Rh congener, 10, is an isolobal mimic of
the proposed active species in Rh based hydroformylation, HRh(CO)s.2 While there are many examples

of complexes of the formulation HRhL; known, there are relatively few complexes of the like HirL;

M = Rh
2.0 eq. CIBCy,

M = Rh
Me,;SiOTf

- Cy,B-CNArDiPP2 A
- KCl

K[3]; M = Rh
K[4]; M = Ir

M = Rh
Me;SiSiMes;

2.0 eq. PCl, -

— CNArPiPP2 - K[PhCO,]

Scheme 2.2 Nucleophilic and oxidative chemistry of [M(CNArPPP2)s]- metalate anions (M = Rh, Ir).
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Figure 2.2 Molecular structures of (A) IrH (CNArP®r2); (11) and (B) Rh(CNArPPP?)(ns-k-C,Ar-Cy.BIM) (13)

despite being implicated in number of important chemical processes. Additionally, to our knowledge, its
synthesis from K[4] and benzoic acid represents a unique protonation-based preparation of such a species.
The three existing examples include two pincer complexes, a pyridinde-di-carbene
((CNHC-N—-CNHO)IrH) reported by Danopoulos et al.?® and a pyridine-di-phosphine ((PNP)IrH reported
by Milstein et al.*, and the final example [IrH(N2)(PmAd(iPr).).] (mAd = methylene-1-adamantyl)
reported by our group.?® Notably, only the rigid di-carbene pincer is completely retained in solution,
whereas the other two examples form an immediate equilibrium with C-H bond activation products when
dissolved. By contrast, we report an efficient synthesis of a four-coordinate iridium mono-hydride which
is isolable as a pure substance in in both solution and solid state. This makes it an ideal substrate for bond
activation studies. If left at room temperature in solution for extended periods (>1hr), 10 and 11 are both
observed to decompose via ligand loss and alpha-hydride migration to the isocyanide, forming an
iminoformyl complex M(n®-(Dipp)-k*C-C(H)NArP2)(CNArP™2), (M = Rh, Ir). This decomposition
pattern is similar to the icocyano-cobalt-hydride complex HCo(CNArP™P2), but lower coordinate.®

K[3] and K[4] react cleanly with a range of electrophiles in a manner consistent with metalate-
type nucleophilic behavior. For example, the Rh metalate K[3] reacts readily with trimethylsilyl triflate
(Me3sSiOTf) to generate the neutral, monovalent silyl complex Rh(SiMes)(CNArPP2); (12) with the

elimination of KOTf (Scheme 2.2). Addition of two equivalents of choro(dicyclohexyl)borane to the Rh
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Figure 2.3 Molecular structures of (A) IrCI(PCl2)2(CNArP®P2), (15) and (B) [Rh(SiMes)2(CNArPPP2)3|OTf
(16).

metalate K[3] cleanly forms Rh(CNArP®2)(ne-x-C,Ar-2BIM) [13], where a boryliminomethyl fragment
is generated and bound to the metal center through the N,B-bridging methyl (Scheme 2.2). The reaction
proceeds with concomitant loss of KCI and one equivalent of CNArP™?2 which forms a Lewis acid-base
adduct with the second equivalent of borane (Figure 2.2 B). This complex shares a similar ligand
fragment as Pt(k-2-N,B-Y2BIM)(CNArP*?) which features a L,Z-chelate with a unique, singly
buttressed short metal borane bond (2.3 A).3 The same fragment is reversed in 12, however it still
features a Z-type interaction between the metal center and the borane at a longer length of 2.6 A. Given
the nucleophilic nature of Rh metalate K[3], we favor a proposed mechanism of formation that starts with
a metal-borane Z-type interaction producing an intermediate similar to TIM(CNATrP®P?); (8). Loss of KCI
and formal oxidation of the metal center would lead to a d&, likely square planar, Rh(BCy2)(CNArPP?);
intermediate which could be followed by migration of the rhodium-boryl bond to an adjacent isocyanide
carbon. This would lend enough flexibility to the flanking 2,6,-diisopropylphenyl group to bind the
unsaturated metal center offering a 3L, 6e" donor group, encouraging the concomitant release of an
equivalent of the sterically encumbering CNArP®?2, In the line of halogenated main group fragments,

metalates K[3] and K[4] react with two equivalents of PCl; to form MCI(PCl,)2(CNArP®?), (M= Rh
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Scheme 2.3 Reactivity of Rh metalate with small and large organic azides.

[14], Ir, [15]) (Scheme 2.2; Figure 2.3 A) with single 3P signals at 365.5 (d) ppm and 335.6 (s) ppm,
respectively. This represents a full, four electron swing in oxidation state at the metal center, combining
the well-known M(1)/M(I11) oxidative couple with the M(1-)/M(1) oxidative couple explored extensively
herein. Repeated attempts to form complexes with fewer equivalencies of PCls, including sub-
stoichiometric amounts at low temperatures, resulted in deep-purple-colored solutions. However, upon
warming to room temperature, the reactions returned to an orange color and the only isolable products
were 14 and 15. More remarkably however, the nucleophilic reactivity of these three coordinate Group 9
metalates can also be extended to weakly electrophilic substrates. As shown in Scheme 4, the rhodium
derivative K[3] reacts with hexamethyldisilane (Me3SiSiMes) in THF solution to afford the bis-silyl salt,
K[trans-Rh(SiMes)(CNArP"®2),] (16; Scheme 2.2; Figure 2.3 B), concomitant with the release of one
CNArP#?2 ligand. Oxidative cleavage of Si-Si bonds is well established for zero-valent Pd and Pt
complexes but is rare for other metals.>*-*” Notably, this nucleophilic behavior of metalates K[3] and K[4]
demonstrate that they can engage with substrates along the formal M(1-)/M(l) redox couple.
Complimentarily, organic azides represent an attractive two-electron oxidant with recently

increasing interest in their reactivity with late transition metals.®®*° Addition of two equivalents of
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Figure 2.4 Molecular structures of (A) K[(k2-N,N-Ad2N4)Rh(CNArP®r2);] (17) and (B) K[Rh(ks-C,C,C-
Mes2ArNCNATPPP2) [CNAFPPP2] (18).

adamantal azide results in loss of an equivalent of CNAr®"2 and formation of a tetrazene complex K[ (i-
N,N-Ad2N4)Rh(CNArP®P2),] (17) (Scheme 2.3; Figure 2.4A). In the solid state the potassium-tetrazene
interactions bridge to form a trimeric species. Allowing the reaction mixture sit at room temperature over
the course of an hour results in formation of the asymmetric carbodiimide AAN=C=NArP®?2 4! Formation
of this complex is thought to occur through the transfer of a fleeting metal-imido.®* 2 Studies on earlier
transition metals lend support for this pathway. In studying high-valent niobium tetrazene complexes,
Arnold et al., found that they were in equilibrium at room temperature with the uncyclized, terminal
azido-imido; observable via variable temperature, solution, *H NMR studies.*”® Similar
cyclized/uncyclized combinations were observable in disordered crystal structures of a Mn(IV)(N2Ad:).
system by Zdilla et al.** Given the information in these studies, the inability of low-valent rhodium to
form secondary n-bonds from exogenous donors, and the electrophilic nature of the low-lying n* orbitals
on the isocyanide we favor a mechanism involving the formation and transfer of a metal-imido, followed
by reductive elimination of the carbodiimide.

Further evidence of this can be found from the reaction of a bulkier azide like the m-terphenyl
azide, NsArMes2,  Addition of just one equivalent of N3ArMs? vyields K[Rh(xs-C,C,C-
Mes2 ArNCNATrPPP2)[CNArPPP2] (18) (Scheme 2.3; Figure 2.4B), which in the context of the AdNs;

chemistry represents a pre-reductive elimination, doubly reduced carbodiimide. In a broader chemical
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context, this complex represents a unique, acyclic carbodiiminate pincer ligand. Notably, the equivalent
of PPP2ArNC observed in the solid-state structure (Figure 2.4B) is observable in the *H NMR at exactly
1.0 equivalent, even after repeated washing with n-pentane. The electronic structure of the ligand appears
similar to that of the acyclic carbodicarbene, or a bent-allene.** DFT calculations of the theoretical,
truncated ligand fragment ([PhNCNPh]?) reflect a roughly Cs-symmetric ligand, where the bent
carbodiimidate displays orthogonal a- and b-symmetric frontier molecular orbitals. Similar to
carbodicarbenes like Bertrand et al.’s seminal bis-NHC supported example (“(NHC).C”; Figure 2.5B)*,
these a- and b-symmetric orbitals are capable of acting as both ¢ and = donors, respectively (Figure
2.5A).45-48

The flanking NAr groups twist from the plane of the carbodiimide, similar to other

carbodicarbenes, which give the n-symmetric molecular orbitals a similar split, helical shape as a bent
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allene.”® Further DFT studies of 18 show the o- and n-ligand-metal bonding interactions through the
respective d;2 and dy, orbitals on rhodium (Figure 2.5C).

In contrast to the two electron, -1/+1 oxidation chemistry displayed in the two previously
described reactions, we sought to probe one-electron chemistry of the metallates. Nitrosoarenes are well
known to be redox non-innocent ligands that are often used as spin traps for organic- and transition-metal-
based radicals, making them ideal targets for this application.®® Combination of nitrosobenzene (PhNO)
and K[Ir(CNArP®r2);] K[4] forms the diamagnetic complex K[Ir(PhNOCNATIP®P2)(CNArPP?),] (19) as
determined by X-ray crystallography (Scheme 2.4). This compound features a unique four-membered
metal-NCO metallocycle incorporating an ostensibly Ir(l) metal center. From this we can rationalize two
different routes of formation: a nucleophilic attack from PhNO to the isocyanide carbon or a radical
mechanism first involving a reduction of the nitrosoarene. Previous studies with isocyano-platinum group
metal complexes have shown that nitrosoarenes can be effective 1e~ oxidants in the solid state, harboring
a majority of the spin on the N-O fragment but exhibit instability in solution.®® In addition, La Monica and
Otsuka observed O-atom transfer reactivity from PhNO to form isocyanates and phosphenoxides from Re
and Ni nitrosoarene coordination complexes.>?** The most conclusive evidence for initial coordination of
the nitrosoarene comes from the electrochemistry of the m-terphenyl, M*2ArNO, measured by Deng and
co-workers where they found the Ei/2 of the (0/1-) couple to be ~1.4V (v. Fc/Fc*).%5% As shown in section
2.2, this is likely not sufficient to oxidize K[4] via outer sphere electron transfer. With these examples in

mind, we favor the latter route of formation where 19 represents a stabilized intermediate in the formation

K[3]

Scheme 2.4 Formation of N-O-C-Ir metallocycle containing K[Ir(PhNOCNAIrPPP2)(CNArPPP2);] (19).
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of isocyanate from a reduced nitrosoarene, likely formed post-coordination of PhNO to the metal center.
Most importantly, the nucleophilic behavior of metalates K[3] and K[4] demonstrates that they
can engage with a wide variety of substrates along the formal M(1-)/M(l) redox couple. As reactivity
utilizing the M(I)/M(I11) redox couple is well established for Rh(l) and Ir(l) complexes, access to the
formally M(1-) state offers a path forward for the development of four-electron redox processes using

these heavier, Group 9 metals.

2.2  Electrochemical investigations of metalate redox profiles

There is a general dearth of electrochemical data on metallates in the literature, likely due to their
highly reducing nature and propensity to decompose in high polarity solutions,.> 5" Nonetheless, we set
out to use cyclic voltammetry to better understand the redox profiles of Group 9 metallates.

Na[Co(N2)(CNArP®?2);] Na[5-N2] shows two reversible redox features at -1.088 V (Co(-
1)/Co(0)) and -0.816 V (Co(0)/Co(+1)) versus Fc/Fc*, in addition to one irreversible oxidation around -
0.652 V (Figure 2.6). Note that irreversible features are reported with both the peak current (E®) and the
inflection point (E) of the peak current. While peak currents are often reported for irreversible features,
it has been suggested that the inflection point is a more accurate measure of the E°rdox as it is less affected
by scan rate and solution resistance.® Because the anions readily reacted with common electrolytes such
as [PFe]” and quickly decomposed in higher polarity solvents such as acetonitrile, these experiments were
performed in 0.1M [NBu4][BArF.4] tetrahydrofuran (THF) solutions (BArF., = Tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate) where solution resistance is relatively high. As a note, even under
these relatively low-polarity conditions, decomposition of the analytes was observed at timescales greater
than 30 min. To add context to the redox behavior of [5-N;], cyclic voltammograms of NaCo(CNArve?),
and NaCo(CO), were also collected (Figure 2.7). Like [5-Nz], NaCo(CNArMe2), features reversible (-
1/0) and (0/+1) redox couples in addition to a irreversible oxidation. However, the separation and absolute

value of these potentials are greater. The (-1/0) couple is at -1.984 V, almost a whole -1 V more reducing
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than [5-N2]. The (0/+1) redox pair has a wider than normal peak separation at 290 mV. Stoichiometric
studies previously conducted on NaCo(CNArMe2), have shown that oxidation from the anion to the cation
[Co(THF)(CNAIre2),][OTf] involves binding of a solvent molecule and a change in geometry from
tetrahedral to square pyramidal. These changes introduce a kinetic barrier to the (0/+1) couple and are
believed to be the source of the larger peak separation. The small peaks in the returning anodic sweep of
the voltammogram without corresponding oxidations are not visible when just scanning the first two

reversible redox features (scan window of ~2.3 V to 0 V), suggesting that they are fragmented products of
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the irreversible oxidation. The cyclic voltammogram of NaCo(CO), reveals a slightly different redox
profile with no fully reversible features at generally lower potentials (Figure 2.7D). The first oxidation at
-0.487 V is likely a one electron oxidation which would form the exceedingly well studied dimeric,
dicobaltoctacarbonyl, Co2(CO)s. This conclusion is further supported by the irreversible oxidation at
+0.687 V, which is observed in voltammograms of similar, lightly substituted dicobalt carbonyl
complexes.®%° Like NaCo(CNArMe2?),, the smaller reductions on the reverse sweep (~ -1.6 V) is no

longer observed with a smaller scan window, excluding the final irreversible oxidation. Instead, just the

—— Na[5-N,] (Co)

Na[5-N;]

Current (uA)

E() = - 1.088 V
0/-1

E(12) = -0.816 V

+1]/0
10 EM=-0.652V e

. EP =-0.561V
12 S

T T T v T v T ' T v T
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Potential v. Fc’/Fc"

Figure 2.6 Cyclic voltammogram of Na[Co(N2)(CNArP®P2);] Na[5-N2] sweeping from -1.4 V to -0.3 V at a scan
rate of 100mV/s.
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putative Co(0)/Co(-1) features are observed with a E® separation of 313 mV, but a small E® separation
of just 86 mV.

The heavier Group 9 congeners display distinctly different redox behavior than their 3d metal
counterparts. Each species shows one initial irreversible oxidative event. For the rhodium metalate, K[3],
this feature has an E® of -1.459 V and a E® of -1.386 V (Figure 2.7 A-B). The corresponding first
oxidative event for iridium is at has an E® of -1.207 V and a E® of -1.126 V suggesting K[4] is less

reducing than K[3] (Figure 2.7 C-D). This difference also reflects the TIOTf reactivity of the anions.
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Figure 2.7 Cyclic voltammograms of A) Na[Co(CNArPMP2),], C) NaCo(CO)s and, D) NaCo(CO)s scanning

short of the second oxidation to highlight the cleaner return reduction. B) Scheme of the oxidative chemistry
of Na[Co(CNArPMP2),],
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While the reactions in the iridium system to form Tl adducts 6 and 9 react cleanly, the corresponding
reactivity of K[3] frequently formed easily separable Rh(l) byproducts, likely oxidized by TI(I). The only
other metallates we could find with electrochemical data to compare were Prof. Connie Lu’s series of
Group 13 supported rhodium metalates, Na[RhM[N(0o-(NCH:Pi-Pr2)CsHa)s] (M = Al, Ga, In). The cyclic
voltammograms of these species are considerably different than those observed in K[3] and K[4],
containing two, reversible one-electron events corresponding to the Rh(-1/0) and Rh(0/+1) redox couples.
The potentials of the Rh(-1/0) vary from 1.61 V (v Fc/Fc*) for the Al supported complex, -1.51 V for the

Ga supported, and -1.35 V for the In supported complex. The difference in redox behavior is likely due to
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the chelating and supporting metallo-ligand, which provides rigid coordination geometry and stabilization
of the partially filled metal d,, orbital upon oxidation. This is distinct from the monodentate terphenyl

ligands used in K[3] and K[4] which allow for greater flexibility in the metal’s coordination geometry.

2.3 Concluding remarks

The group 9 metalates, K[3] and K[4] can make good use of their unsaturation, exhibiting a
variety of nucleophilic and oxidative chemistry. Both K[3] and K[4] are shown to support up to two
reverse dative bonding (Z-type) interactions and perform up to four electron swings in oxidation state
with substrates like PCls, forming complexes of the formulation MCI(PCI2)2(CNArP*#2?), (M= Rh [14], Ir,
[15]). While attempts to achieve similar chemistry with the cobalt metalates were unsuccessful, the
electrochemistry of this series of Group 9 metalates offer insights as to why. Cyclic voltammetry of Na[5-
N2] reveals two reversible one electron features and one further irreversible oxidation. In contrast, both
heavier Rh and Ir congeners display one initial irreversible oxidation, highlighting the stark differences in

their oxidative chemistry from formal M(1-) oxidation states.

2.4  Synthetic procedures and characterization data

General Considerations — All manipulations were carried out under an atmosphere of purified
dinitrogen using standard Schlenk and glovebox technigues. Unless otherwise stated, reagent-grade
starting materials were purchased from commercial sources and either used as received or purified by
standard procedures.®* Solvents were dried and deoxygenated according to standard procedures.®
Benzene-ds (Cambridge Isotope Laboratories) was distilled from NaK alloy/benzophenone ketyl and
stored over 4 A molecular sieves under N for at least 24 h prior to use. Celite 405 (Fisher Scientific) was
dried under vacuum (24 h) at a temperature above 250 °C and stored in the glovebox prior to use. The m-

terphenyl isocyanide CNArP2 was prepared as previously reported.53-64
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Solution *H and *C{*H} NMR spectra were recorded on a Bruker Avance 300, a Varian Mercury
400, a Jeol ECA 500, or a Varian X-SENS 500 spectrometer. *H and *C{*H} chemical shifts are reported
in ppm relative to SiMes ( *H and **C & = 0.0 ppm) with reference to residual solvent resonances of 7.16
ppm (*H) and 128.06 ppm (**C) for C¢Ds.% Solution FTIR spectra were recorded on a Thermo-Nicolet
iS10 FTIR spectrometer. Samples were prepared as CsDs solutions injected into a ThermoFisher solution
cell equipped with KBr windows. For solution FTIR spectra, solvent peaks were digitally subtracted from
all spectra by comparison with an authentic spectrum obtained immediately prior to that of the sample.
The following abbreviations were used for the intensities and characteristics of important IR absorption
bands: vs = very strong, s = strong, m = medium, w = weak, vw = very weak; b = broad, vb = very broad,
sh = shoulder. Combustion analyses were performed by Midwest Microlab LLC, Indianapolis, IN.

All cyclic voltammetry (CV) experiments were performed at room temperature under an
dinitrogen atmosphere with a Gamry Interface 1010E potentiostat. A single-compartment cell was used
for all experiments. Voltammograms were recorded in 0.1M [NBu4][BArF.4] THF solution at v = 100
mV/s with a 3mm glassy carbon working electrode, a Pt wire counter electrode and a silver wire
pseudoreference electrode (separated from the bulk solution by a Vycor tip). Potentials were calibrated
against the Fc/Fc* redox couple (internal standard). Analyte complex concentrations ranged from 1-1.5
mM.

Synthesis of THr(CNArP®P?); (6): An Et,O solution of K[Ir(CNArP"®P2);] (K[3]; 0.049 g, 0.032
mmol, 1 equiv, 2 mL) was added to a thawing slurry of TIOTf in Et,O (0.011 g, 0.032 mmol, 1 equiv, 2
mL). The reaction was left to stir and warm to room temperature for 1 hr before being filtered through
Celite. The resulting filtrate was then evaporated to dryness in vacuo, leaving TIIr(CNArP"?); (6) as a
green powder. Yield: 0.050 g, 0.030 mmol, 94%. Recrystallization of the solid from a 3 mL Et,O
solution at —32 °C for 2 days afforded green crystals suitable for X-ray diffraction. *H NMR (499.8.9
MHz, C¢Ds, 20 °C): 6 =7.28 (t, 6H, J = 8 Hz, p-Dipp), 7.17 (d, 12H, J = 8 Hz, m-Dipp), 7.03 (d, 6H, J =8
Hz, m-Ar), 6.90 (t, 3H, J = 8 Hz, p-Ar), 2.84 (septet, 12H, 7Hz, CH(CHs)), 1.15 (d, 36H, J = 7 Hz,

CH(CHs)2), 1.14 (d, 36H, J = 7 Hz, CH(CHs)2) ppm. *C{*H} NMR (125.8MHz, CsDs, 20 °C): 5 = 180.4
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(CNR), 147.6, 137.3, 134.1, 133.4, 130.5, 128.4, 1235, 123.0, 31.1, 25.2, 25.1 ppm. FTIR (KBr
windows, CsDs, 20 °C) v(C=N) = 2027 (m, sh), 1996 (m, sh), 1896 (vs) cm™; also 2962 (s), 2926 (m),
2866, (M), 1615 (w), 1576 (m), 1459 (m), 1410 (m), 1383 (w), 1362, (W), 759 (m), 680 (w) cm2. Anal.
calcd. for CosH111NsIrTI: C, 66.99; H, 6.71; N, 2.52. Found: C, 66.64; H, 6.95; N, 2.45.

Synthesis of [TI.Rh(CNArPPP2);]JOTf (7): An Et,0 solution of K[Rh(CNArP®?);] (K[3]; 0.096
g, 0.068 mmol, 1 equiv) was added to a stirring slurry of TIOTf in THF (0.053 g, 0.150 mmol, 2.2 equiv).
The reaction was left to stir for 24hr before being dried in vacuo. The reaction was then subjected to three
cycles of slurrying in n-pentane (3 x 5 mL) to remove any remaining THF. The resultant solid was
slurried in 30 mL of n-pentane and filtered over Celite. The remaining solid and Celite was extracted with
30 mL of Et,0 then dried in vacuo. The resultant powder was dissolved in 2 mL of toluene, and 2 mL of
n-pentane was layered on top. The solution was allowed to sit for 24 h at —32 °C to give forest green, X-
ray quality crystals, which were rinsed with minimal amounts of n-pentane. Yield: 0.027 g, 0.014 mmol,
21%. 'H NMR (499.8.9 MHz, CsDg, 20 °C): 6 = 7.79 (t, 6H, J = 8 Hz, p-Dipp), 7.41 (d, 12H, J = 8 Hz, m-
Dipp), 6.92 (d, 6H, J = 8 Hz, m-Ar), 6.86 (t, 3H, J = 8 Hz, p-Ar), 2.69 (septet, 12H, J = 7 Hz, CH(CHjs).),
1.19 (d, 36H, J = 7 Hz, CH(CHs)y), 1.07 (d, 36H, J = 7 Hz, CH(CHs).) ppm. 3C{*H} NMR (125.8 MHz,
CsDs, 20 °C): & = 147.5, 136.2, 135.7, 131.4, 130.4, 125.4, 124.2, 31.2, 24.8, 24.7 ppm. Note, repeated
scanning failed to locate the isocyanide C resonances. Presumably this is a manifestation of higher order
coupling between Rh and 2T1/2%TI. FTIR (KBr windows, CsDs, 20 °C) v(C=N) = 2034, (m, sh), 2004
(s, sh), 1967 (vs) cm; also 1577 (w), 1462 (m), 1409 (m), 1384 (w), 1363 (w), 1328 (s), 1291 (m), 1240
(s), 1157 (m), 1056 (w), 1026 (s), 761 (m), 680 (w), 637 (m) cm . Anal. calcd. for CosH11:N3SO3sF3RhTIy:
C, 70.78; H, 7.09; N, 2.66. Found: C, 51.34; H, 5.22; N, 1.80.

Synthesis of TIRh(CNArP®?); (8): To a stirring Et;,O/THF (1:5) solution of
[T1.Rh(CNATrP®2)JOTF (7; 0.145 g, 0.075 mmol, 1 equiv), KI was added as a solid (0.062 g, 0.375
mmol, 5 equiv) and was left to stir for 4 days. The volatiles were then removed in vacuo. The dark residue
was then eluted through a 5cm thick plug of Celite with n-pentane, collecting only the dark fraction.

Drying the n-pentane solution in vacuo yields 8 as a dark green solid. 1566.9Yield: 0.012 g, 0.007 mmol,
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10%. Recrystallization of the solid from a 2 mL n-pentane solution spiked with 1 drop of Et,O at —32 °C
for 5 days afforded dark green crystals suitable for X-ray diffraction. *H NMR (499.8.9 MHz, CsDs, 20
°C): & = 7.45 (t, 6H, 8Hz, p-Dipp), 7.35 (d, 12H, 8Hz, m-Dipp), 6.99 (t, 3H, 8Hz, p-Ar), 6.90 (d, 6H, 8Hz,
m-Ar), 2.95 (septet, 12H, 7Hz, CH(CHs)2), 1.52 (d, 36H, 7Hz, CH(CHs)2), 1.23 (d, 36H, 7Hz, CH(CHs)2)
ppm. 2C{*H} NMR (125.8MHz, CsDs, 20 °C): & = 147.6, 137.3, 134.1, 133.4, 130.5, 128.4, 123.5, 123.0,
31.1, 25.2, 25.1 ppm. 8 MHz, C¢De¢, 20 °C): & = 147.5, 136.2, 135.7, 131.4, 130.4, 125.4, 124.2, 31.2,
24.8, 24.7 ppm. Note, repeated scanning failed to locate the isocyanide *C resonances. Presumably this is
a manifestation of higher order coupling between %Rh and 2TI/2%TI. FTIR (KBr windows, Et,0, 20
°C) v(C=N) = 2033 (w), 1964 (vs) cm™; also 2960 (m), 2924 (w), 2867 (w), 1578 (w), 1462 (w), 1413
(m), 1361 (w), 1328 (s), 1178 (m), 1045 (m, br), (758 (m), 680 (m) cm™. Anal. calcd. for CosH111N3RhTI:
C, 70.78; H, 7.09; N, 2.66. Found: C, 40.13; H, 4.38; N, 0.99.

Synthesis of [TI2lr(CNArPPP2)3]OTF [9]: To a stirring Et;O/THF (3:1) solution of
K[Ir(CNArPPP2)3] (2; 0.049 g, 0.033 mmol, 1 equiv), TIOTf (was added as a solid. Reaction was
stirred for 3 hr before being filtered through Celite and drying in vacuo. The reaction was then
subjected to three cycles of slurrying in n-pentane (3 x 5 mL) to remove any remaining THF.
That solid was extracted with Et2O and recrystallized from a concentrated 1mL solution of
toluene with 1mL of n-pentane layered on top. The solution was allowed to sit for 24 hr at —32
°C to give green crystals which were rinsed with minimal amounts of n-pentane. Yield: 0.046 g,
0.023 mmol, 69%. *H NMR (499.8.9 MHz, CsDs, 20 °C): § = 7.75 (t, 6H, 8Hz, p-Dipp), 7.40 (d,
12H, 8Hz, m-Dipp), 6.93 (d, 6H, 8Hz, m-Ar), 6.86 (t, 3H, 8Hz, p-Ar), 2.72 (septet, 12H, 7Hz,
CH(CHz3)2), 1.20 (d, 36H, 7Hz, CH(CHs)2), 1.09 (d, 36H, 7Hz, CH(CHs)2) ppm. BC{*H} NMR
(125.8MHz, CgDs, 20 °C): 6 = 162.0 (CNR), 147.7, 136.6, 134.7, 131.3, 130.5, 124.9, 124.3,
31.2, 24.8 ppm. FTIR (KBr windows, CsDs, 20 °C) v(C=N) = 2016 (m, sh), 1957 (vs) cm™; also

2963 (s), 2927 (m), 2868 (M), 1576 (W), 1462 (w), 1409 (m), 1384 (w), 1362 (w), 1328 (s), 1291
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(m), 1239 (s) 1221 (w, sh), 1156 (m), 1055 (w), 1026 (s), 792 (m), 637 (s) cm™. Anal. calcd. for
Co4H111N3SOsF3IrTl2: C, 55.87; H, 5.54; N, 2.08. Found: C, 57.65; H, 5.81; N, 1.97.

Synthesis of HRh(CNATrP®P2); (10): To a solution of K[Rh(CNArP®P2);] (K[3]; 0.019 g, 0.014
mmol, 1 equiv) in 3 mL of C¢He, benzoic acid (0.0017 g, 0.014 mmol, 1 equiv) in an additional 1 mL of
CsHs was added dropwise. The reaction was let stir for 15 min before being filtered through a fiberglass
syringe filter and dried in vacuo to yield an orange solid. Yield: 0.015 g, 0.011 mmol, 80%. X-ray quality
crystals were grown by dissolving the solid in 2 mL of a n-pentane/benzene (20:1) solution and placing it
at —32 °C for 3 days. 'H NMR (499.8.9 MHz, C¢Ds, 20 °C): = 7.35 (t, 4H, J = 8 Hz, p-Dipp), 7.30 (t,
2H, J = 8Hz, p-Dipp), 7.22 (d, 8H, J = 8 Hz, m-Dipp), 7.17 (d, 4H, J = 8 Hz, m-Dipp), 6.94 (d, 2H, J = 8
Hz, m-Ar), 6.93 (dd, 2H, J = 8 Hz, p-Ar), 6.88 (d, 4H, J = 8 Hz, m-Ar), 6.80 (t, 1H, J = 8 Hz, p-Ar), 2.72
(septet, 8H, J = 7 Hz, CH(CHa),), 2.60 (septet, 4H, J = 7 Hz, CHf(CHs)2), 1.19 (d, 24H, J = 7 Hz,
CH(CHs)2), 1.18 (d, 24H, 7Hz, CH(CHs)), 1.15 (d, 12H, 7Hz, CH(CHs),), 0.93 (d, 12H, 7Hz,
CH(CHs),), -7.61 (d, 1H, J = 15.4 Hz, RhH) ppm. 2C{*H} NMR (125.8MHz, CsDs, 20 °C): & = 169.5
(CNR), 168.9 (CNR), 147.0, 146.9, 137.7, 135.9, 135.9, 130.6, 130.4, 130.1,129.7, 129.1, 128.6 127.3,
127.6, 126.2, 123.5, 123.3, 31.5, 31.1, 25.0, 24.8, 24.6, 24.5, 24.2 ppm. FTIR (KBr windows, CsDs, 20
°C) v(C=N) = 2075 (m, sh), 2036 (vs), 2001 (s) cm™; also 3062 (w), 3023 (W), 2962 (s), 2927 (m), 2865
(m), 1577 (w), 1508 (w), 1457 (m), 1415 (m), 1384 (w), 1361 (w), 1334 (w), 1329 (w), 1253 (w), 1176
(w), 1056 (w), 813 (vs), 794 (w), 759 (s) cm™*. Anal. Calcd. for CesH112N3sRh: C, 81.25; H, 8.21; N, 3.06.
Found: C, 81.30; H, 8.31; N, 3.13.

Synthesis of HIF(CNArP®P2); (11): To a solution of K[Ir(CNArP®P2);] (K[4]; 0.020 g, 0.013
mmol, 1 equiv) in 3 mL of CsHs, benzoic acid (0.0015 g, 0.013 mmol, 1 equiv) in an additional 1 mL of
CeHs was added dropwise. The reaction was let stir for 20 min before being filtered through a fiberglass
syringe filter and dried in vacuo yielding a dark red solid. Yield: 0.015 g, 0.010 mmol, 77%. X-ray
quality crystals were grown by dissolving the solid in 2 mL of a n-pentane/benzene (20:1) solution and

placing it at —32 °C for 3 days. *H NMR (499.8.9 MHz, CsDs, 20 °C): 5 = 7.33 (t, 4H, J = 8 Hz, p-Dipp),
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7.29 (t, 2H, J = 8 Hz, p-Dipp), 7.20 (d, 8H, J = 8 Hz, m-Dipp), 7.17 (d, 4H, J =8 Hz, m-Dipp), 6.89 (dd,
2H, J = 8 Hz, m-Ar), 6.89 (dd, 2H, J = 8 Hz, p-Ar), 6.93 (d, 4H, J = 8 Hz, m-Ar), 6.81 (t, 1H, J = 8 Hz, p-
Ar), 2.72 (septet, 8H, J = 7 Hz, CH(CHs),), 2.60 (septet, 4H, J = 7 Hz, CH(CHs)y), 1.18 (d, 24H, J = 7 Hz,
CH(CHs)2), 1.16 (d, 24H, J = 7 Hz, CH(CHa),), 1.13 (d, 12H, J = 7 Hz, CH(CHa),), 0.90 (d, 12H, J = 7
Hz, CH(CHs)2), —2.45 (s, 1H, IrH) ppm. ®C{*H} NMR (125.8MHz, CeDs, 20 °C): & = 168.1 (CNR),
163.5 (CNR), 147.0, 146.9, 137.8, 137.2, 136.0, 135.9, 131.2, 130.6, 130.1, 130.8, 130.5 129.2, 129.0,
128.6 127.3, 127.6, 126.2, 124.9, 123.5, 123.4, 123.0, 31.2, 31.1, 25.1, 24.8, 24.7, 24.7, 24.6 ppm. FTIR
(KBr windows, CsDs, 20 °C) v(C=N) = 2082 (m, sh), 2032 (vs), 2005 (vs) cm™; also 2962 (s), 2927 (m),
2862 (m), 1735 (W), 1693 (W), 1577 (w), 1457 (m), 1446 (m), 1415 (m), 1384 (w), 1361 (w), 1334 (w),
1056 (w), 809 (m), 759 (s), 713 (w) cm™. Anal. Calcd. for CesH112Nslr: C, 76.29; H, 7.71; N, 2.87. Found:
C, 75.23; H, 7.91; N, 2.10.

Synthesis of Rh(TMS)(CNArPPP2); (12): To a stirring solution of K[Rh(CNArP®?),] (K[3];
0.035 g, 0.025 mmol, 1 equiv) in 3 mL of CsHs, trimethylsilyl triflate (MesSiOTf; 4.5 uL, 0.025 mmol, 1
equiv) was added dropwise with a 10 pL syringe. The reaction mixture was allowed to stir for 20 min,
gradually changing in color from red to dark green. The reaction mixture was then filtered through Celite,
and the resulting filtrate dried in vacuo. X-ray quality crystals were grown by dissolving the resulting
solid in 3 mL of a n-pentane/benzene (20:1) solution and placing it at —32 °C for 3 d. Yield: 0.013 g,
0.010 mmol, 42%. 'H NMR (499.8.9 MHz, CsDs, 20 °C): & = 7.32 (t, 2H, J = 8 Hz, p-Dipp), 7.22 (d, 8H,
J =8 Hz, m-Dipp), 7.15 (d, 4H, J = 8 Hz, m-Dipp), 7.09 (t, 4H, 8Hz, p-Dipp), 6.98 (dd, 4H, J = 8 Hz, m-
Ar), 6.97 (dd, 2H, J = 8 Hz, p-Ar), 6.95 (d, 2H, J = 8 Hz, m-Ar), 6.93 (t, 1H, J = 8 Hz, p-Ar), 2.76 (septet,
8H, J = 7 Hz, CH(CHs),), 2.70 (septet, 4H, J = 7 Hz, CH(CHa),), 1.39 (d, 24H, J = 7 Hz, CH(CHs),), 1.29
(d, 12H, J = 7 Hz, CH(CHs)y), 1.12 (d, 24H, J = 7 Hz, CH(CHs),), 1.09 (d, 12H, J = 7 Hz, CH(CHa),),
0.04 (s, 9H, (CH=)sSi) ppm. BC{*H} NMR (125.8MHz, CsDs, 20 °C): & = 147.0 (CNR), 146.7 (CNR),
139.5, 138.5, 135.3, 134.9, 130.1, 129.7, 129.5, 127.6, 126.9, 126.6, 123.4, 122.6, 35.5, 31.5, 31.4, 30.3,

24.9, 24.5, 24.3, 24.2, 22.8, 14.3, 9.2 ppm. FTIR (KBr windows, C¢De, 20 “C) v(C=N) = 2073 (s), 2023
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(s), 1988 (s), 1923 (vs) cm; also 2960 (vs), 2929 (m), 2862 (m), 1329 (s), 1255 (vs), 1031 (m), 811 (s),
487 (s) cm™.

Synthesis of Rh(CNArP"PP2)(ne-k-C,Ar-¥2BIM) (13): To a thawing, stirring solution of
K[Rh(CNATrP®P2),] (K[3]; 0.040 g, 0.029 mmol, 1 equiv) in 5 mL of n-pentane, chlorodicylcohexylborane
(CIBCy2; 60 uL, 0.060 mmol, 2 equiv) was added dropwise with a 10 pL syringe. The reaction mixture
was allowed to stir for 30 min, gradually changing lightening in color from dark red to cherry red. The
reaction mixture was then filtered through Celite, and the resulting filtrate dried in vacuo. X-ray quality
crystals were grown by dissolving the resulting solid in 3 mL of a n-pentane/Et,O (3:1) solution and
placing it at =32 °C for 2 d. 'H NMR (499.8.9 MHz, CsDs, 20 °C): Spectra for this species suggest a
highly desymmeterized ligand environment with complex cyclohexyl resonances, consistent with the

solid-state structure. The full spectrum is provided below.
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UB{*H} NMR (160.462 MHz, CsDg, 20 °C): § = 75.4 ppm. FTIR (KBr windows, CsDg, 20 °C)
v(C=N) = 2063 (s), 2018 (s), 1984 (s) cm; also 3062 (w), 2962 (vs), 2924 (s), 2866 (m), 2849 (m), 1629

(w), 1615 (w), 1568 (w), 1458 (m), 1447 (m), 806 (m), 794 (m), 759(m) cm™.
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Synthesis of RhCI(PCl,)(CNArP"®?2), (14): To a stirring, thawing solution of K[Rh(CNArPPP2),]
(K[3]; 0.125 g, 0.089 mmol, 1 equiv) in 8 mL of Et,O, phosphorus trichloride (PCls; 15.4 yL, 0.177
mmol, 2 equiv) was added dropwise as a solution in 4mL of Et,O. The reaction mixture was allowed to
stir for 1 hr, quickly changing in color from dark red to a lighter cherry red. The reaction mixture was
then filtered through Celite, and the resulting filtrate dried in vacuo. The solid was rinsed with C5 (3 x
2mL yielding a light red product. X-ray quality crystals were grown by dissolving the resulting solid in 3
mL of a n-pentane/benzene (20:1) solution and placing it at —32 °C for 3 d. Yield: 0.090 g, 0.075 mmol,
8590%. *H NMR (499.8.9 MHz, C¢Ds, 20 °C): & = 7.37 (t, 4H, J = 8 Hz, p-Dipp), 7.22 (d, 8H, J = 8 Hz,
m-Dipp), 6.95 (dd, 2H, J = 8 Hz, m-Ar), 6.85 (dd, 2H, J = 8 Hz, p-Ar). 2.64 (septet, 4H, J = 7 Hz,
CH(CHs)2), 1.45 (d, 24H, J = 7 Hz, CH(CHa)2), 0.98 (d, 12H, J = 7 Hz, CH(CHs)2), ppm. *P{*H} NMR
(202.4MHz, CsDs, 20 °C): 365.5 (d, J = 22.7 Hz, Rh) ppm.

Synthesis of IrCI(PCl,)2(CNArPPP2), (15): To a stirring solution of K[Ir(CNArP"®P?);] (K[3];
0.027 g, 0.018 mmol, 1 equiv) in 8 mL of Et,O, phosphorus trichloride (PCls; 1.56 pL, 0.018 mmol, 1
equiv) was added dropwise as a solution in 4mL of Et,O. The reaction mixture was allowed to stir for 1
hr, quickly changing in color from dark red to a lighter cherry red. The reaction mixture was then filtered
through Celite, and the resulting filtrate dried in vacuo. X-ray quality crystals were grown by dissolving
the resulting solid in 3 mL of a n-pentane/Et,O (1:5) solution and placing it at —32 °C for 5 d. Yield:
0.005 g, 0.004 mmol, 22%. *H NMR (499.8.9 MHz, CsDs, 20 °C): & = 7.38 (t, 4H, J = 8 Hz, p-Dipp), 7.28
(d, 8H, J =8 Hz, m-Dipp), 6.95 (dd, 2H, J = 8 Hz, m-Ar), 6.86 (dd, 2H, J = 8 Hz, p-Ar). 2.65 (septet, 4H,
J = 7 Hz, CH(CHs)2), 1.44 (d, 24H, J = 7 Hz, CH(CHs)), 0.98 (d, 12H, J = 7 Hz, CH(CHs)2), ppm.
$P{*H} NMR (202.4MHz, C¢Ds, 20 °C): 335.6 (s) ppm.

Synthesis of K[trans-Rh(SiMes)(CNArP"?2),] (16): To a stirring solution of K[Rh(CNArPPr2);]
(K[3]; 0.045 g, 0.032 mmol, 1 equiv) in 4 mL of an Et,O/n-pentane (3:1) solution, hexamethyldisilane
(65uL, 0.319 mmol, 10 equiv) was added via micro-syringe. The reaction was let stir for 3 hours after
which X-ray quality crystals had formed at the edge of the meniscus which were used for single crystal X-

ray diffraction analysis. The remaining solid and solution was cooled in a liquid-nitrogen cold well until a
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dark precipitate formed. It was then filtered over celite and washed with chilled n-pentane (3 x 2mL),
before being washed through with 10 mL of benzene. The benzene solution was lyophilized to yield a
brown solid. Yield: 0.035 g, 0.031mmol, 95%. *H NMR (499.8.9 MHz, CsDs, 20 °C): 6 = 7.17 (t, 4H,
8Hz, p-Dipp), 7.13 (d, 8H, 8Hz, m-Dipp), 7.04 (d, 4H, 8Hz, m-Ar), 6.88 (t, 2H, 8Hz, p-Ar), 2.96 (septet,
12H, 7Hz, CH(CHs)z), 1.37 (d, 24H, 7Hz, CH(CHa),), 1.04 (d, 24H, 7Hz, CH(CHs).), 0.21 (s, 18H,
Si(CHs)s) ppm. BC{*H} NMR (125.8MHz, THF-ds, 20 °C): & = 197.7 (d, 63Hz, CNR), 148.5, 138.4,
131.7, 131.3, 128.6, 127.5, 123.1, 122.7, 31.1, 30.9, 30.3, 25.9, 24.0, 8.6 ppm. FTIR (KBr windows,
CeDs, 20 °C) v(C=N) = 1974 (sh), 1901 (vs) cm™; also 2962 (s), 2927 (m), 2870 (m), 1574 (m), 1458 (m),
1408 (s), 1385 (w), 1361 (w), 1331 (w), 1223 (w), 810 (s) , 707 (w) cm™. Anal. Calcd. for
CosH111NsRNTI: C, 71.92; H, 8.17; N, 2.47. Found: C, 71.14; H, 7.89; N, 2.35.

Synthesis of K[(k2-N,N-Ad2Ns)Rh(CNArP®P2),] (17): To a stirring, thawing solution of
K[Rh(CNATrPPP2).1 (K[3]; 0.105 g, 0.074 mmol, 1 equiv) in 9 mL of a n-pentane/Et,O mixture (9:1),
adamantyl azide (AdNs; 39.6 mg, 0.223 mmol, 3 equiv) was added dropwise as an Et,O solution (3 mL).
The reaction mixture was allowed to stir for 25 min, gradually warming to room temperature. The
reaction mixture was then slurried in n-pentane (5mL) and filtered over celite, and the insoluble light red
powder dried was in vacuo. X-ray quality crystals were grown by dissolving the resulting solid in 4 mL of
a n-pentane/Et,O (1:4) solution and placing it at =32 °C for 3 d. Yield: 0.040 g, 0.041 mmol, 42%. H
NMR (499.8.9 MHz, C¢Ds, 20 °C): Spectra for this species suggest a highly desymmeterized ligand

environment, consistent with the solid-state structure. The full spectrum is provided below.
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Synthesis of K[Rh(is-C,C,C-M*2ArNCNATrPPP2)][CNArPPP?2] (18): To a stirring solution of
K[Rh(CNATrPPP2).] (K[3]; 0.065 g, 0.046 mmol, 1 equiv) in 4 mL of a n-pentane, M*2ArN; (PMPArNs;
16.4 mg, 0.046 mmol, 1 equiv) was added dropwise as an Et,O solution (3 mL). The reaction mixture
was allowed to stir for 35 min. The reaction mixture was then washed 2x with cold n-pentane (1.5mL)
and filtered over celite, and the less soluble brown-red powder was dried in vacuo. X-ray quality crystals
were grown by dissolving the resulting solid in 4 mL of a n-pentane/Et,O (1:4) solution and placing it at

~32 °C for 3 d. Yield: 0.020 g, 0.015 mmol, 33%. *H NMR (400 MHz, C¢Ds, 20 °C):
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Synthesis of K[Ir(PANOCNATrPPP2)(CNArPPP2),]  (19): To a stirring solution of
K[Ir(CNArP®P2),] (K[3]; 0.47 g, 0.031 mmol, 1 equiv) in 7 mL of Et,0, nitrosobenzene (PhNO; 3.4 mg,
0.031 mmol, 1 equiv) was added dropwise with as a Et;O solution (3 mL). The reaction mixture was
allowed to stir for 15 min before being dried in vacuo. Reaction was then dissolved in 2 mL of toluene
before being filtered through celite and dried in vacuo to yield a red solid. X-ray quality crystals were
grown by dissolving the resulting solid in 2 mL of a toluene/Et,O (20:1) solution and placing it at —32 °C
for 15 d. Yield: 0.014 g, 0.012 mmol, 39%. 'H NMR (499.8.9 MHz, CsDs, 20 °C): Spectra for this species
suggest a highly desymmeterized ligand environment, consistent with the solid-state structure. The full

spectrum is provided below.
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BBC{*H} NMR (125.8MHz, C¢Dg, 20 °C): 5= (CNR), 179.7 (CNR), 165.8, 163.646, 158.2, 149.5, 148.0,
147.2, 146.9, 146.8, 141.1, 137.5, 137.0, 133.7, 132.0, 132.0, 131.3, 130.5, 129.8, 129.7, 125.7, 124.5,
124.2, 1241, 123.5, 123.2, 122.148, 122.1, 121.7, 112.3, 109.2, 31.7, 31.2, 30.9, 30.6, 30.3, 26.6, 26.5,
25.5, 24.8, 24.7, 23.9, 23.8, 23.7 ppm. FTIR (KBr windows, CsDs, 20 °C) v(C=N) = 2044 (vs), 2013 (s),
1952 (s), 1909 (vs) cm™; also 3059 (m), 2962 (vs), 2927 (s), 2865 (m), 1581.2 (m), 1546.7 (s), 1485.0
(m), 1457 (m), 1411.7 (m), 1384.7 (m), 1361.5 (w), 1311.4 (w), 1280.5 (W), 1172.5 (w), 1126.3 (m),

1083.8 (m), 1056.8 (m), 983.6 (), 890.9 (W), 759.9 (M), 582.4 (w) cmL.
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2.5 Details of DFT computational studies

General Computational Details: Density Functional Theory (DFT) calculations were
performed with ORCA 4.0.0 program suite and/or the Gaussian 16 software package.®®®’
Geometry optimizations, were performed using the B3LYP functional® 7 in conjunction with
the Def2TZVP/Def2TZVPP basis sets’*"2. Atomic coordinates obtained by single-crystal X-ray
diffraction analysis on K[Rh(ks-C,C,C-M&2ArNCNATrPPP2)][CNArP™2] (18) were used as the starting
point for optimizations on the truncated model, [Rh(ks-C,C,C-M&2ArNCNAr®*"?)]~ and the
[PANCNPh]?* fragment. Optimizations on (NHC).C used atomic coordinates obtained from

single-crystal X-ray diffraction analysis as a starting point.*® ChemCraft 1.8 was used for

visualization of geometry optimized structures and molecular orbitals (MO).”3

Input file for model of [Rh(ks-C,C,C-MS2ArNCNAIrPPP2)]-,

%chk=RhNCN-.chk
%nprocs=8
%mem=21GB

# opt pop=full b3lyp/def2tzvp int=ultrafinegrid

Rh-carbodiimide-

-11
Rh 9.11770000 10.23780000 12.12050000
N 8.69540000 10.22400000 15.04360000
N 10.10780000 8.63030000 14.37120000
C 9.36250000 9.68750000 14.00470000
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7.39320000 10.77320000

8.14110000 11.48270000

8.17030000 12.48440000

9.95350000 8.34780000

11.35880000 5.97310000

7.15910000 8.73670000

7.08950000 8.03190000

7.15920000

6.77300000

11.95190000

11.88350000

5.38840000

5.51910000

7.32090000

7.10380000

10.27170000

9.33470000

8.94400000

7.55140000

13.12400000

13.33040000

7.14140000

7.11600000

9.82720000

10.68910000

14.13360000

15.03520000

9.29060000

11.80180000

12.67800000

11.82880000

10.84740000 4.79370000

10.33540000 4.20170000

11.60410000 4.30010000

10.26860000 5.11120000

10.99420000 7.88590000

7.79710000 13.79070000

7.88050000 14.46850000

17.41500000

15.10800000

14.11770000

11.37070000

16.49230000

19.31100000

19.94550000

16.63700000

17.47900000

14.35100000

15.85180000

16.13250000

15.64300000

15.68630000

15.89270000

10.34470000

18.71370000

18.43240000

16.36880000

15.70240000

16.29300000

15.32450000

14.97800000

13.61060000

14.45220000

13.79200000
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6.29850000

5.63380000

11.99480000

11.99720000

10.45980000

11.38800000

7.89370000

6.38670000

8.25300000

8.62760000

7.68030000

12.36870000

12.18410000

12.97130000

12.79370000

8.12060000

8.70250000

6.19400000

6.08160000

11.06120000

10.66460000

10.03260000

12.92520000

13.57690000

11.71140000

8.57910000

8.78270000 18.23460000
8.11130000 18.13970000
6.96040000 11.59320000
6.87790000 10.64750000
12.68750000 11.11930000
12.75100000 10.93380000
9.46210000 9.75060000
9.80180000 17.27750000
10.75100000 18.54220000
12.25260000 12.71850000
12.61130000 11.64660000
11.58750000 13.21870000
10.64300000 13.03230000
11.65580000 13.99000000
11.99860000 12.43610000
9.71760000 19.46530000
9.68430000 20.21450000
12.64940000 11.95370000
13.25260000 12.74390000
12.31290000 13.52790000
11.88430000 14.33870000
12.22240000 12.40830000
6.40650000 13.71390000
5.94610000 14.23110000
7.02230000 18.66120000

7.99220000 11.57860000
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11.28660000 5.95570000 17.88510000

10.93080000 5.18580000 18.31620000

7.57990000

6.67520000

5.65600000

6.55400000

4.99240000

5.59690000

12.97690000

13.66860000

12.31850000

8.55090000

8.30490000

8.69220000

8.79700000

8.72400000

7.83190000

6.32230000

5.83820000

8.20170000

6.81840000 10.04140000

6.90440000

9.67000000

6.91540000 11.01450000

5.93770000

12.24060000

12.55810000

8.17560000

8.50390000

8.56140000

7.19770000

11.00490000

10.52630000

10.97670000

11.15790000

10.20240000

9.81450000

8.13030000

8.86210000

6.91600000

7.13980000

6.06040000

6.84460000

7.71920000

11.51610000

10.69380000

12.26370000

11.40810000

10.76240000

10.90150000

15.14020000

14.76060000

14.42050000

15.60430000

12.32540000

11.89150000

16.62380000

8.86670000

7.96360000

8.83090000

9.23130000

18.00650000

18.52280000

12.54300000

13.43910000

12.25740000

12.56310000

12.20340000

17.77810000

18.06440000

17.81470000

16.85910000
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9.22100000 9.82080000 9.57310000

9.43130000

11.65510000

10.83610000

11.65470000

12.43680000

9.57190000

9.88220000

5.64090000

5.63270000

4.72610000

6.20650000

11.33740000

11.98720000

10.50400000

11.69960000

8.18300000

7.57730000

9.84480000

9.08320000

10.40500000

10.37160000

12.81820000

13.37470000

13.35030000

12.05440000

10.45420000

6.95250000

6.48740000

7.86050000

6.46520000

13.03520000

13.33520000

11.27640000

10.67800000

11.38270000

10.89540000

13.78120000

13.83040000

14.21610000

14.23840000

8.89770000

20.16290000

20.43840000

20.53090000

20.49650000

10.16470000

9.31740000

12.36940000

11.59450000

12.70940000

13.07320000

13.86950000

14.60130000

14.14500000

13.07960000

12.95580000 10.41760000

13.14630000

9.71120000

11.97320000 20.14240000

12.06850000 20.75050000

12.77480000

11.18750000

20.19520000

20.39750000

9.45890000 15.95680000

9.22240000 15.18460000

9.97950000 16.59440000

9.99380000 15.65590000
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C 11.69330000 9.65260000 9.99410000

H 11.72380000 10.57640000 9.66820000
H 12.01950000 9.04940000 9.29580000
H 12.25800000 9.56680000 10.78960000
C 5.32320000 13.23040000 10.83690000
H 5.62900000 14.13680000 10.62170000
H 4.38900000 13.26530000 11.13390000
H 5.39100000 12.66370000 10.04060000
C 3.94110000 9.80810000 16.63740000

H 3.77230000 8.96840000 17.11090000

H 3.33000000 9.88270000 15.87550000

H 3.79860000 10.56210000 17.24650000
141.081.0401.0831.0

2420610

34102820

4

5232.0381.0391.0

67202310

7291.0401.0

8201.0561.0781.0

9151.0241.0572.0

10111.0311.046 2.0

11

12131.0182.0231.0

13

78



14152.0281.0531.0

156710

16171.0381.0611.01171.0

17

18191.0291.0

19

20831.01091.0

21221.0391.0791.01011.0

22

23

24251.0261.0271.0

25

26

27

2878 1.0

29301.0

30

31321.0382.0

32

33341.0651.0782.0

34

35361.0522.0891.0

36

37592.0681.0831.0

38

3946 1.0
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40411.0521.0

41481.09920

42431.0441.0451.0501.0

43

44

45

4647 1.0

47

48491.0911.01131.0

49

50511.0521.0951.0

51

52

53541.0652.0

54

55571.0722.0851.0

56591.0741.0

5758 1.0

58

5960 1.0

60

61621.0631.0641.0

62

63

64

6566 1.0
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66

67721.01051.0

68691.0701.0711.0

69

70

71

72731.0

73

747510761.0771.0

75

76

77

78

79801.0811.0821.0

80

81

82

83841.0

84

85861.0871.0881.0

86

87

88

89901.0991.0

90

91921.0931.0941.0

81



92

93

94

95961.0971.0981.0

96

97

98

99 1001.0

100

101 102 1.0 103 1.0 104 1.0

102

103

104

105106 1.0 107 1.0 108 1.0

106

107

108

1091101.01111.01121.0

110

111

112

1131141.01151.0116 1.0

114

115

116

1171181.01191.01201.0
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118

119

120

Optimized Cartesian Coordinates for Model of [Rh(ks-C,C,C-M®s2ArNCNArPPP2)]-,

Rh

I T T O O I OO T O T O O O I O I OOooOooooz2z2

1.885712173
-0.388635114
-0.941331992
-0.029164995
-1.872847387

0.137804842
1.320969921
1.692500283
-4.100023166
-4.214793567
-5.121854638
-0.272795361
-0.891865472
-2.000247916
-3.308845048
-0.476384332
0.312262737
0.838088712
1.093785667
2.682436385
-3.239431440
-2.237141372
-0.630563302
-3.592425167
-4.366209265
-3.257556083
-2.735905153

-0.724532889
0.963451067
-1.223378132
-0.307211000
3.267026123
2.076559186
2.178118280
-2.417345027
-1.947487415
3.403057961
3.454966900
4.452812324
5.331027335
-3.311405361
-2.790197416
3.853969265
3.684417313
4.516530413
5.432816483
-2.817311982
2.611731976
2.641974053
3.273555212
-1.438646342
-0.877305361
-2.255567376
-0.780829231

0.225647994
-0.070302027
-0.321039045
-0.070999027
-0.515123059
0.499175014
1.290845072
-1.235616113
-1.031847094
-2.042435170
-2.633844213
0.960013045

0.813361037
-0.736968073
-0.230952039
-2.578921208
-1.846371157
1.797017108
2.314458142
-0.277411042
1.548471089

1.974177120
0.324559001
-2.353551190
-2.878884231
-2.996780239
-2.190045179
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O T OIT OO O IT O O IT O I O I O I T T OO OO0 OO ITOo TO T O T OO0

-0.814474892
1.613046854
2.490812916

-2.984134496

-2.938893513
0.345823332
1.267406431
3.052908260
2.828490301
4.449858440

-1.805275405

-3.121438460
2.290158074
3.683170154
0.094919100

-0.038444871

-0.877541972
0.750105189

-4.276037547

-5.238365604
4.058856102
3.502383996
0.643864035

-0.094147056
1.971244129

-1.975720820

-2.897139846

-5.871542312
2.119719263

-5.364325284

-5.964783396

3.468295340
3.768634322

-0.229889243

-2.510736217
3.377582384
3.411673454
3.653851067
3.900559089

-4.408258266

-4.827418232

-0.799485809

-1.571224880

-1.886592787
3.586359150
3.000711010
1.051568265
1.281521387

-1.490584078

-2.012369123

-1.434312142

-2.090369071
3.074720931
2.863640847
2.407665496
3.292668518

-0.078996934

0.455204050

-0.049240835
-4.605202454
-5.177637562
-1.985914547
-1.696392942
-1.568399481
-0.919406480
-1.466845827
-0.943543768

2.881706217

-0.733719073
1.945577117
2.582257163
-2.628168211
-3.682672288
-1.749014148
-2.139981174
2.920783189
3.646146241
-1.710657143
-1.885074160
0.081282984
1.469742083
1.108887057
3.352291220
2.406143149
3.847231257
3.989772266
-0.697079073
-0.245769040
0.144042988
0.453171011
3.122953204
2.528156161
2.358098146
-1.242261113
-1.240858111
0.640361024
-2.399645196
-0.586445065
-1.216134108
-2.623372208
-3.524922275
-3.741356293
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-0.293826172
0.764972815
-0.959276303
-0.814435696
-0.816267623
-3.802762053
5.903489536
6.550079628
6.137890451
6.168837583
-5.071227177
-5.438498154
1.108057159
0.232542062
0.754346195
1.544836139
0.371614239
-3.757841371
-4.777517436
-3.766665354
-3.126663276
4.044506461
4.791383536
-7.225389439
-7.159182486
-7.659577414
-7.923361477
4.351807336
5.154399436
3.623714089
4.152999195
3.839364042
2.557381027
0.780950994

1.848865138
3.039951297
3.017925172
-5.168276406
-6.173127464
-3.214648487
-1.597517660
-2.202081654
-0.545959566
-1.796628654
-2.805920547
-3.137279598
-1.295598989
-0.830267017
-2.170300078
-0.595234905
-3.112114172
1.176138834
1.074065755
0.891107811
0.471452830
-2.525066861
-2.851938833
-1.526546614
-0.558343541
-2.235128699
-1.408870654
-0.538717696
-1.124127679
2.107828439
1.238566419
2.964877519
1.895406345
0.666820130

-3.398669267
-4.166678321
-4.544169351
-1.762037147
-2.165980176
1.013391053
-1.971515163
-1.333616120
-1.775130151
-3.012899237
1.427112082
2.393662149
-3.441228268
-2.989557240
-3.994503312
-4.154118321
-1.237882113
1.709446099
1.330201074
2.765393174
1.167740060
0.554166062
0.161164989
1.118405056
1.625172093
1.826748111
0.286592998
2.589954162
3.024123198
-1.299653116
-1.693981143
-1.945070165
-1.356185122
4.462390299
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-0.182422080
1.119450943
1.496654080
4.660640285
5.697504329

-4.096290572

-3.699199621

-4.117120555

-5.129329648

-2.983421932

-2.860433847

-3.459223956

-1.980218890
2.392054439
3.061077476
2.552607526
1.366480360
5.541520180
5.882199201
5.699227118
6.182445270

-0.357607430

-1.122151504
0.620211627

-0.473358489

0.702555062
1.692718230
0.166482146
0.481141400
0.636042488
3.608636983
4.623147087
3.333889965
3.626182908
-4.099203491
-5.103863554
-4.191528533
-3.695425386
-3.837987075
-3.688218018
-4.853658136
-3.782014146
2.794683632
3.036878672
3.674217708
2.000019618
5.313272380
5.558698332
5.494256449
6.002899398

4.978432337
4.312090287
5.120601346
1.662861097
1.399157077
2.343451144
2.264908143
3.401662224
1.986166123
1.920742114
1.509078087
2.898579187
2.065103128
0.800541036
1.648837095
0.421044008
1.154794062
0.170396990
1.179127060
-0.458345055
-0.220374038
-3.044409240
-3.786444296
-3.499716276
-2.206026183
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Visualized Metal Ligand Bonding Molecular Orbitals

HOMO-6 HOMO-54
-3.197 eV -8.162 eV
o(Rh(yz)-C(p,) m(Rh(z*)-C(p.))

Input file for model of [PANCNPh]".

%chk=ArNCNAr2-_opt.chk
%nprocs=8
%mem=21GB

# opt pop=full b3lyp/def2tzvpp int=superfinegrid

ArNCNr2- opt

21
N 8.69540000 10.22400000 15.04360000
N 10.10780000 8.63030000 14.37120000
C 9.36250000 9.68750000 14.00470000
C 8.14110000 11.48270000 15.10800000
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T O O

O O

1320410

2320121.

3

4520111

8.17030000

7.15920000

6.77300000

11.95190000

7.32090000

7.10380000

7.55140000

10.99420000

7.79710000

7.88050000

11.99480000

11.99720000

12.92520000

13.57690000

12.97690000

13.66860000

11.00490000

10.23850000

11.91520000

8.47780000

7.41240000

0

0

12.48440000

13.12400000

13.33040000

7.14140000

14.13360000

15.03520000

11.82880000

7.88590000

13.79070000

14.46850000

6.96040000

6.87790000

6.40650000

5.94610000

6.32230000

5.83820000

7.71920000

8.18520000

7.15260000

12.24620000

11.06450000

14.11770000

16.63700000

17.47900000

14.35100000

15.68630000

15.89270000

16.36880000

13.61060000

14.45220000

13.79200000

11.59320000

10.64750000

13.71390000

14.23110000

12.32540000

11.89150000

12.20340000

11.60190000

15.43030000

13.11020000

17.11900000
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5131.0241.0
6710920111.0
7
8122.0171.0231.0
910101310

10

112510
12211.0
13141.0

14
151610191021 20
16
17181.01920
18

19201.0

20

212210

22

23

24

25

Optimized Cartesian Coordinates for Model of [PANCNPh].

N 1106764051 -0.878801959  0.244791018
N  -1.106748107 -0.878434069 -0.244377018
C 0.000308938 -0.139079961 -0.001152000
Cc 2.332705115 -0.348749864  0.105934007
C 2.665865083  0.786292234 -0.712776052

89



4.746515296
5.552573370
-3.450045271
5.040891265
6.060660312
3.449956226
-2.332832218
3.965956157
4161475128
-3.965979415
-4.161565469
-4.746529388
-5.552568395
-5.040760463
-6.060814567
-2.665963299
-1.842315262
-3.235434215
1.842169003
3.235180252

-0.495057758
-1.004901754
-0.955137184
0.614227336
0.959943410
-0.954981855
-0.349181088
1.238568329
2.103306402
1.238354949
2.103213002
-0.494958215
-1.004364290
0.614975852
0.958916828
0.785825976
1.281390051
-1.813027238
1.282306231
-1.812722924

0.616544042
1.141430082
-0.764863054
-0.192054014
-0.327469023
0.764867054
-0.105572007
-0.842659063
-1.476323105
0.842997059
1.476492109
-0.616708045
-1.142109080
0.191154014
0.328944024
0.713423051
1.210990087
-1.394479102
-1.209831089
1.394647100
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Visualized Frontier Molecular Orbitals of [PhANCNPh]~.

o

7 @ .

HOMO
4.238 eV
a, symm

HOMO-1
2.751eV
a, symm

So
<

(=
L

HOMO-2
1.947 eV
b-symm.

HOMO-3
2.751eV
b symm

HOMO-4
0.1055 eV
a symm

7
&

HOMO-5
-0.0238 eV

HOMO-6
-0.0505 eV

HOMO-7
-1.0723 eV
b symm

91

HOMO-8
-6.280 eV
a-symm




Input file for model of (NHC).C.

%chk=Carbodicarbene_bp86.chk

%nprocs=8

%mem=21GB

# opt freq=noraman pop=full bp86/def2tzvpp int=superfinegrid

Bertrand bent allene - carbodicarbene

01

8.08990000

8.35510000

9.91410000

8.91510000

7.20140000

6.28860000

6.41650000

5.16800000

4.51680000

4.98820000

4.21280000

5.92250000

5.80610000

7.02640000

8.22720000

8.56160000

8.85920000

2.00930000

0.31840000

0.38390000

0.90010000

0.97530000

0.72920000

0.02290000

1.56670000

1.41750000

2.60570000

3.14900000

2.87410000

3.59790000

2.04140000

2.87770000

3.75310000

2.48000000

11.75370000

10.35110000

12.22920000

11.49460000

9.97350000

8.96350000

8.34190000

8.89650000

8.22130000

9.79120000

9.72140000

10.79460000

11.39920000

10.87080000

12.90640000

12.61730000

13.54180000
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7.35510000

8.89260000

8.20000000

9.65350000

9.18920000

11.73820000

11.47300000

10.91300000

12.62670000

13.53960000

13.41160000

14.66010000

15.31130000

14.83990000

15.61540000

13.90570000

14.02210000

12.80180000

11.60100000

11.26660000

10.96900000

12.47310000

10.93560000

11.62810000

10.17470000

10.63890000

2.98720000

-0.85490000

-1.54620000

-1.19310000

-0.62270000

2.00930000

0.31840000

0.90010000

0.97530000

0.72920000

0.02290000

1.56670000

1.41750000

2.60570000

3.14900000

2.87410000

3.59790000

2.04140000

2.87770000

3.75310000

2.48000000

2.98720000

-0.85490000

-1.54620000

-1.19310000

-0.62270000

13.33800000

9.70430000

9.65450000

10.22030000

8.80010000

12.70470000

14.10730000

12.96380000

14.48490000

15.49490000

16.11640000

15.56190000

16.23710000

14.66720000

14.73700000

13.66380000

13.05920000

13.58760000

11.55200000

11.84110000

10.91660000

11.12040000

14.75410000

14.80380000

14.23800000

15.65830000
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141.0141.0151.0

241.051.0191.0

34102510

4

56101410

6710810

7

891.0101.0

9

1011101210

11

1213101410

13

14

15161.0171.0181.0

16

17

18

19201.0211.0221.0

20

21

22

232510351.0361.0

24251.0261.0401.0

25

94



26271.035 1.0
27281.029 1.0

28

29301.031 1.0

30

31321.0331.0

32

33341.0351.0

34

35
36371.0381.039 1.0
37

38

39
40411.0421.043 1.0
41

42

43

Optimized Cartesian Coordinates for Model of (NHC).C.

N
N
C
C
C
C
H
C
H

-1.866679572
-2.338938754
0.000000490
-1.269600669
-3.530634526
-4.829154975
-5.061594981
-5.838203352
-6.861363329

-0.586603516
1.071287733
0.872812111
0.458704803
0.443824448
0.683423929
1.483273293
-0.147536746
0.019049689

-0.723156864
0.677174314

-0.000005231

0.006230767

0.375631408

0.789947018
1.479085950
0.286740338
0.595004909

95



r r T OGO IT T T OOITOCITOITOTITOO O =Z 2T ITITOTIIXTITOOITIOITIO

-5.545641783
-6.342891918
-4.230490086
-4.007278482
-3.234031070
-1.159997091
-1.015580233
-0.185953212
-1.711371505
-2.188948946
-2.917990541
-1.183892878
-2.320957497
1.866676598
2.338941422
1.269600045
3.530635912
4.829157965
5.061600845
5.838204463
6.861365657
5.545639348
6.342887949
4.230485895
4.007272084
3.234028641
1.159991895
1.015572105
0.185949225
1.711366092
2.188956873
2.917990912
1.183897069
2.320980400

-1.179937538
-1.809349266
-1.426084653
-2.236142343
-0.603865183
-1.447460593
-2.450134579
-1.010103132
-1.534359430
2.215968514
2.985432102
2.608129787
1.950791264
-0.586606850
1.071287008
0.458700824
0.443822307
0.683423601
1.483274955
-0.147538528
0.019049216
-1.179940919
-1.809353219
-1.426088685
-2.236147354
-0.603869162
-1.447457651
-2.450132801
-1.010096602
-1.534354355
2.215973911
2.985439891
2.608129088
1.950804441

-0.595132123
-0.966341285
-1.010591007
-1.690928462
-0.515690629
-1.635808815
-1.224324576
-1.841091640
-2.573753443
1.538316056
1.277366393
1.396347040
2.590777483
0.723149355
-0.677176653
-0.006242011
-0.375631133
-0.789939954
-1.479075478
-0.286731314
-0.594991172
0.595137701
0.966349582
1.010591288
1.690926864
0.515687718
1.635805539
1.224325296
1.841086597
2.573750512
-1.538311209
-1.277346978
-1.396352358
-2.590772704
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Visualized Frontier Molecular Orbitals of (NHC).C.
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2.6  Details of crystallographic structure determinations

General Information. Single crystal X-ray structure determinations were carried out at low
temperature on a Bruker P4, Platform or Kappa Diffractometer equipped with a Mo or Cu
radiation source. Data were acquired with Bruker APEX Il, Photon Il or Dextris Eiger 1M
detectors. All structures were solved via direct methods with SHELXS*" and refined by full-
matrix least-squares procedures using SHELXL 4" within the Olex2'® software package. All H-
atoms were refined using standard HFIX instruction. Crystallographic data collection and
refinement information is listed in Table S3.1. The PLATON crystallographic tool’” was used to
account for overly disordered solvent using SQUEEZE routine,’® and to identify twin laws in

twinned crystalline habits using the TwinRotMat Routine.”

Information on Crystallographic Disorder and Twinning: The following molecules contain
positionally disordered and/or pseudo-merohedrally twinned components. They are listed along

with their respective disordered components.

THr(CNArP®P2)3 (6): This structure is refined as an inversion twin (BASF 0.454(9)) in a
Pn space group. Attempts to solve or transform the solution into a centrosymmetric space group
failed to give a suitable solution. AFIX 66 restraints were used to secure unstable aryl groups and
EADP commands were used to constrain oblate/prolate ellipsoids. Similar to (8) a minor amount
of inverted whole molecule disorder was observed in the difference map. However, in this case
modeling the disorder did not improve the solution.

[TI2Rh(CNATrPPP2)]OTF (7): The triflate anion lies along a special position splitting the

moiety. To correctly model its structure, PART -1 was used. SQUEEZE was used to remove one

98



heavily disordered n-pentane or diethyl ether molecule of co-crystallization from the structure
(void removed was 465 A® in volume and contained 235 electrons/cell). A second molecule of
diethyl ether was modeled and refined isotropically.

TIRh(CNATrPPP2)3 (8): Pseudo-meroherdral twinning was observed and a twin law was
determined using PLATONs TwinRotMat algorithm (-1 0 0 0 -1 0 0 0 1) BASF 0.2899(6)).
Two-site positional disorder was observed in a methyl group (C61A/B) and the Rh-TI moiety.
Both were modeled using PART/FVAR commands and refined anisotropically. In the case of the
Rh-TI moiety, the disordered components were found to have occupancies of 95% and 5% which
may indicate a minor amount of inverted whole molecule disorder only visible in the heavy
atoms.

HRh(CNArP®PP2)3 (10): Two-site positional disorder was observed in two flanking
isopropyl groups (C34A/B and C12), which was modeled using PART/FVAR commands then
refined anisotropically.

HIr(CNArP®pP2); (11): Pseudo-meroherdral twinning was observed and a twin law was
determined using PLATONs TwinRotMat algorithm (-1 000 -1 00 0 1 2) BASF 0.49. The
hydride atom’s electron density was observable in the difference map but did not refine well
without restraints so it’s position was fixed.

HIr(CNArP®pP2); (11): Pseudo-meroherdral twinning was observed and a twin law was
determined using PLATONs TwinRotMat algorithm (-1 000 -1 00 0 1 2) BASF 0.49. The
hydride atom’s electron density was observable in the difference map but did not refine well

without restraints so it’s position was fixed.
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Figure 2.9 Molecular structure of TIIr(CNArP®P?); (6). Hydrogen atoms and the second molecule in the
asymmetric unit omitted for clarity. Selected bond distances (A) and angles (9: Ir-C1 = 1.94(3); C1-N1 =
1.16(4); Ir-Tl=2.6365(18); C1-Ir-C2 =127.1(13); C2-1r-C3 = 114. 2(12); C3-Ir-C1 = 117.5(12).

Figure 2.10 Molecular structure of [TI2Rh(CNArPPP?)3]OTf (7). Hydrogen atoms, disorder and one co-
crystalized molecule of Et2O were omitted for clarity. Selected bond distances (A) and angles (): Rh-C1 =
1.976(5); C1-N1 = 1.176(6); Rh-TIl= 2.6994(4); Rh-TI2= 2.7109(4); O1-TI1= 3.688(4); TI1-Rh-TI2 =
176.848(17); C1-Rh-C2 = 119.18(18); C2-Rh-C3 = 122.05(18); C3-Rh-C1 = 118.73(18).
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Figure 2.12 Molecular structure of TIRh(CNArP®P?); (8). Hydrogen atoms and disorder omitted for
clarity. Selected bond distances (A) and angles (): Rh-C1 = 1.936(4); C1-N1 = 1.175(5); (95%)Rh-TI=
2.5896(4); C1-Rh-C2 =128.13(17); C2-Rh-C3 =113.42(17); C3-Rh-C1 = 117.82(17).

Figure 2.11 Molecular structure of [TI2Ir(CNArP"®P2)3]OTf (9). Hydrogen atoms, disorder and one co-
crystalized molecule of THF were omitted for clarity. Selected bond distances (A) and angles (9: Ir-C1
= 1.950(11); C1-N1 = 1.172(14); Ir-Tl1= 2.8298(8); Ir-TI2= 2.7120(8); O1-Tl1= 3.002(8); TI1-Ir-TI2 =
168.84(3); C1-1r-C2 = 128.36(6); C2-1r-C3 = 120.15(2); C3-Ir-C1 = 111.5(6).
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Figure 2.13 Molecular structure of HRh(CNArP"??); (10). Hydrogen atoms and disorder, excluding the
rhodium hydride (H) were omitted for clarity. Selected bond distances (A) and angles (): Rh-C1 =
1.896(6); Rh-C2 = 1.896(6); Rh-C3 = 1.960(10); C1-Rh-H = 77.75(18); C1-Rh-C3 = 102.68(18).

Figure 2.14 Molecular structure of HIr(CNArPPP2); (11). Hydrogen atoms and disorder, excluding the
iridium hydride (H) were omitted for clarity. Selected bond distances (A) and angles (): Ir-C1 =
1.908(11); Ir-C2 = 1.907(11); Ir-C3 = 1.970(7); C1-Ir-H = 78.4(4); C1-1r-C3 = 101.76(6).
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Figure 2.16 Molecular Structure of K[trans-Rh(SiMes)2(CNArP®P2);] (12). Hydrogen atoms omitted for
clarity. Selected bond distances (A) and angles (9: Rh-C1 = 1.8997(19); C1-N1 = 1.186(2); Rh-Si = 2.3891(7);
Rh-K = 3.0525(5).

Figure 2.15 Molecular Structure of Rh(CNArPPP2)(ne-k-C,Ar-*2BIM) (13) Hydrogen atoms omitted for
clarity. Selected bond distances (A) and angles (): Rh-C1 = 2.0219(19); C1-N1 = 1.268(2); Rh-B=
2.602(2); Rh-C2 = 1.9143(2), Rh-C1-N1 = 131.497(18).
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Figure 2.17 Molecular Structure of RhCI(PCl2)2(CNArPPP2), (14) Hydrogen atoms omitted for clarity.
Selected bond distances (A) and angles (9: Rh-C1 = 1.988(3); C1-N1 = 1.151(3); Rh-P1= 2.2700(9); Rh-P2=
2.2827(9); Rh-Cl1=2.3708(9); P1-Rh-P2 = 88.03(3); P1-Rh-CI1 = 125.41(4); P2-Rh-CI1 = 146.56(4).

Figure 2.18 Molecular Structure of IrCI(PCl2)2(CNArP®P2), (15) Hydrogen atoms omitted for clarity.
Selected bond distances (A) and angles (9: Ir-C1 = 1.978(4); C1-N1 = 1.146(5); Ir-P1= 2.266(1); Ir-P2=
2.2840(11); Ir-Cl1= 2.3522(11); P1-1r-P2 = 86.56(4); P1-Ir-Cl1 = 128.17(5); P2-1r-Cl1 = 145.24(5).
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Figure 2.20 Molecular Structure of K[trans-Rh(SiMes)2(CNArP®P?);] (16). Hydrogen atoms omitted for
clarity. Selected bond distances (A) and angles (): Rh-C1 = 1.8997(19); C1-N1 = 1.186(2); Rh-Si =
2.3891(7); Rh-K =3.0525(5).

Figure 2.19 Molecular Structure of K[(k2-N,N-Adz2N4)Rh(CNArPPP2),] (17). Hydrogen atoms omitted for
clarity. Selected bond distances (A) and angles (9: Rh-C1 = 1.869(7); C1-N1 = 1.202 (8); Rh-N1 = 2.045(5);
N1-N2 = 1.360(7); N2-N3 = 1.294(8); N3-N4 = 1.378(7); N1-Rh-N4 = 75.1(2); C1-Rh-C2 = 85.2(3);
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Figure 2.22 Molecular Structure of [K[(x2-N,N-Ad2Ns)Rh(CNArP®?),]]s (17) showing the full
trimerized form of the molecules solid state structure. Hydrogen atoms omitted for clarity.

Figure 2.21 Molecular Structure of K[Rh(ks-C,C,C-Me2ArNCNArPPP2)][CNArP®r?] (18). Hydrogen atoms
omitted for clarity. Selected bond distances (A) and angles (): Rh-C1 = 1.978(4); C1-N1 = 1.347(5); C1-N2
= 1.344(5); C2-K = 3.152(5); C2-N3 = 1.159(5); N3-N4 = 1.378(7); N1-C1-N2 = 112.2(3).
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Figure 2.23 Molecular Structure of K[Ir(PhNOCNATrPPP2)(CNArPPP2);] (19). Hydrogen atoms omitted
for clarity. Selected bond distances (A) and angles (9: Rh-C1 = 2.08(3); C1-O1 = 1.45(3); O1-N1 =
1.51(3); N1-Ir = 2.05(2); Ir-C2 = 1.80(2); C2-N2 = 1.24(2); C1-O1-N1 = 101.4(17).
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Formula
Crystal System
Space Group
a, A
b, A
c, A
a, deg
B, deg
v, deg
Vv, A
Z
Radiation (A, A)
p (calcd.), g/cm?®
u (Mo Ka), mm-?
Temp, K
0 max, deg
data/parameters
R:

WR>

GOF

TIr(CNArPP2); (6)

CigsHa211r2N6 Tl
Monoclinic
Pn
12.180(4)
25.668(8)
26.051(8)

90
90.078(7)

90
8145(4)

2
Mo-Ka, 0.71073
1.359
3.654
100
26.391
33243(1658)
0.0447
0.1239
1.082

Table 2.1 Crystallographic Data and Refinement Information

[TI.Rh(CNATrPPP2)s] OTf

[Et20] (7)
CogH121F3sN304RhSTI,
Monoclinic
P2/c
20.3961(9)
20.2270(9)
22.7811(9)
90
104.209(1)
90
9259.5(7)
4
Mo-Ka, 0.71073
1.439
3.727
100
28.282
22998(1065)
0.0452
0.1071
1.151

108

TIRh(CNArD2), (8)

CooH110N3RNTI
Monoclinic
P2:/n
12.1262(6)
25.7018(14)
26.0938(14)
90
90.063(2)
90
8132.5(7)

4
Mo-Ka, 0.71073
1.288
2.227
100
25.740
15512(926)
0.0371
0.0870
1.051



Table 2.2 Crystallographic Data and Refinement Information — Continued

Formula

Crystal System
Space Group
a, A
b, A
¢, A
a, deg
B, deg
v, deg
v, A
Z
Radiation (A, A)
p (calcd.), g/lcm3
u (Mo Ka), mm-?
Temp, K
6 max, deg
data/parameters
R1
WR2

GOF

[TlIr(CNArPPP2),] OTf

[Et20] (9)

CosH111F3l rN3038TI2
[C4H5O]

Monoclinic
P2i/n
13.5878(10)
25.3847(18)
25.661(2)
90
93.500(2)
90
8834.5(11)
4
Mo-Ka, 0.71073
1.574
5.224
100
25.429
8949 (1048)
0.0734
0.1744
1.046

HRh(CNArP™2); (10)

Co3H112RNN3

Orthorhombic
Pbcn
12.067(3)
25.762(6)
25.795(6)
90
90
90
8019(3)

4
Mo-Ka, 0.71073
1.139
0.259
100
22.056
4930(472)
0.1183
0.2475
1.126

109

HIr(CNArP2); (11)

Co3Hu12lrNs

Monoclinic
P2i/n
12.1467(8)
25.9061(16)
25.3543(17)
90
90.009(2)
90
7978.3(9)
4
Mo-Ka, 0.71073
1.219
1.720
100
26.427
9459 (973)
0.0593
0.1584
1.063



Table 2.3 Crystallographic Data and Refinement Information — Continued

Formula
Crystal System
Space Group
a, A
b, A
c, A
a, deg
B, deg
v, deg
Vv, A
Z
Radiation (A, A)
p (calcd.), g/cm?®
u (Mo Ka), mm-?
Temp, K
0 max, deg
data/parameters
Ry
WR>

GOF

Rh((SiMes)(CNAPPP?),

[CsHis] (12)
Ci01H132N3RhSi
Monoclinic
P2/c
22.7838(15)
12.1769(9)
32.978(3)
90
101.115(2)
90
8976.2(12)

4
Mo-Ka, 0.71073
1.124
0.250
100
25.409
16531(984)
0.0437
0.1126
1.045

Rh(CNArP®P2)(n-k-C, Ar-

¢2BIM) (13)

C4HasBN2Rh 2[C4H100]

Primitive
P-1
12.9941(10)
14.6272(12)
19.7112(17)
92.739(2)
100.053(2)
96.751(2)
3654.4(5)
2
Mo-Ka, 0.71073
1.159
0.280
100
28.366
15483(813)
0.0418
0.1095
1.083

110

RhCI(PCl,)2(CNArPPP2), (14)

Ce2H74ClsN2P2Rh
Primitive
P-1
10.6085(12)
14.1071(16)
20.931(2)
80.248(3)
89.919(3)
82.063(3)
3056.8(6)

1
Mo-Ka, 0.71073
1.292
0.589
100
26.419
9962 (665)
0.0420
0.1074
1.035



Table 2.4 Crystallographic Data and Refinement Information — Continued

IrCI(PCl,)2(CNArPPP2), K[trans- [K[(x2-N,N-
(15) Rh(SiMes),(CNATPiPP2),] AdzN4)Rh(CNAIPPP2),]]5 (17)
(16)
Formula Ce2H74ClsIrN2P2 CesHg2KN2RhSI; HC251K3N1sRh3
Crystal System Monoclinic Monoclinic Primitive
Space Group P2,/c P2,/c P-1
a, A 19.4207(13) 16.3162(6) 25.3376(10)
b, A 19.4207(13) 19.0266(7) 29.6266(12)
c, A 20.3333(14) 22.2326(9) 33.7210(13)
a, deg 90 90 72.582(2)
B, deg 114.341(1) 111.373(1) 79.544(2)
v, deg 90 90 81.170(2)
Vv, A3 6263.8(7) 6427.3(4) 23618.4(16)
Z 4 4 4

Radiation (A, A)
p (calcd.), g/lcm3
u (Mo Ka), mm-?
Temp, K
6 max, deg
data/parameters
R:
WR2

GOF

Mo-Ka, 0.71073
1.356
2.434

100
26.423
11246(665)
0.0326
0.0916
1.086

Mo-Ka, 0.71073
1.174
0.407

100
28.461
13226(689)
0.351
0.853
1.039

111

Mo-Ka, 0.71073
1.038
0.311

100
25.789
61751 (4861)
0.0909
0.2936
1.090



Table 2.5 Crystallographic Data and Refinement Information — Continued

Formula
Crystal System
Space Group
a, A
b, A
¢, A
a, deg
B, deg
v, deg
v, A
Z
Radiation (A, A)
p (calcd.), g/lcm3
u (Mo Ka), mm-?
Temp, K
6 max, deg
data/parameters
R1
WR2

GOF

K[Rh(xs-C,C,C

Mes ArNCNAFPPP2) [ [CNArDPP2]

(18)
CesHogKN3Rh
Monoclinic
P2,/c
20.6542(15)
15.8733(11)
23.7017(16)
90
114.758(2)
90
7056.4(9)
4
Mo-Ka, 0.71073
1.239
0.349
100
25.399
8080 (842)
0.0549
0.1157
1.018

K[Ir(PhNOCNArP®2)(CN
ArPPp2),] (19)

CooH116IrKN4O
Monoclinic
P2/n
12.113(3)
28.562(7)
26.721(6)
90
93.914(5)
90
9223(4)

4
Mo-Ka, 0.71073
1.159
1.538
100
20.489
5560 (459)
0.1370
0.3260
1.123
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Chapter 3 Design and Synthesis of Varied Aryl-

Isocyanide Ligand Topologies

3.1 Introduction — Ligands for low-valent metal-organic frameworks

In the past few decades, the study of Metal-organic Frameworks (MOFs) has flourished and there
now seems to be no limit to the amount of these multi-dimensional structures.’> MOF’s typically pair hard,
Lewis acidic metal centers and similarly hard, anionic ligands. These hard-hard interactions make strong,
ionic bonds at coordinatively saturated metal notes, ideal for making robust crystalline latices.* However,
the types of chemical transformations these MOFs have been shown to facilitate are typically limited by
the chemistry available to the metal nodes. For example, one the most well studied MOFs, UiO-66 with it’s
Zr-oxo cluster nodes, has been proven in many times to be a competent Lewis-acid catalyst, similar to the
metal node itself.>8 However, these d°, high valent metals lack the capacity to do multi-electron reductive
chemistry and poorly engage with “soft” Lewis bases. In contrast, organometallic complexes, particularly
with low-valent metal centers, are well known to perform muti-electron, multi-bond transformations.
Additionally, the variety of neutral and anionic ligands used in organometallics allow for a high degree of
control over the manner with which metal interacts with substrates.®*

Building low-valent, organometallic metal nodes into MOFs has generally followed two different
routes: adding low-valent metals as nonstructural units to a well-known MOF lattice, or directly building
them into the structural components.® The former has been well explored, especially in the realm of Post-
Synthetic Modification (PSM) and has provided functionality in some existing MOF platforms.t5-%
However, the mixing of hard/soft ligand platforms and the fact that they aren’t part of the structural lattice
itself can lead to leaching, degradation, and struggle to achieve high metal loadings.*® These short-

comings are overcome by instead building the molecule of interest directly into the lattice of the MOF.
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Scheme 3.1 Original synthesis of [CNArMe?], developed by Dr. Douglas Agnew and co-workers.®

However, integrating the functionality of a metal center while it acts as a structural component has many
challenges. Often, the initial step in a catalytic cycle is loss of a ligand from the metal center, to provide a
room for a substrate to bind.? In the context of a structural node in a MOF, this represents degradation of
the material. Defect engineering provides a controlled route to coordinative unsaturation but suffers from
many of the same pitfalls as post-synthetic modification.?>?® Ideally, the metal nodes would both be
structural and contain some degree of coordinative unsaturation. Like the strategy used in Chapter 1, m-
terphenyl isocyanide ligands provide a potentially attractive strategy to achieve this goal.

Initial forays into framework synthesis by our group utilized a novel, ditopic m-terphenyl
isocyanide ligand, [CNArMe2],, prepared via Suzuki-Miyaura coupling of monotopic linkers (Scheme 3.1).2
This ligand was used by Dr. Douglas Agnew and co-workers to successfully synthesize diamonded lattices
with four-coordinate, tetrahedral Cu(l) and Ni(0) nodes (Scheme 3.2).*> ?*  Notably, Ni-'S°CN-2 -
([CNArMe2],), 5, an analogue of the molecular species Ni(CNArMe2), was the first porous metal-organic
material constructed from zero-valent metal nodes. However, these initial MOFs contained very little
porosity/accessible surface area due to a combination of interpenetrating lattices and small pores. In an

effort to improve these properties, Dr. Alejandra Arroyave developed a longer, phenylene spaced ditopic
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Scheme 3.2 Previously synthesized 'S°CN metal organic frameworks with [CNArve?]; with Cu and Ni nodes.

ligand, 1,4-(CNArMe2),CqH,, designed to space out metal-nodes. Despite continued interpenetration, 1,4-
(CNAre2),CsH, yielded a MOF (Cu-'S°CN-4) with solvent accessible pores 28 A x 19 A, and trigonal
pyramidal, THF-solvated Cu(l) nodes of the formulation, [Cu(THF)(CNR)s]*.2° Importantly, the solvent
accessible pores, combined with the solvent protected coordination site at the structural copper nodes
proved amenable to ligand exchange. Soaking (Cu-'S°CN-4) in pyridine solutions allowed for complete
exchange of the coordinated THF. However, from these initial works, it became apparent that maximum
ligand coordination is generally energetically preferred, and to maintain an open coordination site at a metal
center, a more reliable strategy for precluding coordinative saturation at structural metal nodes was needed.
In the molecular chemistry of late metal m-terphenyl-isocyanide complexes, the larger CNArP™?2 and
CNAr™2 derivatives were used to achieve this. These larger ligands showed a maximum coordination
number of 3 at a single metal center even in instances where CNArM®2 realized a coordination number of
4,227 However, initial attempts at synthesizing a ditopic CNArP"*?? linker via the same synthetic conditions
as [CNArVe?],, and 1,4-(CNArMe2),CeH, resulted in abject failure. This chapter explores the process of
synthesizing larger and electronically varied, muti-topic m-terphenyl isocyanide linkers and their

application in the synthesis of low-valent, coordinatively unsaturated MOFs.
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3.1.1 Synthesis of multi-topic CNAr®®, CNAr™®P and CNAr°A' linkers

The original syntheses of the ditopic M2ArNC linkers start at the corresponding, monotopic aniline,
Mes2 ArNH,. 257 Taking advantage of the strongly directing nature of the aniline, [NBu4][Brs] is used to para-
brominate the central aryl setting the m-terphenyl up for Suzuki-Miyaura type couplings. To prepare the
coupling partner, borylation of the brominated cite is achieved using B2Pinz, and PdClx(dppf) (dppf = 1,1-
Bis(diphenylphosphino)ferrocene) as the pre-catalyst.® The yield for this borylation is reported at 84%, but
in practice yields this high were rarely seen. This preparation was used as a starting point for attempts at
synthesizing a ditopic PPP2ArNC derivative. However, these conditions yielded none of the desired
borylated product, p-Bpin-PPP2ArNC (Figure 3.1). As assayed by *H NMR and mass-spectrometry, only a
small amount of the p-Br-PPP2ArNH, was consumed via protodebromination to form the progenitor of the
brominated starting material, ®PP2ArNH,. Given the strongly electron releasing nature of the aniline, it was
hypothesized that oxidative addition of the aryl-bromide bond was likely the largest energetic hurdle in this
catalytic cycle. To alleviate this barrier, both the substrate and the catalyst were improved. First, the aniline
was converted to the formamide, p-Br-PPP?ArNHCHO, to decrease the electron releasing nature of the
functional group. Second, the ligand on the Pd catalyst used was reconsidered. Dppf is a di-chelating aryl-
phosphine ligand that enforces a cis-geometry of the coupling partners on Pd. This is useful for electron
poor aryl coupling partners that may be slow to reductively eliminate, however, this is not the case in this

reaction. In fact, electron rich aryl group bound to Pd are known to readily scramble with aryl-phosphine

.:\ szinz
10 mol% PdCl,(dppf) lo)

w "TE T -G
OAc fn 0/

dioxane

H,N(p-BrArPirp2) H,N(p-(BPin)ArPiPp2)

Figure 3.1 (Left) Initial failed conditions based on [CNarM®2],] synthesis. (Right) the solid-state structure of
an isolated product of the failed borylation, OP(ArPPP2NHy)s.
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Figure 3.2 Final conditions for the synthesis of p-Ph-[CNArP®P?], (1,4-(CNArPPP2),CsHa) as well as the solid-
state structure of the formamide, p-Ph-[NHCHOArPPP?]; (1,4-(NHCHOAIrPPP?2),CsHa).

bonds.?>3  This reaction, even with M&2ArNH,, was observed to release a significant amount of a red
byproduct, likely ferrocene, and may be a primary contributing factor in the low observed yields. In one
reaction, OP(PPP2ArNH,)s was isolated after workup in near quantitative yield relative to dppf (Figure 3.1).
Instead, a series of sterically hindering, strongly donating, modern, monotopic phosphine ligands were
screened with p-Br-PPP2ArNHCHO. Of the phosphines screened, PCys, Sphos, Xphos, all performed
similarly well achieving <12hr conversions and high yields (>85%) under test conditions. PCy; was selected
for final conditions given its relatively low cost and availability (Figure 3.2).

For the aryl-aryl Suzuki cross-coupling reaction, once again, the conditions used for the ditopic

Mes2ArNC linkers were used as the entry point for the PPP2ArNC synthesis (Figure). Surprisingly, a similar
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result was observed to the first attempts at the borylation; the aryl-aryl cross-coupling reaction yielded no
detectable amount of the desired product and minor amounts of the protodeborylated product. From the
successful synthesis of the p-Bpin-"PP2ArNHCHO, we know that oxidative addition of the Br-Ar bond is
unlikely to be the issue. Previous studies have shown that the electronic differences between PPP2ArNC and
Mes2ArNC are negligible, which suggested the issue may be the increased steric profile of the 2,6-
diisopropylphenyl groups. That would imply that the issue may be the transmetalation from p-Bpin-
Pipp2 ArNHCHO to form a putative Pd(°PP?ArNHCHO),(PCy3), intermediate. Reductive elimination can be
a heavily sterically driven process, so if this species were to form, it would likely quickly reductively
eliminate the coupled product. To confirm the viability of p-Bpin-PPP2ArNHCHO as a coupling partner
with a less sterically hindered substrate, a test reaction was run with phenyl bromide (BrCeHs) which
quickly and quantitatively formed the expected product p-Ph-PPP22ArNHCHO (Figure 3.2). In the absence
of observed, directly coupled [PPP?ArNHCHO],, a phenylene spaced derivative emerged as a possible
strategy to circumvent the issue caused by the steric hinderance. Indeed, like the synthesis of 1,4-

(NH.ArMe2),CeH,, reaction of 1,4-dibormobenzene (Br.CsHs) and p-Bpin-PPP2ArNHCHO formed 1,4-

(NHCHOATPP2),CsHy in high yield. The ditopic formamide ligand can be readily dehydrated to form the
ditopic isocyanide ligand, 1,4-(CNArP®?),CsH, (Figure 3.2).

Given the preference of CNAr®"? to form low-coordinate metal centers, access to higher
dimensional solids can be facilitated by a higher dimensional linker ligands. Hence, we sought to develop
a tritopic ligand using the planar, 1,3,5-Tris(4-bromophenyl)benzene as template. When added to p-Bpin-
Dipp2 ArNC under similar conditions as the 1,4-(CNArP®?),CsH, coupling, the tritopic ligand 1,3,5-Tris(4-
PhNHCHOATrP®P2)CgHjs is synthesized in moderate to high yields and is readily dehydrated to form the
isocyanide, 1,3,5-Tris(4-PhNCArPP2)CsH3 (Figure 3.3). This chemistry was also extended to the bulkier
PipZArNC derivatives (1,4-(CNAr™P2),CeH, and 1,3,5-Tris(4-PhCNArTPP2)CeHs), with the caveat that
coupling reaction times were frequently 2x to 4x longer than observed with the CNArP*2 chemistry. These

conditions were also found to be amenable to the synthesis of the electronically distinct, CNArPA, ligand,
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Figure 3.3 (Top) Coupling conditions of the tritopic linker 1,3,5-Tris(4-PhNHCHOATrP?P2)CgsHs and the solid-
state structure of the corresponding isocyanide. (Bottom) Coupling conditions for the synthesis of p-Ph-
[HC(O)HNDATrF]z, (1,4-(NHCHOAIPA);CsHa).

successfully synthesizing a ditopic variant 1,4-(NHCHOAIrPA),C¢H, (Figure 3.3). Relative to more
electron rich aryl-isocyanide ligands like CNArP®P2 p-F-CNArPAT has been observed to be capable of faster
and further substitution of carbon monoxide on low- and zero-valent metal carbonyl complexes. For
instance, ligand substitution of CNArP"*"2 on both ReBr(CO)s and Re2(CO)yo is limited to two substitutions
per metal.®! However, in the same realm p-F-CNArPA™ can achieve four, forming complexes ReBr(CO)(p-
F-CNATrPAT),(CO) and Re(CO)(p-F-CNArPA™),.32 Given the variety and importance of zero-valent metal

carbonyls, 1,4-(CNArPAT),CsH, opens up an exciting possibility of using these as potential precursors for

use as metal nodes in higher dimensional solids.

3.1.2 Applications of PPP2ArNC based multi-topic linkers in frameworks
Given the robust nature of previously synthesized Cu(l) isocyanide networks, initial studies of

network ('S°CN) formation with the tritopic linker 1,3,5-Tris(4-PhCNArP®P2)CsH; were assessed with
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Figure 3.4 (Top) Scheme depicting the synthesis of Cu-'S°CN-5 with tritopic isocyanide linker 1,3,5-Tris(4-
PhNCATrPPP)CgHs. (Bottom; left) One sheet of the material depicting the length of the pore at the longest
points. (Bottom; right) View of stacked sheets illustrating the lack of porosity due to overlap of staggered-
sequential nodes and pores.

Cu(l). Similar to the syntheses of previous Cu-'S°CNs with CNArMe2-hased, ditopic ligands, addition of a
THF solution of 1,3,5-Tris(4-PhCNArP"2)C¢H; to [Cu(NCMe)4]PFs produces an amorphous, polymeric
material after stirring for a short time.> 25 Heating this material in THF under solvothermal conditions for
24-48 h produces large, colorless crystals of Cu-'S°CN-5 (Figure 3.4). Spectroscopic analysis of these
crystals by ATR-IR show a strong, sharp absorption at 2140 cm?, slightly redshifted relative to Cu-'S°CN-
3 and -4 (2142 and 2146 cm? respectively) suggesting a non-pyramidalized Cu metal center.® Further
structural characterization reveals the solid-state structure to be comprised of [Cu(THF)(CNR)s]* nodes
with outer sphere [PFs]~ counterions, analogous to Cu-'S°CN-3 and -4. The metal nodes in Cu-'"S°CN-5

arrange into well-ordered 2D honeycomb sheets where the largest distance across the hexagonal pore’s
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measures 28.7 A. While Cu-'S°CN-4 displays a similar 2D honeycomb network with sizable hexagonal
pores, it is beset by four-fold interpenetration. In contrast, Cu-'S°CN-5 features densely stacked, staggered
sheets where the node of one sheet overlaps with the central point of a 1,3,5-Tris(4-PhCNArP®P?)CsHj
linker in the sheet on top, which then overlaps with the pore of the following sheet, repeating forward and
backward. This staggered arrangement appears to prevent accessibility to the [Cu(THF)(CNR)s]*. While
solvent exchange of the Cu bound THF to pyridine was observed for Cu-'S°CN-4, similar reactivity was
not observed with Cu-'S°CN-5 despite the similar coordination environment around the Cu center. At the
same time, this lack of realized porosity may enhance the chemical stability and robustness of Cu-'S°CN-4.

Pd is well recognized as a synthetically useful catalyst for a wide variety of organic
transformations.®*-% Recently, Sikma and Cohen published the first example of a MOF with Pd® metal nodes
using a tetratopic phosphine linker.*” The Pd® nodes are four coordinate forming Pd(PPh;R). coordination
environments comparable to Pd(PPhs)4, a well-known and commonly used catalyst. However, Pd(PPhs) is
coordinatively and electronically saturated. Mechanistically, Pd(PPhs). catalyzed reactions depends on
ligand substitution to facilitate binding of a substrate.® In the context of the Pd(PPh.R), nodes this type of
chemistry would represent degradation of the extended framework. To access the rich, synthetic chemistry
of Pd°, the metal nodes would ideally be synthesized with unsaturation incorporated into the structure.
Having proven 1,3,5-Tris(4-PhCNArP"P2)CgHs, can facilitate the formation of coordinatively unsaturated
metal nodes in isocyanide-based MOFs with Cu-'S°CN-5, we set out to apply this ligand to form a
coordinatively unsaturated Pd® MOF. The Pd® isocyanide complex Pd(CNArP?), was selected as an ideal
Pd source due it its coordinative and electrically unsaturated predisposition, in addition to the rapid ligand

exchange kinetics.*® Variable temperature studies on Pd(CNArP®2), showed that degenerate isocyanide
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Figure 3.5 (Top) Scheme depicting the synthesis of Pd-'S°CN-1 with tritopic isocyanide linker 1,3,5-Tris(4-
PhNCATrPPP)CsHs. (Bottom; left) One sheet of the material depicting the length of the pore at the longest
points. (Bottom; right) View of stacked sheets illustrating the porosity retained in the bulk material.
exchange remained fast down to -80 °C on the *H NMR time scale, suggesting that substitution of the
tritopic linker would be viable and the monotopic CNArP"™2 could possibly act as an integrated modulator.
Deviating slightly from the synthesis of Cu-'S°CN frameworks, addition of a THF solution of 1,3,5-
Tris(4-PhCNArPP2)CsH3 to a Pd(CNArPPP?), dissolved in toluene, gently heated at 40 °C in a vial yields
large orange crystals of Pd-'S°CN-1. Single crystal X-ray diffraction studies reveal the framework to be
comprised of trigonal planar, coordinatively unsaturated [Pd(CNR)s] nodes (Figure 3.5). Like Cu-'S°CN-
5, these Pd nodes form 2D-honeycomb sheets with hexagonal pores measuring 28.4 A across. Importantly
though, unlike Cu-'"S°CN-5, the pores of the sheets align to form hexagonal channels containing toluene
molecules resolved in the difference map. This could allow for significant realized surface area and allow
for exogenous substrates to interact with the metal center. Studies to further understand the physical and

chemical characteristics Pd-'S°CN-1, as well as other network formations with 1,3,5-Tris(4-

PhCNATrPPP2)CeH3 are underway.
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3.1.3 Electrochemical investigation of multitopic m-terphenyl isocyanide reductions

Through the synthesis of these multi-aryl, multi-topic linkers we grew curious about the ability of
these conjugated systems to be reduced. As a reference point, cyclic voltammograms of the monotopic
isocyanides were first collected (Figure 3.6). The bulkiest derivative, CNAr™"2 showed a near irreversible
reduction with a E¥? of -3.162 V (referenced to Fc®/Fc*) where as CNArP*P2 and CNArMes? hoth showed
pseudo-reversible reductions at about -3.114V. All told, the reductive chemistry of these three species are
roughly equivalent. Attempts by numerous students to isolate a reduced version of these isocyanides via

alkali metal reduction resulted in a color change at low temperature but eventual decomposition of the aryl-

—— CNA*
T —— CNAPP*
—— CNA/"
E12 = .3.162V
e
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2 E(12= .3.113V
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U —
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Figure 3.6 Cyclic voltammograms of monotopic isocyanide ligands (top to bottom) CNArT" P2 CNArDPPP2,
and CNArMe2. All potentials reported to the reversible Ferrocene/Ferrocenium redox couple.
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Figure 3.7 Cyclic voltammograms of ditopic isocyanide linker ligands (top to bottom), p-Ph2[CNArM?],, p-
Ph[CNArVe?];, and [CNArVe?],, (Left) Full potential window including irreversible second reduction of
[CNArMe?],, (Right) Trimmed potential including only the reversible first reduction of [CNArMe?],,

isocyanides up warming to room temperature. Decomposition products including the H-substituted parent
m-terphenyl (i.e. HAr™"P2) suggest loss of CN- might be a possible route.

Cyclic voltammograms of [CNArMe2],, p-Ph[CNArMe2],, and p-Pho[CNArVe2?], on the other hand,
reveal two reductions within the same window (Figure 3.7). Each ligand reports a reversible reduction are
around -2.4V v Fc%Fc*. The exact EY2 of this reduction shifts to a slightly less negative potential with
decreasing length, from -2.461 V for [CNArVe?], to -2.461 V for p-Pho[CNArMe2],. The second reduction
is considerably more affected by linker length. The second reduction for [CNArM®2], is in the range of the
monotopic ligand reduction at ~-3.1 V and proves to be irreversible at a 100mV/s scan rate. Notably, not
scanning out to the second reduction improves reversibility of the first reduction for [CNArM®2], (Figure
3.7). Adding a phenylene spacer considerably reduces the reduction potential and adds reversibility to the
second feature. For p-Pho[CNArMe2],, the second, fully reversible feature is observed at -2.706 V v Fc%/Fc*.
A second phenylene spacer continues this trend. For p-Ph,[CNArM®2], the second reduction nearly meets

the first with an E*2 of -2.564 V. In contrast to the monotopic ligands, stoichiometric reduction of 1,4-
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Figure 3.8 Frontier Lowest Unoccupied Molecular Orbitals (LUMOs) for the CNAr""2, [CNAr°"],, 1,4-
[CNAr""?;Ph and 1,4-[CNAr"?J;Ph, model ligands. Energies are displayed in labels with the corresponding
ligands and loosely represented specially via the axis to the left.

(CNATrPPP2),CeH, results in a persistent color change to a dark green. Unfortunately, the product was found
to be exceedingly air and moisture sensitive, precluding further characterization.

To better understand the reductive chemistry of these m-terphenyl isocyanides density functional
theory (DFT) calculations were performed on model compounds CNAr"?, [CNAr"?],, 1,4-[CNAr""?],Ph
and 1,4-[CNAr""2],Ph,. The relative energies of the LUMOs of these ligands offer a possible explanation
for the relative relationship between the reduction potentials of these different ligands. The LUMO of the
monotopic CNAr"" has CN n* character, in conjugation with the aryl backbone (Figure 3.8). The LUMO
of the ditopic ligands is similar but is significantly larger, spread-out across the longer backbone of the
ligand. The relative energies of these orbitals reflect this difference, dropping from -2.282 eV for CNAr""
to -2.995 eV for [CNAr""?], as the MO more than doubles in length. The differences in LUMO energies for
the series of lengthening ditopic ligands is relatively minor decreasing around 0.03 eV for each addition of

a Ph spacer. The behavior of the first reductive feature in the CVs for these ligands closely follows the
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Table 3.1 Changes in LUMO and LUMO +1 energies compared the changes in reduction potential of the
redox features, as a function of increasing ligand length.

CNArfhz — [CNArPh?], - 1,4-[CNAr°"?],Ph —
CNArPh?], 1,4-[CNArP"?],Ph 1,4-[CNArf2],Ph,

LUMO (eV) / -7.127eV/ -0.031eV/ -0.031eV/
1tE2 (V) 0.67V 0.006 V 0.017V
LUMO +1 (eV)/ -0.536eV/ -0.119eV/

1tE2 (V) -0.344V -0.142V

differences in energy of the LUMOs (Table 3.1). From the monotopic, CNAr", to the ditopic, [CNAr""?],
the LUMO energy has a large drop of 0.7127 eV, and the corresponding first reduction potential drops
around 0.67 V. The small changes in energies of around ~0.03 eV for the ditopic ligands are matched with
small changes in reduction potential of 0.006-0.017 V. The second reduction feature in the ditopic ligands
follows a similar pattern, matching the relative changes in energies of the corresponding LUMO +1 orbitals.
This data combined with the peak-to-peak separation of the reversible redox features being ~30 mV smaller
than the Fc/Fc* reference suggests that each of the redox features in the ditopic ligands are 2e” redox

processes.

3.2 Concluding remarks and outlook

A new series of multi-topic m-terphenyl isocyanide ligands have been synthesized with the
intention of synthesizing MOFs containing low-valent and coordinatively unsaturated nodes. Both di- and
tritopic linkers based on CNArP®?2 and CNAr™ P2 have been synthesized to enforce maximum coordination
numbers of three at the structure metal nodes. Additionally, a ditopic linker based on CNArPAT has been
successfully synthesized to enable the use of metal carbonyls as metal nodes, a potentially plentiful source
of zero and low valent metal centers. Initial studies of 1,3,5-Tris(4-PhCNArP*2)CsH; based networks have
yielded Cu-"S°CN-5 and Pd-'S°CN-1. Both form 2D, honeycomb sheets with pores around 28 A in diameter.
In Cu-'SO°CN-5 these sheets stack in a staggered fashion preventing access to the internal structure whereas
the sheets in Pd-'S°CN-1 align to form hexagonal channels running through the solid. Studies to discern the

chemistry available to the unique, coordinatively unsaturated Pd® metal nodes in Pd-'S°CN-1 are underway.
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Cyclic voltammograms of these large, conjugated terphenyl isocyanide ligands reveal quasi-reversible
reductions for the monotopic ligands at very reducing potentials (<-3.1 V v. Fc/Fc*). The longer ditopic
ligands however, show fully reversible reductions around -2.4 V and a subsequent second reduction that
becomes easier to reduce as a function of increasing length. The frontier molecular orbitals offer a potential
explanation for the differences re reduction potential between the monotopic, and lengthening ditopic

ligands.
3.3 Synthetic procedures and characterization data

General Considerations — All manipulations were carried out under an atmosphere of purified
dinitrogen using standard Schlenk and glovebox technigues. Unless otherwise stated, reagent-grade starting
materials were purchased from commercial sources and either used as received or purified by standard
procedures.®® Solvents were dried and deoxygenated according to standard procedures.** Benzene-ds
(Cambridge Isotope Laboratories) was distilled from NaK alloy/benzophenone ketyl and stored over 4 A
molecular sieves under N, for at least 24 h prior to use. Celite 405 (Fisher Scientific) was dried under
vacuum (24 h) at a temperature above 250 °C and stored in the glovebox prior to use. The m-terphenyl
isocyanides CNAres2 CNArP"*2 and CNAr™ 2 were prepared as previously reported.?® 42

Solution *H and **C{*H} NMR spectra were recorded on a Bruker Avance 300, a Varian Mercury
400, a Jeol ECA 500, or a Varian X-SENS 500 spectrometer. *H and *C{*H} chemical shifts are reported
in ppm relative to SiMes ( *H and °C & = 0.0 ppm) with reference to residual solvent resonances of 7.16
ppm (*H) and 128.06 ppm (**C) for C¢Ds.*® Solution FTIR spectra were recorded on a Thermo-Nicolet iS10
FTIR spectrometer. Samples were prepared as CsDs solutions injected into a ThermoFisher solution cell
equipped with KBr windows. For solution FTIR spectra, solvent peaks were digitally subtracted from all
spectra by comparison with an authentic spectrum obtained immediately prior to that of the sample. The

following abbreviations were used for the intensities and characteristics of important IR absorption bands:
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Vs = very strong, s = strong, m = medium, w = weak, vw = very weak; b = broad, vb = very broad, sh =
shoulder. Combustion analyses were performed by Midwest Microlab LLC, Indianapolis, IN.

All cyclic voltammetry (CV) experiments were performed at room temperature under an dinitrogen
atmosphere with a Gamry Interface 1010E potentiostat. A single-compartment cell was used for all
experiments. Voltammograms were recorded in 0.3M [NBu.][PFs] THF solution at v = 100 mV/s with a
3mm glassy carbon working electrode, a Pt wire counter electrode and a silver wire pseudoreference
electrode (Ag/AgCl). Potentials were calibrated against the Fc/Fc* redox couple (internal standard). Analyte
complex concentrations ranged from 1-1.5 mM.

Synthesis of H.N(p-BrArP"?), A CH.CI, solution of [N(n-Bu)4][Brs] ( 5.8 g, 250 ml, 56 mM)
was added quickly to a stirring solution of HoNArP#P2 in CH2CI2 (7.1g, 250 ml, 59 mM, 1.05 eq) under air.
The solution changed from orange to light yellow over 10 minute, and the solution was allowed to stir for
an additional 5 hours. The mixture was then stripped of volatiles v rotiaary evaporator, and the resultant
solid was dissolved in 250 ml Et20. This solution was washed and extracted with 1 M NaOH (100 ml),
deionized water (2 X 100 ml),then dried over MgSO, and filtered. All volatiles were removed in vacuo,
providing a cream-colored solid. Yield, 6.1 g, 88%. *H NMR (300.1 MHz, CDCls, 20 °C) d = 7.38 (t, 2H,
J =8 Hz, p-Dipp), 7.25 (d, 4H, J = 8 Hz, m-Dipp), 7.11 (s, 2H, m-Ar), 3.16 (s, 1H, m-Dipp), 2.74 (sep, 4H,
J =7 Hz, 0-Dipp-CH), 1.15 (d, 12H, J = 7 Hz, 0-Dipp-CHs), 1.11 (d, 12H, J = 7 Hz, 0-Dipp-CH3). *C{*H}
NMR (125.7 MHz, CDCI3, 20°C) &= 147.8, 141.5, 134.0, 131.3, 128.7 126.8, 123.3, 109.0, 77.3, 77.1,
76.8, 30.5, 24.5 (0-Dipp-CH), 24.0 (0-Dipp-CHz3) ppm. FTIR (diamond ATR crystal, 20 “C): 3471 (w),
3374 (M), 2960 (s), 2925 (W), 2866 (W), 1592 (s), 1565 (W), 1437 (s), 1362 (m), 807 (s) cm'L. HR-MS (ESI-
TOFMS): predicted for [M+H]+ = C3oHssNBr, 492.2260 , found m/z = 492.2255

Synthesis of HC(O)HN(p-BrArP"®??). Formic Acid (2.25 g, 48.9 mmol, 6 eq.) was added dropwise
via syringe to stirring acetic anhydride (4.15 g, 49.7 mmol, 5 eq.). The mixture was warmed at 50 °C for 2
h to generate formyl acetic anhydride, cooled to RT, and transferred to a stirring THF solution of HoN(p-
BrArP®r2) (6.1 g, 250 ml, 50 mM) via syringe. Solution was stirred at RT for 48 hours, whereupon all

volatiles were removed in vacuo. Resulting solid was placed under high-vacuum at 80 °C for 16 hours to
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remove all remaining anhydride and acid. Resulting white solid was triturated with hexanes (1 X 20ml) and
dried in vacuo. Yield: 94%. 'H NMR (400.1 MHz, CDCls, 20 °C) d = 7.59 (d, 1H, J = 8 Hz, m-Dipp), 7.41
(t, 2H, J = 8 Hz, p-Dipp), 7.35 (s, 2H, m-Ar) 7.24 (s, 2 H, m-Dipp), 6.53 (d, 1H, m-Dipp), 2.59 (sep, 4H, o-
Dipp-CH), 1.15 (d, 12H, 0-Dipp-CH3), 1.11 (d, 12H, 0-Dipp-CH3). *C{*H} NMR (125.7 MHz, CDCI3,
20°C) 6=162.1, 146.5, 133.5,133.4, 133.1, 129.8, 123.9, 77.3,77.1, 76.8, 30.8, 24.8 (0-Dipp-CH), 23.2 (o-
Dipp-CHs) ppm. FTIR (diamond ATR crystal, 20 “C): v(C=0) = 1677, also 3345 (w), 3056 (w), 2957 (m),
2925 (w), 2866 (m), 1568 (w), 1467 (m), 1252 (s), 1219 (m), 810 (s), 752 (s) cm™. HR-MS (ESI-TOFMS):
predicted for [M+H]+ = C31H3sBrNO, 520.2210, found m/z = 520.2206

Synthesis of HC(O)HN(p-(BPin)ArP"®r2) (Pin = 1,1,2,2-Me4C,05). In a glovebox atmosphere, a
toluene solution of PCy; (0.2 g, 10 ml, 70.2 mM, 6 mol %) was added to stirring toluene solution of
Pd,DBA; (0.108 g, 10ml, 11.7 mM, 1 mol %, dba = dibenzylideneacetone) and stirred at 50 °C for 20
minutes. The solution changed from deep maroon to medallion yellow over the course of heating. Solution
was cooled to RT, filtered through 0.45 micron ptfe syringe filter, and added to a baffled Morton flask
containing a rapidly stirring solution of HC(O)HN(p-BrArP®P?) (6.1g, 12 mmol) and B2Pin, (3.3g, 13 mmol,
1.1 eq) in toluene (35ml). The solution was heated at 85 °C for 10 minutes and KsPO, (1.02 g, 4.8 mmol, 5
eq) was added slowly in 0.1 g aliquots, allowing complete dispersion of solid between additions. Solution
was stirred at 85 °C for 48 hrs, periodically monitoring via *H NMR until SM was consumed. The resulting
solution was cooled to RT and, under ambient atmosphere, vacuum filtered through a medium porosity
fritted funnel packed with 0.5 cm of basic alumina, and the cake further extracted with THF (2 X 5 ml).
Volatiles were removed in vacuo, resulting in free-flowing light-yellow solid. Solid was triturated with
hexanes (2 X 5 ml) giving an off-white solid. Yield: 6.2 grams, 93%.'H NMR (400.1 MHz, CDCls, 20 °C)
d =8.11 (s, 2H, m-Dipp), 7.27 (t, 2H, J = 7 Hz, p-Dipp), 7.13 (d, 4H, J = 8 Hz, m-Dipp) 2.90 (sep, 4 H, o-
Dipp-CH), 6.53 (d, 1H, m-Dipp), 2.59 (sep, 4H, J = 7 Hz 0-Dipp-CH), 1.12 (d, 12H, J = 7 Hz o-Dipp-
CH3), 1.03 (m, 12H, 0-Dipp-CHz3)

Synthesis of 1,4-(HC(O)HNArP"P2),CsH,. In a glovebox atmosphere, SPhos (17.3 mg, 10 ml, 6

mol %) was added as solid to stirring toluene solution of Pd:DBAs (10.8 mg, 1.5 mol %, DBA =
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dibenzylideneacetone) and stirred at 50 °C for 30 minutes. The solution changed from deep maroon to
medallion yellow over the course of heating. Solution was cooled to RT, filtered through 0.45 micron PTFE
syringe filter. Pd solution was added to a three-neck Morton flask containing a rapidly stirring solution of
HC(O)HN(p-BPinArP"2) (0.456 g, 0.786 mmol, 2 eq) and 1,4-dibromobenzene (0.996 g, 0.228 mmol, 1
eq) in 250ml toluene. The pale-yellow solution was warmed to 80 °C over 30 minutes, then BaOH (986. g,
29.2 mmol, 8 eq) was added slowly in 0.1 g aliquots, allowing complete dispersion of solid between
additions. Solution was stirred for 16 hrs, whereupon BaOH (0.672 g, 3.84 mmol, 10 eq) was added slowly
in 3 portions. Reaction was monitored twice daily for conversion until starting material was consumed.
Upon completion, reaction mixture was transferred to ambient atmosphere and vacuum filtered through a
medium porosity fritted funnel packed with 0.5 cm of basic alumina. Solution was dried in vacuo and
resulting pale-yellow solid was triturated with heptane (2 X 20 ml). Solids were dried under high-vacuum
for 24 hours at RT, resulting in a free-flowing off white powder. Yield: 0.410 g, 0.463 mmol, 59%. 'H
NMR (400.1 MHz, CsDs, 20 °C): & = 8.12 (s, 4H, CsHa), 7.27 (t, 4H, J = 8 Hz, p-Dipp), 7.14 (d, 8H, J =8
Hz, m-Dipp), 6.79 (s, 4H, m-Ar), 2.90 (septet, 8H, J =7 Hz, CH(CHj3),), 1.03 (d, 24H, J =7 Hz, CH(CH3)>),
1.02 (d, 24H, J = 7 Hz, CH(CHs)2) ppm.

Synthesis of 1,4-(CNArP"PP?),C¢H,. . Under an air-free atmosphere, to a stirring CH,Cl. solution
of 4-(HC(O)HNATrP"®2),CsH,4 (0.300 g, 0.305 mmol, 1 equiv) diisopropylamine (0.30 mL, 2.13 mmol, 7
equiv) was added via syringe. After stirring for 5 min, OPCl; (0.14 mL, 1.52 mmol, 5 equiv) was added
dropwise via syringe and the solution was stirred for 24 h. Water (100 mL) was added and the resulting
mixture and stirred for 2 h. The organic and aqueous layers were then separated, and the organic layer was
washed with 50 mL H>O. The aqueous layers were combined and extracted with CH>Cl (3 x 150 mL). The
organic extracts were combined and dried over MgSQs, filtered, and volatiles were removed by rotary
evaporation. The resultant solid was washed with cold acetonitrile, collected by filtration, and dried under
reduced pressure. Yield: 0.24 g, 0.26 mmol, 85% H NMR (499.8 MHz, CDCls, 20 °C): § = 7.71 (s, 4H,
CeHa), 7.56 (s, 4H, m-Ar), 7.44 (t, 4H, J = 8 Hz, p-Dipp), 7.29 (d, 8H, J = 8 Hz, m-Dipp), 2.60 (septet, 8H,

J =7 Hz, CH(CHs)2), 1.20 (d, 24H, J = 7 Hz, CH(CHs)2), 1.17 (d, 24H, J = 7 Hz, CH(CHs).) ppm. BC{*H}
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NMR (125.8MHz, CDCls, 20 °C): 6 =169.3 (CNR), 146.6, 140.2, 139.8, 139.0, 134.3, 129.3, 127.9, 127.7,
123.3, 31.3, 24.7, 24.1 ppm. FTIR (CsDs, KBr windows, 20 °C, 20 “C): v(CN) = 2116; also 2962 (s), 2927
(m), 2870 (w), 1697 (s), 1594.9(w), 1465 (s), 1431 (s), 1385 (m), 1363 (m), 1261 (w), 1234(w), 1055 (w)
cm?

Synthesis of 1,3,5-(HC(O)HN(ArP®P2)CeH4)sCeHa. In a glovebox atmosphere, a toluene solution
of PCys (184 mg, 50 ml, 13.1 mM, 6 mol %) was added to stirring toluene solution of Pd;DBA3 (100 mg,
50 ml, 2.2 mM, 1 mol %, dba = dibenzylideneacetone) and stirred at 50 °C for 30 minutes. The solution
changed from deep maroon to medallion yellow over the course of heating. Solution was cooled to RT,
filtered through 0.45 micron ptfe syringe filter. Pd solution was added to a baffled Morton flask containing
a rapidly stirring solution of HC(O)HN(p-BPinArP®r?) (6.2g, 10.9mmol, 3 eq) and 1,3,5-Tris(4-
bromophenyl)benzene (1.98g, 3.65 mmol, 1 eq) in 250ml toluene. The pale-yellow solution was warmed
to 80 °C over 30 minutes, then K3sPO4 (6.2 g, 29.2 mmol, 8 eq) was added slowly in 0.1 g aliquots, allowing
complete dispersion of solid between additions. Solution was stirred for 16 hrs, whereupon BaOH (5 g,
29.2 mmol, 8 eq) was added slowly in 0.1g aliquots. Addition of BaOH was repeated every 24 hours for 5
days (total 25 g, 146 mmol, 40 eq). Added KOtBu (0.5 g, 4.5 mmol, 1.2 eq) slowly in 0.1 gram aliquots.
Addition of KOtBu was repeated every 24 hours for 5 days (total 2.5 g, 22.5 mmol, 6 eq). Reaction was
monitored twice daily for conversion until starting material was consumed. Upon completion, reaction
mixture was transferred to ambient atmosphere and vacuum filtered through a medium porosity fritted
funnel packed with 0.5 cm of basic alumina. Solution was dried in vacuo and resulting pale-yellow solid
was triturated with heptane (2 X 20 ml), followed by trituration with acetonitrile (3 x 20 ml). Decanted
solvent was collected concentrated and recrystallized from 1:1 THF:acetonitrile. Solids were dried under
high-vacuum for 24 hours at RT, resulting in a free-flowing white powder. Yield: 4.4 g, 3.78 mmol, 72%.
IH NMR (499.9 MHz, CDCls, 20 °C): & = 8.46 (s, 3H, (O)CH), 7.77 (s, 3H, CeHs), 7.71 (d, 6H, J = 8 Hz,
(CeHa4)), 7.65 (d, 6H, J = 8 Hz, (C¢Ha)), 7.59 (s, 6H, m-Ar), 7.37 (t, 6H, J = 8 Hz, p-Dipp), 7.23 (d, 12H, J
= 8 Hz, m-Dipp), 6.62 (d, 3H, J = 11 Hz NHC(O)), 2.65 (septet, 12H, J = 7 Hz, CH(CHs)y), 1.11 (d, 36H,

J =7 Hz, CH(CHs)2), 1.09 (d, 36H, J = 7 Hz, CH(CHs)2) ppm. BC{*H} NMR (125.8MHz, CDCls, 20 °C):
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0 =162.5,146.7, 141.9, 140.3, 138.9, 136.2, 134.8, 132.9, 132.1, 129.6, 128.9, 128.0, 127.3, 124.0, 31.0,
25.7, 25.1, 23.3 ppm. FTIR (CDCls, KBr windows, 20 °C, 20 °C): v(C=0)= 1679; also 2966 (s), 2931 (m),
2869 (W), 1679 (s), 1465 (w), 1272 (w) cm™,

S1.5 Synthesis of 1,3,5-(CN(ArPP?)CsH,)3CsHs.  Under an air-free atmosphere, to a stirring
CH:ClI; solution of 1,3,5-(HC(O)HN(ArP®P2)CsHy4)sCsHs (3.40 g, 3.42 mmol, 1 equiv) diisopropylamine
(10.1 mL, 71.8 mmol, 21 equiv) was added via syringe. After stirring for 5 min, OPCls (4.85 mL, 51.3
mmol, 15 equiv) was added dropwise via syringe and the solution was stirred for 24 h. Water (100 mL) was
added and the resulting mixture was stirred for 2 h. The organic and aqueous layers were then separated,
and the organic layer was washed with 50 mL H>O. The aqueous layers were combined and extracted with
CHCI; (3 x 150 mL). The organic extracts were combined and dried over MgSQ,, filtered, and volatiles
were removed by rotary evaporation. The resultant solid was washed with cold acetonitrile, collected by
filtration, and dried under reduced pressure. Yield: 3.6 g, 2.3 mmol, 66% *H NMR (499.9 MHz, CDCls, 20
°C): & ="17.85 (s, 3H, C¢Hs), 7.80 (d, 6H, J = 8 Hz, (CsHa)), 7.74 (d, 6H, J = 8 Hz, (CeHa)), 7.59 (s, 6H, m-
Ar), 7.43 (t, 6H, J =8 Hz, p-Dipp), 7.29 (d, 12H, J = 8 Hz, m-Dipp), 2.62 (septet, 12H, J =7 Hz, CH(CH3)>),
1.20 (d, 36H, J = 7 Hz, CH(CHs)y), 1.18 (d, 36H, J = 7 Hz, CH(CHs)2) ppm. BC{*H} NMR (125.8MHz,
CsDs, 20 °C): 8 = 169.0 (s, CNR), 146.5, 141.8, 140.8, 140.4, 139.6, 138.4, 134.3, 129.2, 128.0, 127.9,
127.7, 127.6, 127.3, 125.9, 125.3, 123.9, 123.2, 123.1, 31.2, 30.8, 24.5, 24.0 ppm. FTIR (diamond ATR
crystal, 20 °C) v(C=N) = 2113; also 3053 (w), 2959 (vs) cm™* 2926 (m), 2866 (m), 1774 (w), 1699 (w),
1594 (m), 1463 (s), 1057 (m) cm.,

Synthesis of OP(ArPPP2NH,)s. A resealable ampoule was charged with p-Br-ArPPP2NH, (0.500 g,
1.02 mmol), PdClIx(dppf) (0.113 g, 0.113 mmol, 15 mol %), B2Pin, (0.613 g, 1.02 mmol, 1 eq.), KOAc
(0.646 g, 6.59 mmol, 3 eq.), and dioxane (7 ml). The ampoule was then sealed under an N, atmosphere and
stirred at 80 °C for 14 h. The resultant red mixture was cooled and all volatiles were removed under reduced
pressure. The residue was then purified by column chromatography (silica gel, with Celite packing on top
using a 2% EtOAc/hexanes solution). The fractions were collected and concentrated to a solid by rotatory

evaporation to afford a colorless solid. X-ray quality crystals were formed via slow evaporation of the
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column fraction. Yield: 0.20 g, 0.156 mmol, 69%. *H NMR (499.9 MHz, CDCls, 20 °C): § = 7.85 (d, 3H, J
= 11 Hz, m-Ar), 7.31 (t, 6H, J = 8 Hz, p-Dipp), 7.15 (d, 12H, J = 8 Hz, m-Dipp), 2.52 (septet, 12H, J = 7
Hz, CH(CHa)2), 1.02 (d, 36H, J = 7 Hz, CH(CHs3)2), 0.076 (d, 36H, J = 7 Hz, CH(CHs)2) ppm. *C{*H}
NMR (125.8MHz, CsDs, 20 °C): 6 = 147.9, 134.4,132.6 (d, J = 11.5 Hz), 128.7 (t, J = 12.3Hz), 124.4 (d, J
=18.6 Hz), 30.6, 24.1, 23.99.

Synthesis of Cu'CN-5. Under an air-free atmosphere, a THF solution of 1,3,5-
(CN(ArPPP2)CgsH,)3CeH3 (20mg, 2ml, 6.4 mM) was added dropwise over 2 minutes to a rapidly stirring THF
solution of [Cu(MeCN)4]PFs (4.7 mg, 6.4 mM). A white precipitant began to persist after half of the
isocyanide was added. The combined reagents were allowed to stir for 40 min, and an amorphous
suspension was deposited on the tube wall. The supernatant was removed, and the solid was gently washed
with THF (3 X 5 ml). Upon removal of the final wash, with residual solvent remaining, the tube was sealed
with a Teflon screw cap equipped with a Viton O-ring. The tube was placed in an oven at 100 °C for 24 h.
tube was removed from oven and allowed to cool to room temperature. In place of the amorphous polymer
was a colorless crystalline solid, with single crystals that could be selected for X-ray crystallographic
analysis. Bulk collection of the material is performed via the addition of 5 ml THF, followed by 30 min
sonication in a room temperature bath, the supernatant was decanted. Wash was repeated 3 times, then all
volatiles are removed in vacuo to afford microcrystalline Cu'S°CN-5. Yield: 0.007 g. ATR-IR spectrum and

Powder X-ray diffraction pattern are displayed below.
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Synthesis of Pd'*°CN-1. Under an air-free atmosphere, 1,3,5-(CN(ArP""2)CgH4)3CsHs (20 mg,
12.7 pmol) was dissolved in a mixture of toluene (2 ml) and THF (0.8 ml) in an 11 dram vial. The
solution was heated to 40 °C and, upon full dissolution of solid, a preheated toluene solution of
Pd(CNATrPP2), (13.4 mg, 2ml, 7 mM) was added dropwise over 2 minutes with rapid stirring. The
solution changed in color from lemon-yellow to cinnabar over the course of 5 minutes. The

solution was stirred at 40 °C for 20 minutes as a translucent colorless polymer slowly deposited on
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the sides of the vial. The stir bar was removed, and the solution was maintained at 40 °C for 48
hours, then cooled to room temperature. Single crystals had formed along the wall of the vial that
could be selected for X-ray crystallographic analysis. Yield: 0.003 g. ATR-IR spectrum displayed

below.
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3.4  Details of DFT computational studies

General Computational Details: Density Functional Theory (DFT) calculations were
performed with ORCA 4.0.0 program suite and/or the Gaussian 16 software package.***®
Geometry optimizations, were performed using the BP86 functional*®’ in conjunction with the
Def2TZVP/Def2TZVPP basis sets*®*°. Atomic coordinates obtained by single-crystal X-ray
diffraction analysis on CNArP"P2 were used as the starting point for optimizations on the truncated
model, CNAr"". ChemCraft 1.8 was used for visualization of geometry optimized structures and

molecular orbitals (MO).>

Input file for model of CNArF2,

%chk=Ph_0.chk
%nprocs=8
%mem=22GB

# opt freg=noraman pop=full bp86/def2tzvp int=superfinegrid geom=connectivity

Ph_0 opt freq

01

N 0.00000000 -0.00010000 -1.35760000
C 0.00010000 0.00000000 -2.52650000
C 0.00000000 0.00000000 0.02710000
C -4.40450000 1.19800000 -0.97470000
H -4.89430000 2.12990000 -1.22750000
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ChemCraft#_ENREF_50

-5.02520000

-5.99070000

-4.40430000

-4.89390000

-3.16090000

-1.23160000

1.23170000

1.20290000

2.14110000

0.00000000

0.00000000

-1.20290000

-2.14110000

2.54190000

3.16090000

4.40430000

4.89390000

5.02520000

5.99070000

4.40450000

4.89420000

3.16110000

-3.16110000

-2.54190000

2.68220000

2.68250000

-0.00030000

-0.00040000

-1.19850000

-2.13050000

-1.22420000

0.00000000

0.00010000

0.00010000

0.00020000

0.00010000

0.00020000

0.00000000

0.00000000

0.00010000

1.22410000

1.19850000

2.13050000

0.00030000

0.00030000

-1.19810000

-2.13000000

-1.22390000

1.22390000

-0.00010000

2.16290000

-2.16270000

-1.28700000
-1.77760000
-0.97470000
-1.22760000
-0.34400000
0.70520000
0.70520000
2.09840000
2.63790000
2.79110000
3.87380000
2.09830000
2.63790000
-0.02150000
-0.34400000
-0.97470000
-1.22760000
-1.28700000
-1.77770000
-0.97470000
-1.22750000
-0.34390000
-0.34400000
-0.02150000
-0.10760000

-0.10730000
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H -2.68250000 2.16280000

H -2.68220000 -2.16300000

1220310

2

3112.0121.0

45106202810

5

671081.0

7

89101020

9

10291.0331.0

11171.0291.0

12132.0191.0

13141.0151.0

14

15161.017 2.0

16

17181.0

18

19202.0271.0

20211.0301.0

21221.0232.0

22

23241.0251.0

-0.10760000

-0.10760000
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24

25261.027 2.0

26

27311.0

28292.0321.0

29

30

31

32

33

Optimized Cartesian Coordinates for Model of CNAr°"?,

TOIOITOOOIOIOITOOOOIOIOITIOOOZ

0.000000000
0.000028000
-0.000001000
-4.392401000
-4.867419000
-5.009698000
-5.968739000
-4.392158000
-4.866986000
-3.163112000
-1.235903000
1.235900000
1.209801000
2.158014000
-0.000002000
-0.000003000
-1.209805000
-2.158018000
2.536876000
3.163115000
4.392161000
4.866994000
5.009696000
5.968737000
4.392393000
4.867407000

-1.183217000
-2.366233000
0.202119000
-0.847764000
-1.107341000
-1.181820000
-1.703388000
-0.848187000
-1.108095000
-0.183095000
0.890335000
0.890336000
2.290876000
2.831532000
2.987973000
4.079528000
2.290875000
2.831530000
0.156988000
-0.183065000
-0.848157000
-1.108044000
-1.181816000
-1.703384000
-0.847788000
-1.107386000

-0.000017000
0.000036000
-0.000004000
-1.208705000
-2.156895000
0.000031000
0.000036000
1.208760000
2.156954000
1.209573000
0.000012000
-0.000004000
0.000010000
0.000008000
0.000022000
0.000033000
0.000023000
0.000035000
-0.000020000
-1.209581000
-1.208777000
-2.156974000
-0.000052000
-0.000064000
1.208689000
2.156874000
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3.163348000
-3.163356000
-2.536878000

2.680969000

2.681381000
-2.681394000
-2.680961000

-0.182694000
-0.182669000
0.156986000
0.074259000
0.074920000
0.074966000
0.074209000

Input file for model of [CNAr"2],.

%chk=PhPh.chk

%nprocs=8

%mem=21GB

1.209524000
-1.209532000
0.000017000
-2.155107000
2.155064000
-2.155068000
2.155103000

# opt geom=connectivity bp86 def2tzvp int=superfinegrid

PhPh opt

01

C 3.18743813
C 5.03375584
C 3.72112675
C 3.86727570
H 3.43935886
C 4.97091376
C 1.86116895
C 5.62550577
H 6.52123403
C 6.71606662
C 5.69204211

7.09379403

7.54187781

6.85869317

7.92714762

8.02826752

8.59183374

6.57929252

8.32476907

8.79417935

6.49179277

7.35538333

10.27319610
11.76310543
11.46113140
9.24592700
8.29297865
9.57348905
9.84782549
10.86191005
11.08554294
13.21294246

13.05516337
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0.77474759

5.19067262

1.75038051

-0.56412105

-1.41261355

0.53175171

0.41000590

7.34046712

8.11657365

-0.67592630

-1.60728735

5.78146384

5.47291062

6.89898150

7.32962011

7.36210005

5.50586708

6.79113454

6.69247300

7.12506250

5.58610460

8.68385245

4.92711702

4.03185738

3.80190345

4.83676265

7.20638140

8.19584101

5.42234850

6.76023978

7.24551229

5.03532070

4.23798551

6.38331012

5.70994092

5.74365302

5.44196039

8.09696764

8.67822655

7.14569540

7.07862268

11.12905365

10.66149914

11.35087040

10.28631375

10.18433792

9.61433983

11.65225783

9.87461621

9.39784105

11.70070744

10.84566819

10.30905571
14.18274668
8.89521903
9.84558444
10.19708082
8.49239887
7.84025524
14.56719454
14.73098298
8.97851471
8.63681573
15.37803441
16.18219504
15.58080603
16.51893419
7.95051408
6.47765877
6.74713074
8.98156046
9.92973755
8.65977847
8.36732334
7.37790326
7.15552309
5.03473278

5.18669596
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9.76909489 11.03381119 7.89629041

5.33509468 10.01133785 4.05173680

8.78781021 12.80749081 9.31924087

11.10679260

11.95699330

10.00530719

10.12475474

3.16627858

2.38308675

11.21578690

12.14685080

4.73442333

5.04237732

3.60715831

3.16951204

3.13326901

2.72163995

7.36334668

7.80467906

6.13592677

3.45858959

7.05890452

4.39625753

0.86754504

2.61877118

7.91688454

11.49135432

11.01410953

13.20488637

14.00245498

11.80534039

12.47213284

12.50787706

12.81714197

10.10653490

9.52900539

11.04816252

11.11280725

5.90499827

5.17852315

12.31259859

13.05430619

9.32309681

12.29983813

5.88827195

8.89055894

8.03396716

4.90568234

13.31642974

8.35054585

7.99230064

9.71380459

10.36599689

3.68491353

3.52754306

9.21810961

9.55382536

2.86076169

2.05373899

2.66723592

1.73221727

12.43852429

13.22542286

5.76837842

5.01357723

4.20718910

5.84064605

12.41020934

14.02060662

10.95687184

8.55157491

9.66920666
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H 9.67841635 10.20673916

1320410710

231.0820111.0

3531.0

4510620

5

681.0321.0

712201410

891.0

9

10112.0191.0591.0

11131.0

12151.0611.0

13232.0601.0

14172.0621.0

15161.021 2.0

16

17181.0211.0

18

19201.02520

20

212210

22

232410251.0

24

7.24754238
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2526 1.0

26

27292.0301.0331.0

28291.0342.0371.0

29551.0

30311.0322.0

31

32341.0

33382.0401.0

34351.0

35

36372.0451.0581.0

37391.0

38411.0641.0

3949205710

40432.0631.0

41421.0472.0

42

43441.0471.0

44

45461.0512.0

46

47 48 1.0

48

49501.0511.0

50
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51521.0

52

5354 3.0

54

5556 3.0

56

57

58

59

60

61

62

63

64

Optimized Cartesian Coordinates for Model of [CNArPh?]..

TOIOIOOOOOOITOOOIOOOO

-2.871481000
-2.855346000
-3.558405000
-1.471163000
-0.943727000
-0.740930000
-3.575335000
-1.455451000
-0.914546000
-3.142517000
-3.540193000
-4.579797000
-4.552894000
-3.204719000
-5.191756000
-5.965182000
-3.823352000
-3.530926000
-3.743380000
-3.429530000

1.173111000
-1.181643000
-0.003055000

1.145506000

2.036122000

0.000556000

2.422876000
-1.148320000
-2.052289000
-3.068292000
-2.428517000

2.426661000
-3.019750000

3.646095000

3.620303000

3.604702000
4.838560000

5.776444000
-4.262440000
-4.738103000

0.327516000
-0.426237000
-0.068165000
0.338396000
0.684193000
-0.018388000
0.718660000
-0.392292000
-0.677491000
-2.046719000
-0.858473000
1.702455000
-0.082654000
0.130752000
2.088486000
2.858752000
0.512104000
0.035736000
-2.450438000
-3.381704000
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C  -4.818131000 4.829510000  1.493964000
H  -5.302735000 5.760819000 1.793162000
C  -5.147039000 -4.217539000 -0.483436000
H  -5.927328000 -4.665212000 0.135024000
C  -4.746926000 -4.841892000 -1.668866000
H  -5.217432000 -5.775450000 -1.983187000
C 2.855339000 -1.181815000  0.426114000
C 2.871617000  1.172990000 -0.327519000
C 3.558455000 -0.003201000  0.068176000
C 1.455453000 -1.148431000  0.392100000
H 0.914507000 -2.052406000  0.677194000
C 0.741003000  0.000513000  0.018226000
C 3.540068000 -2.428751000  0.858358000
Cc 1471288000 1.145415000 -0.338488000
H 0.943883000 2.036022000 -0.684351000
C 3.204848000  3.645982000 -0.130858000
Cc 3.575524000 2.422719000 -0.718606000
Cc 4.553094000 -3.019863000 0.082910000
C 4580151000  2.426423000 -1.702273000
Cc 3.141837000 -3.068788000  2.046309000
Cc 5.147048000 -4.217749000 0.483726000
H 5.927600000 -4.665273000 -0.134509000
C 3.742488000 -4.263008000  2.450061000
H 3.428194000 -4.738873000  3.381075000
C 3.823545000  4.838425000 -0.512219000
H 3.531024000  5.776334000 -0.035962000
Cc 4.746390000 -4.842331000 1.668835000
H 5.216715000 -5.775960000  1.983207000
C 5.192193000 3.620017000 -2.088268000
H 5.965766000  3.604386000 -2.858386000
Cc 4.818486000 4.829288000 -1.493903000
H 5.303163000  5.760553000 -1.793127000
N  -4.937701000 0.023625000 -0.178450000
C  -6.115201000 0.053740000 -0.292917000
N 4.937739000  0.023547000 0.178699000
C 6.115215000 0.053783000  0.293370000
H 4.874109000  1.490362000 -2.179240000
H 2.439825000  3.655000000 0.648684000
H  -2.369677000 -2.610874000 -2.668387000
H  -4.867603000 -2.546604000 0.848544000
H  -4.873749000 1.490638000 2.179512000
H  -2.439792000 3.654978000 -0.648886000
H 2.368728000 -2.611450000 2.667699000
H 4.868277000 -2.546593000 -0.848068000

Input file for model of 1,4-[CNArP"2],Ph.

%chk=PhPhPh.chk
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%nprocs=8

%mem=21GB

# opt geom=connectivity bp86 def2tzvp int=superfinegrid

PhPhPh optimization

01

2.45220000

4.24120000

3.05840000

3.05070000

2.64370000

4.22940000

4.78870000

5.90190000

6.31360000

1.08410000

4.79630000

5.59870000

5.94540000

4.89270000

5.42080000

5.53050000

-0.04820000

4.45520000

0.96960000

5.54720000

6.00950000

5.32790000

6.39990000

6.53030000

7.08510000

8.09520000

10.22450000

10.99280000

5.00940000

6.85760000

7.31050000

4.96490000

5.86480000

9.22260000

9.31550000

5.70380000

6.70290000

3.92750000

11.50560000
13.06090000
12.76920000
10.61940000
9.77020000
10.90380000
9.97570000
9.63480000
10.01110000
11.12810000
12.15100000
12.37940000
14.58530000
14.44120000
10.46080000
11.39930000
11.59310000
15.46410000

10.28020000
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-1.29070000

-2.07220000

-0.31320000

-0.40760000

6.55360000

7.27260000

-1.40800000

-2.26350000

5.09790000

4.80560000

6.09030000

6.49690000

8.11640000

6.32740000

7.51020000

7.51780000

7.92490000

6.33920000

5.77980000

4.66670000

4.25490000

9.48440000

5.77230000

4.96980000

4.62320000

5.67590000

5.25880000

5.68180000

3.55530000

2.82380000

4.88840000

4.28710000

4.18410000

3.91020000

6.55460000

7.08570000

5.69830000

5.63380000

12.65240000

12.19010000

12.87170000

11.79970000

11.66930000

11.11450000

10.10440000

7.97510000

7.20680000

13.19020000

11.34200000

10.88910000

13.23470000

12.33480000

11.19190000
11.52470000
9.87360000
9.27410000
15.86530000
16.01550000
10.29120000
9.98350000
16.72040000
17.45270000
16.90460000
17.76030000
6.72830000
5.17290000
5.46470000
7.61450000
8.46370000
7.33000000
8.25810000
8.59910000
8.22280000
7.10570000
6.08280000
5.85440000
3.64860000

3.79260000
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O o O O

5.14780000 8.97700000 7.77310000

5.03810000 8.88410000 6.83460000

10.61680000

6.11340000

9.59900000

11.85930000

12.49580000

11.49670000

14.27210000

12.94080000

12.64080000 12.51780000

10.88180000

10.97620000

4.01490000

3.29600000

11.97660000

12.83210000

5.47070000

5.76300000

4.47830000

4.07170000

2.42860000

1.95280000

8.14000000

8.61580000

6.89244375

4.28849263

6.28016708

3.67615625

0.05168183

14.64430000

15.37580000

13.31120000

13.91250000

14.01550000

14.28940000

11.64500000

11.11390000

12.50130000

12.56580000

4.36380000

3.63550000

13.83580000

14.56410000

10.77943738

13.84025564

4.35933888

7.42016262

6.55142955

6.64080000
2.76970000
7.95360000
7.04190000
6.70910000
8.36020000
8.95980000
2.36860000
2.21830000
7.94270000
8.25040000
151340000
0.78120000
132920000
0.47360000
13.79170000
14.56410000
4.44230000
3.66990000
2.92307915
4.46479442
13.76913413
15.31072085

12.23842764
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H 1.83360825 3.39220621 9.94575972

H 8.73501472 14.80742080 8.28805638

H 10.51693442 11.64809861

1315420101.0

2315112.0141.0

3631.0

4510615

5

67101115

715203915

891.0152.0381.5

9

1017151920

11121.0

12

1314152415691.0

1418 1.5

1516 1.0

16

17202.0711.0

18281.5701.0

192215721.0

20211.0261.5

21

22231.0262.0

5.99556421
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23
24251.0301.5

25

2627 1.0

27

2829 1.0302.0

29

3031 1.0

31

323415352041 1.0
33341.5422.045 1.0
3465 1.0

35361.037 15

36

37381.04215

3846 2.0

3940 1.0 46 2.0

40

41481.550 2.0

4243 1.0

43

444515551568 1.0
454915

46 47 1.0

47

48512.0741.0
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49591.5671.0

505315731.0

51521.0571.5

52

53541.0572.0

54

5556 1.0611.5

56

5758 1.0

58

59601.0612.0

60

6162 1.0

62

63 64 3.0

64

6566 3.0

66

67

68

69

70

71

72

73

74
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132.041.0101.0

231.0112.0141.0

31431.0

4510620

5

6710111.0

7152.0791.0

891015107820

9

1017201910

11121.0

12

13142.0241.0321.0

14181.0

1516 1.0

16

17201.0381.0

18302.036 1.0

19222.0281.0

20211.0262.0

21

22231.0261.0

23

2425103420

25
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2627 1.0

27

28291.0401.0441.0

29

30311.0341.0

31

32331.0561.068 1.0

33

34351.0

35

36371.0521.0601.0

37

38391.0481.0641.0

39

40411.0421.0431.0

41

42

43

44451.0461.0471.0

45

46

47

48491.0501.0511.0

49

50

51
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52531.0541.0551.0

53

54

55

56571.0581.0591.0

57

58

59

6061 1.0621.063 1.0

61

62

63

64 651.0661.0671.0

65

66

67

686910701.0711.0

69

70

71

727420751.0811.0

73741.0822.0851.0

741451.0

7576107720

76

77781.0821.0
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7886 1.0
79801.086 2.0

80

81882.0901.0
82831.0

83
84852.0951.01031.0
8589 1.0

86 87 1.0

87

88911.0109 1.0
891012.01071.0
90932.0991.0
91921.0972.0

92

93941.0971.0

94

9596 1.0105 2.0
96

9798 1.0

98
991001.01111.01151.0
100
1011021.01051.0
102

103104 1.01271.01391.0
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104

105 106 1.0

106

107108 1.01231.01311.0

108

1091101.01191.01351.0

110

1111121.01131.01141.0

112

113

114

1151161.01171.01181.0

116

117

118

1191201.01211.01221.0

120

121

122

1231241.01251.0126 1.0

124

125

126

127 1281.01291.01301.0

128

129
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130

1311321.01331.01341.0

132

133

134

135136 1.0137 1.0 138 1.0

136

137

138

1391401.01411.01421.0

140

141

142

143144 3.0

144

145 146 3.0

146

Optimized Cartesian Coordinates for Model of 1,4-[CNAr""]Ph.

5.031141000
5.030726000
5.726576000
3.630856000
3.096559000
2.907064000
1.426036000
-0.689243000
-1.216259000
5.726982000
3.630654000
3.095362000
5.345156000
5.724227000

OOITOOIOOOIOOOO0

1.236024000
-1.235950000
-0.000074000

1.204214000

2.154145000

0.000657000

0.000083000
-0.987477000
-1.746923000

2.549878000
-1.202577000
-2.153676000
-3.521332000
-2.550902000

0.028493000
0.037622000
0.043077000
0.026177000
-0.030812000
0.030541000
0.014107000
-0.695751000
-1.276837000
0.022304000
0.032437000
0.038254000
1.010912000
0.065361000
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0.703236000
1.241528000
6.718976000
6.726919000
5.361081000
7.323267000
8.087036000
5.971826000
5.682915000
5.954014000
5.654809000
6.954279000
7.432775000
7.329190000
8.101618000
6.947381000
7.424381000
-5.031153000
-5.030737000
-5.726588000
-3.630868000
-3.096569000
-2.907075000
-1.426047000
0.689231000
1.216248000
-5.726982000
-3.630666000
-3.095373000
-5.345169000
-5.724237000
-0.703248000
-1.241540000
-6.718885000
-6.726924000
-5.361141000
-7.323151000
-8.086847000
-5.971864000
-5.683004000
-5.954026000
-5.654823000
-6.954231000
-7.432708000
-7.329194000
-8.101618000
-6.947388000
-7.424387000
7.107268000
8.286076000
-7.107279000

-0.987437000
-1.746100000
2.854711000
-2.875055000
3.538622000
4.112817000
4.333391000
4.794389000
5.544770000
-4.777973000
-5.513758000
5.086107000
6.067243000
-4.134244000
-4.369902000
-5.089119000
-6.070981000
-1.236022000
1.235954000
0.000079000
-1.204209000
-2.154139000
-0.000652000
-0.000078000
0.987483000
1.746928000
-2.549884000
1.202582000
2.153681000
3.521326000
2.550906000
0.987443000
1.746105000
-2.854784000
2.875070000
-3.538579000
-4.112903000
-4.333528000
-4.794356000
-5.544695000
4.777967000
5.513745000
-5.086138000
-6.067283000
4.134260000
4.369927000
5.089124000
6.070987000
0.000529000
0.001342000
-0.000513000

-0.682378000
-1.254064000
-0.926360000
-0.865530000
0.953798000
-0.943739000
-1.691930000
0.940435000
1.679067000
1.028353000
1.777488000
-0.010037000
-0.021841000
-0.851904000
-1.586494000
0.095502000
0.108098000
-0.028477000
-0.037610000
-0.043061000
-0.026166000
0.030823000
-0.030529000
-0.014096000
0.695762000
1.276847000
-0.022293000
-0.032425000
-0.038246000
-1.010922000
-0.065361000
0.682389000
1.254075000
0.926445000
0.865532000
-0.953864000
0.943815000
1.692065000
-0.940511000
-1.679206000
-1.028374000
-1.777518000
0.010031000
0.021827000
0.851895000
1.586486000
-0.095523000
-0.108127000
0.140074000
0.244134000
-0.140090000
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-8.286084000
-7.027515000
-4.580604000
4.580588000
7.027512000
7.009056000
4.605723000
-4.605851000
-7.008909000

-0.001299000
2.141373000
3.276770000

-3.276784000

-2.141349000
2.106447000
3.308743000

-3.308651000

-2.106568000

-0.244185000
1.614788000
-1.751616000
1.751604000
-1.614777000
-1.665320000
1.708523000
-1.708643000
1.665475000

Input file for model of 1,4-[CNArP"2]2Pha.

%chk=PhPhPhPh.chk

%nprocs=8

%mem=21GB

# opt geom=connectivity bp86 def2tzvp int=superfinegrid

PhPhPhPh optimization

01

0.16584300

0.18902068

0.05729142

0.36507489

0.46420467

0.38672593

0.06915924

0.43851272

0.61415359

-1.19752240

1.21293067

0.07308818

-1.30969658

-2.26717036

-0.16689033

-2.49703904

1.07548743

1.93398382

6.94059898

6.75016317

7.53916713

5.62709183

5.16245496

4.87732256

7.71976933

5.45494713

4.84293622
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1.15695541

0.05662274

-1.12445536

-1.15135392

1.13320909

-1.24578029

-2.19276187

1.03895380

1.89491540

1.05030816

1.90822089

-0.14724555

-0.23232584

-1.26243767

-2.20897707

-0.18510388

-0.26925601

-0.19043183

-0.14826709

-0.04617542

-0.42142959

-0.59373605

-0.38155621

3.48270977

2.62184920

-2.83165965

3.06778933

-3.32736000

-4.05698032

-4.37737724

-4.52987311

-5.14876193

4.74454259

5.36987168

-4.91010241

-5.86160502

4.38622397

4.77073728

5.19402105

6.18077343

1.19266228

-1.21663889

-0.08240603

1.29916924

2.25274537

0.16801151

7.30619776

7.32835991

8.34998449

7.87203114

7.77117950

8.91164318

9.29588062

8.46830274

8.59221203

7.89042754

7.97912058

8.99190687

9.46189069

8.32567054

8.64322394

8.36813139

8.76377523

-6.95279897

-6.74307440

-7.54058476

-5.64443997

-5.19121623

-4.88067534
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-0.08242129

-0.35486767

-0.46216061

-1.13216225

-0.02629818

1.11102430

1.17075023

-1.14296836

1.23846556

2.18181765

-1.04236393

-1.89820135

-1.03612717

-1.90011031

0.13726545

0.22657705

1.27545551

2.21444758

0.18763856

0.27003533

-0.08759428

-0.20069972

0.08767089

2.48706552

-1.08249715

-1.94101097

-3.48633511

-2.62851745

2.81587976

-3.08308876

3.32294843

4.03554891

4.34956239

4.51837590

5.14015837

-4.75095683

-5.37615369

4.88924163

5.83783559

-4.40523705

-4.79557717

-5.21176162

-6.20002444

0.20975225

0.31642828

-0.22592453

-7.73491892

-5.44412857

-4.81629737

-7.26712130

-7.30947897

-8.36933241

-7.86102309

-1.78744397

-8.94509902

-9.33365198

-8.49519350

-8.61760831

-7.83943362

-7.91340355

-9.02549094

-9.50756382

-8.30209346

-8.62289337

-8.32354298

-8.70980051

8.98814574

10.11930067

-8.98955151
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0.19650861

2.01802034

-2.04790752

2.07817619

-2.00047845

-1.93933229

2.05518743

-2.06372238

1.92819511

-0.31094097

-0.23477765

-0.29913119

-0.21277356

-0.36968796

-0.16594763

-0.17167990

-0.14835987

-0.13633463

-0.10199263

0.31278333

0.76451728

-0.22186145

1.20798230

-0.37982521

-2.42970099

-3.16181388

3.16721433

2.41208175

-2.14823613

-3.06440487

3.06578254

2.12935773

0.22563138

-1.01643472

1.40857602

-1.88958058

2.35451297

-1.07727478

1.36429392

-2.03216261

2.25950217

0.09431758

-0.20977611

0.93555581

-1.28356380

1.70458454

-10.11466392

-7.91673107

-6.82305317

6.86891726

7.91203031

8.35836452

7.30016348

-7.30956460

-8.37298017

-3.40721567

-2.79742346

-2.69225864

-3.40127083

-3.19099277

-1.43598638

-1.32127617

-0.93596075

-0.73773567

-0.73513093

3.39665430

2.77331973

2.70488326

3.35203941
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-0.54069020

0.62920813

-0.36784968

0.97445858

-0.79916639

0.06154141

1315420710

23158201110

3531.0

4510615

5

68157510

712151420

8910

9

1011151915591.0

111315

12152.0611.0

13231.5601.0

14171562 1.0

1516102115

16

-2.17602453

1.03922228

-1.19654926

1.92001328

-1.99584590

-0.01192754

3.21117384

1.41082999

1.33673254

0.90348013

0.77033606

0.73397455
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1718102120

18

1920102515

20

212210

22

2324102520

24

2526 1.0

26

272915302.0331.0

282915342.0371.0

29551.0

3031103215

31

3234156510

3338154020

34351.0

35

3637154515581.0

373915

38412.0641.0

3949155710
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40431.5631.0

41421.04715

42

43441.0472.0

44

45461.05115

46

4748 1.0

48

49501.05120

50

51521.0

52

5354 3.0

54

5556 3.0

56

57

58

59

60

61

62
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63

64

6566 1.567 1.5
6668 1.0 70 1.5
6769107115
68

69
7072107415
7173107415
72

73

74841.0
7576157715
76781.08015
7779108115
78

79
80821.08415
81831.08415
82

83

84

Optimized Cartesian coordinates for 1,4-[CNAr°"?]2Pha.
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7.196934000
7.201210000
7.894977000
5.796917000
5.260187000
5.074739000
7.888392000
5.800909000
5.267919000
7.538788000
7.898990000
8.886167000
8.887210000
7.512234000
9.486493000
10.255131000
8.119049000
7.822084000
8.151302000
7.866769000
9.107562000
9.583028000
9.493344000
10.254136000
9.129973000
9.609916000
-7.201115000
-7.197018000
-7.894972000
-5.800814000
-5.267750000
-5.074710000
-7.898787000
-5.797004000
-5.260377000
-7.512436000
-7.888618000
-8.886739000
-8.886618000
-7.538715000
-9.492772000
-10.253366000
-8.151111000
-7.866676000
-8.119417000
-7.822429000
-9.129550000
-9.609405000
-9.487098000
-10.255904000
-9.108112000

1.181960000
-1.174223000
0.003072000
1.147440000
2.051797000
-0.002231000
2.430649000
-1.147213000
-2.038285000
-3.647144000
-2.424452000
3.021222000
-2.429684000
3.073173000
4.220567000
4.667211000
4.269042000
4.746494000
-4.840059000
-5.777461000
4.847670000
5.782335000
-3.623612000
-3.608756000
-4.832215000
-5.763806000
-1.174243000
1.181922000
0.002983000
-1.147131000
-2.038132000
-0.002097000
-2.424502000
1.147524000
2.051903000
3.073287000
2.430557000
-2.429871000
3.020819000
-3.647130000
-3.623853000
-3.609101000
-4.840102000
-5.777440000
4.269103000
4.746739000
-4.832384000
-5.764014000
4.220115000
4.666529000
4.847457000

0.394455000
-0.352292000
0.027682000
0.385534000
0.677464000
0.027247000
0.811020000
-0.339497000
-0.675637000
-0.157689000
-0.753044000
0.015573000
-1.753214000
2.004817000
0.402438000
-0.231226000
2.394522000
3.330467000
-0.547507000
-0.065348000
1.593381000
1.896863000
-2.147511000
-2.930316000
-1.545425000
-1.851274000
0.352267000
-0.394508000
-0.027739000
0.339406000
0.675621000
-0.027332000
0.753083000
-0.385597000
-0.677608000
-2.004688000
-0.811018000
1.753520000
-0.015627000
0.157510000
2.147815000
2.930815000
0.547346000
0.065006000
-2.394303000
-3.330147000
1.545496000
1.851366000
-0.402391000
0.231233000
-1.593195000
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-9.583708000
9.276187000
10.455476000
-9.276186000

-10.455485000

-9.184923000
-6.751552000
6.786397000
9.172857000
9.184434000
6.751489000
-6.786503000
-9.172271000
-3.593757000
-2.865422000
-2.861680000
-3.399431000
-3.392844000
-1.472867000
-1.469205000
-0.941696000
-0.934739000
-0.739938000
3.593809000
2.861706000
2.865554000
3.392831000
3.399644000
1.469231000
1.473002000
0.934719000
0.941876000

5.782074000
-0.022454000
-0.050786000
-0.022595000
-0.050980000
2.545156000
2.616506000
-3.654922000
-1.494194000
2.545757000
2.616189000
-3.654819000
-1.494441000
-0.001043000
1.148236000
-1.150412000
2.045629000
-2.048306000
1.147706000
-1.150124000
2.044795000
-2.047381000
-0.001132000
-0.001206000
-1.150526000
1.148082000
-2.048456000
2.045443000
-1.150184000
1.147618000
-2.047425000
2.044738000

-1.896619000
0.114546000
0.208634000
-0.114464000
-0.208430000
0.919688000
-2.641399000
0.634059000
-2.236297000
-0.919853000
2.641549000
-0.634410000
2.236788000
-0.018263000
0.344415000
-0.372930000
0.663510000
-0.695390000
0.351912000
-0.366722000
0.676509000
-0.685411000
-0.003844000
0.018144000
0.372871000
-0.344641000
0.695303000
-0.663710000
0.366627000
-0.352122000
0.685276000
-0.676714000
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Frontier molecular orbitals and energies for CNAr""2 [CNArP"2],, 1,4-[CNArF"2]:Ph, 1,4-

[CNArPh?]2Pha.
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3.5 Details of crystallographic structure determinations

General Information. Single crystal X-ray structure determinations were carried out at low
temperature on a Bruker P4, Platform or Kappa Diffractometer equipped with a Mo or Cu radiation
source. Data were acquired with Bruker APEX |1, Photon Il or Dextris Eiger 1M detectors. All
structures were solved via direct methods with SHELXS®'"? and refined by full-matrix least-
squares procedures using SHELXL®°2 within the Olex2° software package. All H-atoms were
refined using standard HFIX instruction. Crystallographic data collection and refinement
information is listed in Table S3.1. The PLATON crystallographic tool®* was used to account for
overly disordered solvent using SQUEEZE routine,® and to identify twin laws in twinned

crystalline habits using the TwinRotMat Routine.>®

Information on Crystallographic Disorder and Twinning: The following molecules contain
positionally disordered and/or pseudo-merohedrally twinned components. They are listed along

with their respective disordered components.

[1,3,5-Tris(4-PhNCArPPP2)CeH3/1,3,5-Tris(4-PhNHCHOATIPPP2) CgHs]:
Compositional disorder was observed in the formamide/isocyanide group, which was modeled
using PART/FVAR commands then refined anisotropically. The crystallographically determined

fraction of C1A and C1B/O1B is 63.7% C1A and the rest C1B/O1B.
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Figure 3.9 Molecular structure of OP(PPP2ArNH.)s. Hydrogen atoms, excluding NH2 hydrogen atoms, omitted
for clarity. Selected bond distances (A) and angles (9: P-O = 1.486(2).

Figure 3.10 Molecular structure of 1,4-(ArPPP2ZNHCHO)2(CsHa4). Hydrogen atoms, excluding NHCHO
hydrogens, are omitted for clarity. Selected bond distances (A) and angles (9: C1-O1 = 1.203(10); N1-C1
=1.322(12); C4-C3-N1-C1 =39.209(0.183); C5-C6-C33-C34 =30.412(0.176).
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Figure 3.11 Molecular structure of [1,3,5-Tris(4-PhNCArPPP2)CsH3/1,3,5-Tris(4-PANHCHOAIrPPP2)CgHs].
Hydrogen atoms and one co-crystalized molecule of CéDs are omitted for clarity. Selected bond distances (A) and
angles (): C1A-N1 =1.157(7); C6-C7-C8-C9 = 6.694(0.043); C10-C11-C12-C13 =32.427(0.189).
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P1

Figure 3.12 Structure of Cu'S°CN-5. Hydrogen atoms are omitted for clarity. Selected bond distances (A)
and angles (9: Cul-O1 = 1.96(3); Cul-C1 =1.88(2); N1-C1 = 1.22(2); C1-Cul-C2 =117.859.

Figure 3.13 Structure of Pd'S°CN-1. Hydrogen atoms and two co-crystallized toluene molecules are
omitted for clarity. Selected bond distances (A) and angles (9: Pd-C1 = 1.92(2); N1-C1 = 1.23(2); N2-C2
=1.21(2); N3-C3 = 1.18(2); C1-Pd-C2 = 118.016; C2-Pd-C3 = 122.460; C3-Pd-C1 = 119.317.
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Table 3.2 Crystallographic Data and Refinement Information

Formula
Crystal System
Space Group
a, A
b, A
¢, A
a, deg
B, deg
v, deg
Vv, A
Z
Radiation (A, A)
p (calcd.), g/cm?®
u (Mo Ka), mm-?
Temp, K
6 max, deg
data/parameters
R:

WR2

GOF

OP(°"P2ArNH,)s

CooH114N3PO
Monoclinic
P2./c
19.4848(14)
17.2984(10)
24.1644(13)
90
102.620(2)
90
7948.0(9)

4
Mo-Ka, 0.71073
1.074
0.081
100
25.388
9576(883)
0.0660
0.2124
1.044

1,4-
(ArPPP2NHCHO)2(CsHa)

CesHsoN202
Monoclinic
P2:/n
18.567(3)
9.0998(15)
19.911(3)
90
113.658(4)
90
3080.7 (8)
2
Mo-Ka, 0.71073
1.032
0.061
100
22.705
22998(1065)
0.1885
0.5494
2.611
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[1,3,5-Tris(4-
PhNCATIPPP2)CeH5/1,3,5-

Tris(4-

PhNHCHOATrPPP2)CsH3][Co

Hels
Ci35H144.26N301.09
Rhombohedral
R-3c
22.4976(3)
25.7018(3)
26.0938(6)
90
90
120
17069.3(5)

6
Mo-Ka, 0.71073
1.066
0.061
100
25.368
2763(235)
0.0714
0.2231
1.067



Table 3.3 Crystallographic Data and Refinement Information - Continued

Formula
Crystal System
Space Group
a, A
b, A
¢, A
o, deg
P, deg
v, deg
Vv, A
Z
Radiation (1, A)
p (calcd.), g/lcm?®
n (Mo Ka), mm-t
Temp, K
6 max, deg
data/parameters
Ry
WR>

GOF

CUu'S°CN-5
C242H164Cu2FsNsO2P
Rhombohedral
R-3c
24.8474(13)
24.8474(13)
36.005(3)
90
90
120
19251(3)

3
Cu-Ka, 1.54178
0.895
0.644
100
42.636
2147 (177)
0.3646
0.7452
3.987

P'SOCN-1
Ci31H120N3Pd
Rhombohedral
R-3c
24.5351(4)
24.5351(4)
47.2026(15)
90
90
120
24607.8(10)
6
Cu-Ka, 1.54178
0.746
1.160
100
44.529
10228 (1129)
0.1087
0.2882
1.156
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