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ABSTRACT OF THE DISSERTATION

Low Valent Cobalt Isocyanides: Exploration of Small Molecule Activations and Cobalt Phosphide
Cluster Building Blocks
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Doctor of Philosophy in Chemistry
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Sustained interest in the unsaturated mononuclear cobalt carbonyls arises from their
presumed role as reactive intermediates in industrial hydroformylation and carbonylation
processes, yet their observations have been limited to low temperature matrix isolations. Herein,
we report a full library of isolobal analogues of unsaturated cobalt carbonyl complexes by using

sterically encumbering m-terphenyl isocyanides. A detailed mechanistic study on both the
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reactivity of Co(CNArM®?), along with the unique bond activation processes of
(SiMe3)Co(CNAMe2); with N>O are presented. For the latter system, a demonstration of the
catalytic capability of these cobalt complexes for the production of organoisocyanates is
presented, which provides an exciting opportunity to produce value-added products using NoO
as a terminal oxidant. Furthermore, a dispersion forced solid-state host-guest interaction with
n-hexane is discussed with support of EDA (Energy Decomposition Analysis) calculation. A
solution-phase persistence weakly coordinated 1,6-diaminohexane dimer complex, (u2-N-
(N2CeHis)[Co(SiMe3)(CNArMe2)3],, was made and the CH/r interactions was monitored by
VT-NMR (Variable Temperature Nuclear Magnetic Resonance), providing new insight into the
existence of c-alkane adducts of Co(SiMe3)(CNArM®?); forced by van der Waals (CH/x)
interactions in the solid-state. Solution phase 2D-IR (Ultrafast Two-Dimensional Infrared
Spectroscopy) data and DFT (Density Functional Theory) calculations presented to provide the
direct observation of rapid isomerization of Co(CNAr™®?), between the Csy and D24 isomers.
Furthermore, for the first time, a controlled, stepwise cobalt phosphide cluster synthesis using

cobalt metallates as building blocks is achieved.
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Chapter 1 Isocyano Analogues of Unsaturated

Low-valent Cobalt Carbonyls

1.1 Introduction — Transition Metal Carbonyls

For decades, unsaturated metal carbonyls (e.g., Fe(CO)4, Co(CO)s and Ni(CO)3) have
been known for their key presence in numerous catalytic cycles (e.g., hydroformylation and
hydrosilylation) and their outstanding abilities toward small molecule activation (Figure 1.1).!"
>However, due to their high thermal and kinetic instability, these reactive carbonyl species have
not been isolated and their direct observation is limited only to experiments conducted in
cryogenic inert-gas matrices. #%7 For example, observation of these unsaturated transition metal
carbonyls are primarily limited to cryogenic infrared matrix isolation studies, where generation
via photo-dissociation of a carbonyl ligand (CO) in an “inert” matrix (e.g. N2, Ar, CHy) provides
a method for their observation.®!® As a result, there is limited structural information and few
reactivity studies on these metal carbonyls. Even for well-studied metal carbonyls, a
considerable number of uncertainties persist. For instance, it is unclear whether Co(CO)4 adopts

a Csy, Dag or Cyy structure;!'!1?

with DFT calculations suggest all geometries are within 2-3
kcal/mol of each other.!®!7 The dimeric form, Co2(CO)s, continues to elude structural

authentication in its Dyq geometry.!820 In the investigations proceeded this thesis, we have

placed a particular emphasis on understanding the chemistry of mononuclear cobalt carbonyls



(e.g.,Co(CO), and XCo(CO);(X = H, SiR3)) due to the presumed role as reactive intermediates
in industrial hydroformylation and carbonylation processes using their isocyano

analogues.??142!

Fe(CO), o= Ni(CO),

Csv aro
S=1/2

0=96"¢ =145 | ¢ (o D,,

Figure 1.1. Predicted geometries of late transition-metal unsaturated binary carbonyls Fe(CO)s (left),
Co(CO)4 (center), and Ni(CO)s (right) with corresponding geometries and electronic states denoted.

1.2 Isocyanides as Surrogates for Carbonyls

Isocyanides (:C=N-R) are often viewed as surrogates for carbonyl (:C=0) due to their
isolobal relationship. Shown in Figure 1.3, both ligand types possess a non-bonding lone-pair
that is available for o-donation, and low-lying n* orbitals that are available for metal-to-ligand
back donation. The isolobal relationship is illustrated in Figure 1.2 through the comparative

DFT calculated molecular orbitals of carbon monoxide, CO and the aryl isocyanide, CNAr™es2,



As a result, isocyanides coordinate transition metals in a manner analogous to CO (Figure 1.3)
and generally replicate the coordination geometry and electronic structure of metal carbonyls.
Indeed, isocyano analogues to the binary transition-metal carbonyls have been synthesized.
However, these transition-metal isocyanides are all coordinatively saturated despite the

increased steric profile of isocyanides when compared to CO.2>26

CO Frontier Orbitals

® © ¢

Selected Frontier Orbitals CNArMes2

Figure 1.2. Calculated frontier orbitals (BP86/TZ2P; iso = 0.04) used in metal bonding for carbonyl and the
aryl isocyanide CNArMe2.27

Bonding Scheme for Bonding Scheme for
Isocyanides Carbonyl

Figure 1.3. Qualitative molecular orbital representations for transition metal isocyanide and transition
metal carbonyl bonding.?’



Importantly, isocyanides also present the opportunity to modulate both the ligand
electronic and steric profile through the N- bound organic backbone/substituent. To target
unsaturated transition metal complexes that mimic the unsaturated carbonyls, our group has
employed isocyanide ligands that feature the sterically encumbering m-terphenyl units. The m-

terphenyl framework has shown a wide array of use as a ligand scaffold to transition metals for

28,29 30,31 31,32

steric protection and stabilization. For example, purely c-aryls, amidos, imidos,

thiolates,*? and carboxylates®*3>

m-terphenyl complexes are well-known.

Since 2008, our group has created a library of sterically encumbered m-terphenyl
isocyanide ligands shown in Figure 1.4.36*% Among them, we can effectively lower the o-
donor/n-acid ratio of an isocyano group by using distal polyfluorination in the CNp-FArPAT2
derivatives. However, the study of the electronic properties of these isocyanides demonstrate
that the degree to which substituent variation can affect the electronic influence of an isocyano
unit is substantially limited. Regardless, taking advantage of the steric properties provided by
these m-terphenyl isocyanides, we have succeeded in isolating relatively stable isocyano
mimics of a variety of reactive, unsaturated metal carbonyl complexes.?”-***? Shown in Figure
1.5 are some selected thermostable iscocyano analogues to their earlier mentioned transition

metal carbonyls. 04443
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CNArMes2 CNATrDipp2 CNA(Tripp2 CNATDArF2 CNp-FArDArF2

Figure 1.4. Prototypical m-terphenyl isocyanide ligands with varying electronic and steric profiles. (Left to
right) CNArMe2 CNArPPP2 CNArTPP2 CNArPA™2) p-F-CNArPA2,

Co(CNAr"es2), Ni(CNAr™es2), M(CNArP#r2),
JACS 2010, 132, 5033. ACIE 2009, 48, 3473. JACS 2009, 131, 11318.
ACIE 2012, 51, 9412. JACS 2014, 136, 10262.

Figure 1.5. Selected thermostable isocyano analogues of unsaturated transition metal carbonyls.
More recently, we are able to extend our m-terphenyl isocyanides to low-valent

transition metal cluster research. (Figure 1.6) By using the sterically encumbered CNArPPP2



ligand, a single layer of the normally stacked “chini clusters” is able to be isolated as a stable
analogue.*® Furthermore, we are able to enhance the nucleophilicity of an iron-nitride cluster
by substituting carbonyl ligands with isocyanides.*” As it is important to note, isocyanides are
stronger c-donors and weaker m-acceptors than CO that have been extensively employed as
surrogates for carbon monoxide in the generation of neutral and anionic transition metal
species.?22648-30 Jgocyano analogues to classical metal carbonyls (e.g., Fe(CNz-Bu)s) often
exhibit greater nucleophillicity and diminished Brenstead acidity relative to their carbonyl
congeners (e.g., Fe(CO)s).>° Our study of equilibrium Brenstead acidities of a series of hydride
complexes with the formulation HCo(CO)4.,(CNR), (n = 0-4) also showed that isocyanide

complexes exhibit decreased Brenstead acidity relative to their carbonyl congeners.>!

OC‘Fe ——Fe’

o %o oc,; co

Chini Clusters - [Pt;(CO)g],% [Fes(u+-N)(CO) 12

2K+

e

K:[Pts(u-CO)3(CNAr®##2);] Na[Fe(11s-N)(CO)s(CNAre2),]

ACIE 2016, 55, 9253. ACIE 2018, 57, 13057.

Figure 1.6. Selected thermostable isocyano analogues of transition metal carbonyl clusters.



* Presence in catalytic cycle
‘ o Vs « Small molecule activation abilities
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¢ ‘ * Observed only in matrices
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» Thermal stable crystalline materials

 Suitable for reactivity studies

Figure 1.7 Abstract Image of Thesis: Low Valent Cobalt Isocyanides - Exploration of Small Molecule
Activations and Cobalt Phosphide Cluster Building Blocks.

1.3  Unsaturated Low-Valent Cobalt Isocyanides

Given what we have learned about m-terphenyl isocyanides, we focus here on the cobalt
isocyanides due to the presumed role of cobalt carbonyls as reactive intermediates in industrial
hydroformylation and carbonylation processes as mentioned earlier. Synthetic entry to the
stable Co2(CO)s-nLn (n =2 and 4, L = CNAr™=2and CNArPP?) dimers are achieved by addition
of CNA™e2or CNATPPP? to Coo(CO)s.> (Scheme 1.1) Further reduction with sodium amalgam
is able to generate a low-valent mixed isocyanide/carbonyl cobalt anion series, Na[Co(CO)s-
A(L)x] (n =2 or 3, L = CNAr™=2 and CNArPPP?) 5! which are discovered to be ideal cobalt

phosphide cluster building blocks discussed in Chapter 4.



4CNAMes2 2CNArPiPp2

Co,(CO)g
‘ -4CO -2CO
/

1% Na/Hg 1% Na/Hg

Scheme 1.1. Synthesis of Dia-type Co2(CO)4(CNAr¥*2)4 and Ca-type (u-CO)2[Co2(CO)2(CNArPPP2)|,,

The homoleptic [Co(CNArM=2),], (n=+1,0,-1) system (Scheme 1.3) is achieved by the
addition of sodium amalgam to a CoCl,/CNAr"s? mixture in THF.*} This protocol provides the
dark red tetraisocyanometallate salt Na[Co(CNAr™=2),], crystallographically characterized as a
contact ion pair with interactions between the Na cation and isocyano CN units. Further
treatment of Na[Co(CNArM=2),] with 1 equiv. of ferrocenium triflate (FcOTf) affords the
neutral, paramagnetic complex Co(CNAr™*?), as determined by X-ray diffraction. In chapter 2
and 3, the zero-valent Co(CNAr™=2?),is shown to display a broad reactivity profile, including
ligand exchange with L-type ligands (e.g. olefins, alkynes, aldehydes and phosphines),

elemental phosphorus and sulfur activation and le— chemistry with certain substrates. In



collaboration with Prof. Xiong’s lab, solution phase 2D-IR (Ultrafast Two-Dimensional
Infrared Spectroscopy) was utilized to observe the rapid isomerization of Co(CNArMe2?),.
Combined with DFT calculations, this kinetically stable Co(CO), analogue showed ultrafast
conformation exchange dynamics between its C;, and D,4 geometries on a 0.5 to 1 ps scale,
with activation energies of 0.5 (AEa(Dy-Cs;,)) and 1.9 (AEa(Cs,-D,4)) kcal/mol at room

temperature.

Scheme 1.2. Synthesis of [Co(CNAr™*2)4], (n =0 and -1).

Previously we have shown that by treating (n>-PPN)Co(CNArM®?) with excess
chlorotrimethylsilane under an dinitrogen atmosphere, we are also able to access the Na
coordinated (N2)Co(SiMe3)(CNArMes2);.54 (Scheme 1.3) Interestingly, the coordinatively
unsaturated 16e” Co(SiMe3)(CNArMes2);, which is the isolobal analogue of HCo(CO)s3, can be
isolated with the same reaction condition but under an argon atmosphere with rigorous
exclusion of Lewis bases, such as dinitrogen. Single-crystal X-ray diffraction studies showed a
trigonal monopyramidal geometry in the solid-state with DFT calculations supporting a low-
lying cobalt d, LUMO suitable for small molecule binding.?’->> Further reactivity of this
molecule showing unique small molecule activation like nitrous oxide (N20) and unusual van

der Waals interaction with alkanes in the solid-state materials are discussed in Chapter 5 and 6.



CISiMe3, N2(g)
CsHe, 25 °C

\ 4

—[PPNJCI

CISiMe3, Ar(g)
CsHe, 25 °C

~[PPN]CI

Scheme 1.3. Synthesis of the coordinatively unsaturated Co(SiMes)(CNAr™e?);,

1.4  Synthesis of Co(CNArP?r?);

When moving from our smaller CNAr¥e2 ligand to a more protected CNArPPp?

or
CNATr™P2 ligand, we surprisingly found that a coordinatively unsaturated [Co(CNR)3], (CNR
= CNArP®P2 or CNAr™ P2 = (), -1) series can now be isolated. By using the same reaction
condition of the [Co(CNAr¥2?),], generation, the 18-electron Na[(N,)Co(CNR)3] and the 16-
electron Na[Co(CNR)3] can be made within a nitrogen-filled glovebox and an argon-filled
glovebox, respectively. (Scheme 1.4) Interestingly, when introducing a N»(g) atmosphere to the

Na[Co(CNATrPPP?)3], a slight color change from deep-red to wine-red was observed. The IR

and "H NMR spectrum of the new material match to the Na[(N2)Co(CNArPPP?);] prepared in
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the Ny glovebox with an indicative VNN stretch at 2163 ¢m™. The wine-red color reversed
back to deep-red under vacuum suggesting a reversible dinitrogen binding phenomenon. Solid
state structure of Na[Co(CNATrPPP?);] show interesting agnostic interaction of a Co-H distance
at 2.018 A. (Figure 1.7) Moreover, addition of acetonitrile (ACN) into a Na[Co(CNArPPP2);]
pentane solution leads to a new clean purple product which was then crystallographic
characterized as the oxidized (ACN)Co(CNArP®P?);. Further drying (ACN)Co(CNArPPP2);
under vacuum leads to a deep-red material with x-ray crystallography revealed the 15-electron

coordinatively unsaturated metalloradical Co(CNArPPP2);. (Figure 1.8C)

Na/Hg 1) ACN
THF, RT 2) vacuum
N2
VNN = 2163 cm' vNN = 2206 cm’
vCN = 1982, 1949 cm"? vCN = 2004, 1955 cm’
CoCl,
+ [—
3eq CNArPipp2
or Ny || vacuum Nz || vacuum
3eq CNArTripp2
_| Na
Na/Hg 1) ACN
THF, RT 2) vacuum
Arg)
vCN = 1866, 1821 cm" vCN = 2007, 1940 cm’’

Scheme 1.4. Synthesis of [Co(CNR)3]» (CNR = CNArP#?2 or CNAr™ P2 5 = (), -1) series.
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Figure 1.9. Molecular structures of A) (ACN)Co(CNAr™PP2); B) (N2)Co(CNArP"?P2); C) Co(CNArPPr2);,
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Col,

+ ion2 CeHe
ipp.
2eq CNAP 25°C
or
2eq CNArT"ipp2

Scheme 1.5. Synthesis of I>Co(CNR):2 and ICo(CNR)s.

This 15-electron Co(CNArPPP?); crystallize out in a triclinic P-1 space group and adopts
a Dsn geometry in the solid state. Density functional theory (DFT) calculations on model
Co(CNXyl)s showing the singly occupied molecular orbital (SOMO) on the cobalt dy.-y2 orbital.
(Figure 1.10) To our best knowledge, this is the first example of a CoLs (L = L-type ligand)
formulism. Interestingly, similar to the Na[Co(CNATrPPP?);] system, Co(CNArPPP?); also shows
reversible N, binding. The resulting (N2)Co(CNArP®P2); has a less activated vNN stretch at
2206 cm’! compared to Na[(N2)Co(CNArPPP2);]. We are also able to isolate the Co(II) and
Co(I) species with CNArP®? and CNAr™ P2 ysing the reaction conditions shown in Scheme
1.5. Reactivity and detailed electronic structure studies of this new [Co(CNR)s], series are

currently underway.
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Figure 1.10. Molecular structures of A) LCo(CNAr™"?P2), B) ICo(CNAr™"P%); (C) (18-c-
6)K[Co(CNAr™"2);] D) Na[(N2)Co(CNArPPP2),].

1.5 Synthetic Procedures

General Considerations. All manipulations were carried out under an atmosphere of
dinitrogen using standard Schlenk and glovebox techniques. 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 and Toluene-ds were dried with Na/K and Benzophenone

followed by distillation and stored on 4 A molecular sieves for 3 days prior to use. Celite 405
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(Fisher Scientific) was dried under vacuum (24 h) at a temperature above 250 °C and stored in
the glovebox prior to use. The compounds CNArPPP2 and CNAr™PP2 were prepared by
previously reported methods.*-8

Solution 'H and ’C{'H} spectra were recorded on Varian Mercury 300 and 400
spectrometers 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 (!3C) for CsDs. FTIR spectra were recorded on a
Thermo-Nicolet iS10 FTIR spectrometer. 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 of Indianapolis, IN (USA). Samples for
combustion analysis were obtained from the first recrystallized batch of the reaction mixture.
In a typical preparation, the crude, dry reaction mixture was dissolved in a minimum amount
of solvent and stored at —35 °C for several days to produce crystalline material. This material
was then collected, thoroughly dried under vacuum and then packaged under vacuum for
shipment. In most cases, this material was also used for single-crystal X-ray structure
determination.

The following procedures are identical for both CNArP?P? and CNAr™PP? versions of
synthesis otherwise stated.
Synthesis of [Co(CNAr™PP2): To a benzene slurry solution of Col> (0.066 g, 0.211 mmol, 1

equivalent) (3 mL) was added a benzene solution of CNAr™ P2 (0.214 g, 0.422 mmol. 2
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equivalents) (3 mL). The resulting purple solution was then allowed to stir at room temperature
for 12 hours where then all volatiles were removed under reduced pressure to yield a dark purple
powder. To the resulting solid, acetonitrile (5 mL) was added and allowed to stir at room
temperature for 1 hour where upon the precipitation of a purple solid was observed. The
resulting solution was then decanted, and the precipitate was washed with MeCN (5 mL) to
collect a pink-purple solid (0.266 g, 0.2 mmol, 95 % yield). X-ray diffraction crystals were
grown from a saturated n-pentane/Et,O spiked with 5 drops of CsHg over 3 days at —40 °C.
FTIR (Ce¢Ds, KBr windows, 25 °C): vey = 2163 (s), 2143 (vs) em™, also 2961 (s), 2927 (m),
2868 (w), 1463 (m), 1383 (w), 1363 (w) cm’l. Anal. Calcd. for C74HosN>Cola: C, 66.91; H,
7.44; N, 2.11. Found C, 66.42; H, 7.14; N, 2.04.

Synthesis of ICo(CNAr™P2);: To a thawing Et,O (100 mL) suspension of ,Co(CNAr™Pp2),
(0.134 g, 0.1 mmol, 1 equivalent) and one equivalent of CNAr™PP2 (0.05 g, 0.1 mmol, 1
equivalent) was added KCs (0.013 g, 0.1 mmol, 1 equivalent). The resulting mixture was
allowed to stir under -35°C for 1 hour, where upon a color change to brown-yellow was
observed. The resulting residue was then slurred in n-pentane (15 mL) allowed to stir for 5 min
and then concentrated to dryness. Extraction of the resulting residue with benzene (10 mL),
followed by filtration through Celite produced a deep-red solid. Following the purple solid was
dissolved in CsHe (10 mL) frozen in the cold well and lyophilized to remove MeCN which
resulted in a color change from purple to red to yield CoCI(CNAr™PP?) as a fluffy solid, 0.100
g, 0.058 mmol, 58 % yield. X-ray diffraction quality crystals were grown from a saturated
solution of n-pentane (1.5 mL) spiked with 5 drops of Et,O and 5 drops C¢Hg at —40 °C over 1

week. FTIR (C¢Ds, KBr windows, 25 °C): vey = 2101 (m), 2040 (vs), 1982 (sh) cm™!, also 2961
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(s), 2927 (m), 2868 (w), 1463 (m), 1383 (w), 1363 (w) cm™!. Anal. Calcd. for Ci11Hi47N3Col:
C, 78.00; H, 8.67; N, 2.46. Found C, 77.64; H, 8.65; N, 2.39.

Synthesis of Na[(N2)Co(CNArP"PP2)s]: This reaction procedure is carried out under Nog)
atmosphere. To a THF (10 mL) suspension of CoCl> (0.054 g, 0.42 mmol, 1 equivalent) was
added CNArP®2 (0.500 g, 1.26 mmol, 3 equivalents). The resulting mixture was allowed to
stir for 10 minuets, after which 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
where upon 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(CNArPPr2)] is isolated as a fluffy red solid, 0.400 g, 0.29 mmol, 69 % yield. FTIR
(CsDs, KBr windows, 25 °C): vy = 2159 (m) em!, vey = 2018 (w), 1946 (m), 1840 (vs) cm’!,
also 2961 (s), 2927 (m), 2868 (w), 1463 (m), 1383 (w), 1363 (w) cm’l. Anal. Calcd. for
Co3Hi11N3CoNa: C, 80.89; H, 8.10; N, 5.07. Found C, 80.46; H, 8.28; N, 5.06.

Synthesis of K[Co(N2)(CNAr™PP2);] from ICo(CNAr™PP2); and KCs: To a ether solution
(15 mL) of CICo(CNArT™PP2); (200 mg, 0.12 mmol, 1 equivalent) was added KCs (0.031 g, 0.24
mmol, 2 equivalents) all at once. An immediate color change from red to purple was observed.
Thereafter the reaction mixture was allowed to react for 10 minutes at room temperature.

Following the reaction mixture was filtered over Celite packed on fiberglass (2 cm) to remove
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Cs where upon all volatiles were removed under reduced pressure. The resulting purple solid
was then slurred in n-pentane (5 mL) allowed to stir for 5 minuets where upon all volatiles were
removed under vacuum. This step was repeated two additional times to desolvate any residual
KCI. Thereafter a color change from purple to red was observed upon removal of residual THF.
The resulting red solid was then taken up in C¢Hs and filtered over Celite packed on fiberglass
(2 cm) so as to remove any remaining KCI, after which the deep red solution was frozen in the
cold-well and lyophilized to yield K[Co(N2)(CNAr™PP2);] as a dark brick red fluffy solid 180
mg, 0.11 mmol, 91 % yield. X-ray diffraction quality crystals were grown from a saturated n-
pentane solution spiked with 5 drops of Et2O and 5 drops C¢Hg over 1 week at —40 °C. '"H NMR
(400.1 MHz, C¢Ds, 20C): 6 =7.19 (s, 12H, m-Tripp), 6.81 (b, 3H, p-Ph), 6.75 (d, 6H, J =7 Hz,
m-Ph), 2.98 (sept, /=7 Hz, 18H, CH(CH3)2), 1.44 (d, J = 8 Hz, 36H, CH(CHz)2), 1.21 (d, J =
8 Hz, 72H, CH(CHs)2) ppm. FTIR (C¢Ds, KBr windows, 25 °C): vy = 2158 (m) cm!, vey =
1943 (w), 1823 (vs), 1760 (sh) cm™, also 2961 (s), 2927 (m), 2906 (w), 2868 (m), 1568 (m),
1405 (w), 1382 (w) em™!.

Synthesis of Na|Co(CNArP®P2);]: The synthesis procedure of Na[(N2)Co(CNArPPP?);] is
followed under Ar) atmosphere. Na[Co(CNArPPP2)3] is isolated as a fluffy deep-red solid,
0.300 g, 0.22 mmol, 52 % yield. 'H NMR (499.9 MHz, CsDs, 20C): 8 = 7.27 (t, 6H, J =5 Hz,
p-Dipp), 7.15 (d, 12H, J = 5 Hz, m-Dipp), 6.94 (d, 6H, J = 5 Hz, m-Ph), 6.86 (t, 3H, J =5 Hz,
p-Ph), 2.89 (sept, J=5 Hz, 12H, CH(CHa3)»), 1.15 (d, /=5 Hz, 36H, CH(CH;)2), 1.02 (d,J =5
Hz, 36H, CH(CHs),) ppm. C{!H} NMR (125.7 MHz, C¢Ds, 20C): § = 205.6(CNR), 147.8,
138.6, 134.6, 132.6, 130.4, 128.6, 128.4, 127.9, 121.6, 31.2, 25.0, 23.9 ppm. (The CNR

resonance extremely broadened, presumably due to coupling to *°Co (I = 7/2, 100 %)). FTIR
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(CsDs, KBr windows, 25 °C): vy = 2068 (w), 2018 (m), 1934 (vs), 1815 (s) cm™, also 2961
(s), 2927 (m), 2868 (w), 1463 (m), 1383 (w), 1363 (w) cm™!. Elemental analysis not preformed
due to sensitivity towards No.

Synthesis of K[Co(CNAr™PP2);] from ICo(CNAr™PP2); and KCs: The synthesis procedure
of K[(N2)Co(CNATr™PP2)3] is followed under Ar() atmosphere. K[Co(CNAr™PP?);] is isolated
as a fluffy deep-red solid, 0.180 g, 0.11 mmol, 92 % yield. 'H NMR (400.1 MHz, C¢Ds, 20 C):
0 =7.18 (s, 12H, m-Tripp), 6.84 (b, 3H, p-Ph), 6.76 (d, 6H, J = 7 Hz, m-Ph), 2.97 (sept, J =7
Hz, 18H, CH(CH3),), 1.42 (d, J = 8 Hz, 36H, CH(CHs)2), 1.22 (d, J = 8 Hz, 72H, CH(CH3)2)
ppm. FTIR (C¢Ds, KBr windows, 25 °C): vey = 2001 (w), 1940 (m), 1901 (m), 1665 (sh) cm™,
also 2961 (s), 2927 (m), 2906 (w), 2868 (m), 1604 (m), 1568 (w), 1554 (w) cm.

Synthesis of (18-crown-6)K[Co(CNAr™PP2);]: An 18-crown-6 ether solution is added to a
concentrated pentane solution of K[Co(CNAr™PP?);] (80 mg, 0.05 mmol, 1 equivalent) and
store under -35°C for 1 week until single crystals of (18-crown-6)K[Co(CNAr™PP2);] have
grown. The product is isolated as a crystalline material after washing with cold pentane, 0.04
g, 0.02 mmol, 42 % yield. 'H NMR (400.1 MHz, C¢Ds, 20°C): 6 = 7.17 (s, 12H, m-Tripp), 6.85
(d, 6H, J=7 Hz, m-Ph), 6.77 (t, 6H, J= 7 Hz, p-Ph), 3.47 (s, 36H, 12-crown-6)3.02 (sept, J =
7 Hz, 12H, CH(CH3)2), 2.95 (sept, J=7 Hz, 6H, CH(CH3)2), 1.42 (d, /= 8 Hz, 36H, CH(CH3)z),
1.24 (d, J = 8 Hz, 36H, CH(CHs)2), 1.10 (d, J = 8 Hz, 36H, CH(CH3),) ppm. C{'H} NMR
(125.7 MHz, C¢Ds, 20°C): 6 = 147.6, 136.9, 133.3, 132.6, 130.4, 128.6, 128.4, 127.9, 120.9,
71.1, 34.6, 30.2, 25.1, 24.6, 22.7 ppm. (The CNR resonance cannot be detected, presumably
due to coupling to **Co (I = 7/2, 100 %)) FTIR (CsDs, KBr windows, 25 °C): vey = 1937 (m)

eml, also 2961 (s), 2927 (m), 2906 (w), 2868 (m), 1604 (m), 1568 (w), 1554 (w) cm.
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Synthesis of (ACN)Co(CNArP"PP2);: To a pentane solution of Na[Co(CNArPPP?);] (0.300 g,
0.22 mmol, 1 equivalent) was added 10 mL of acetonitrile (ACN). An immediate color change
to purple with solid precipitation observed. The purple solid was then collected by vacuum
filtration and recrystallized with pentane with a drop of benzene under -35°C to yield single
crystals suitable for X-ray diffraction. 0.100 g, 0.07 mmol, 33 % yield. FTIR (CsDs, KBr
windows, 25 °C): vey = 2018 (s), 1918 (vs) em™, also 2961 (s), 2927 (m), 2868 (w), 1463 (m),
1383 (w), 1363 (w) cm!.

Synthesis of (N2)Co(CNArPPP2);: This reaction procedure is carried out under No
atmosphere. To a THF solution of Na[(N2)Co(CNArPPP2);] (0.200 g, 0.14 mmol, 1 equivalent)
was added 10 mL of acetonitrile (ACN). An immediate color change to dark-red with solid
precipitation observed. The red solid was then collected by vacuum filtration. Further
recrystallization with pentane with a drop of benzene under -35°C to yield single crystals
suitable for X-ray diffraction. 0.110 g, 0.08 mmol, 57 % yield. FTIR (CsD¢s, KBr windows, 25
°C): vy = 2204 (vw) em!, vy = 2070 (sh), 2015 (m), 1940 (vs) cm!, also 2961 (s), 2927 (m),
2868 (w), 1463 (m), 1383 (w), 1363 (w) cm™.,

Synthesis of Co(CNArPPrP2);: Co(CNArPPP?); is isolated through applying active vacuum on
(ACN)Co(CNArP®2); gver 12 h. The product is obtained as a fluffy deep-red solid, 0.080 g,
0.06 mmol, 27 % yield. FTIR (C¢Ds, KBr windows, 25 °C): vey = 2070 (sh), 2018 (m), 1930
(vs) cml, also 2961 (s), 2927 (m), 2868 (w), 1463 (m), 1383 (w), 1363 (w) cm™!. Anal. Calcd.

for CosHi111N3Co: C, 84.00; H, 8.41; N, 3.16. Found C, 83.41; H, 8.78; N, 2.89.
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1.6

Computational details. Density Functional Theory (DFT) calculations were carried out on
Co(CNXyl); as a model for Co(CNArP®P?);, The starting geometry was obtained from the
crystal structure coordinates of Co(CNArPPP?);. Calculations were all carried out with the
Gaussian 09 software package.’® Geometry optimizations, frequency and single point energy
calculations were performed using the B3LYP functional,®*¢! 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 cobalt

atoms.®® Viewing of optimized structures and rendering of molecular orbitals was performed

using the program Chemcraft.%

Input file for Co(CNXyl)3

%chk=CoL3-Xyl-b3lyp.chk

Y%nprocs=8

%mem=30GB

# opt freq gen nosymm geom=connectivity b3lyp pseudo=read SCF=QC

Title Card Required

02

OOOOOOOOOOOOOOOZZZQO

-4.33110400 0.90272100 0.93530600

-0.02124600
-2.99367600
0.98572300
1.96277000
-1.81670900
0.58609400
-4.95894900
-5.06780000
1.24369900
1.17414600
3.15222900
1.40528900
2.90065600
1.69267500
1.99684600
3.60401600
4.55434200
-6.33180600
2.42345200

0.02709000
0.60639200
-2.60221700
2.09494600
0.36950600
-1.55628200
0.89040600
1.21794400
-4.98477600
1.27618100
4.17059500
-3.82166700
3.00046800
-6.21761300
-3.90473300
2.75667800
3.70739300
1.19263000
-5.16479700

0.64595400
0.83537000
-0.48572600
1.64278900
0.75742800
-0.04455900
2.21748900
-0.24596700
-0.14621200
1.24923300
1.29799100
-0.95925300
2.07581100
-0.65544000
-2.25527400
3.29395600
3.71099500
2.28549800
-2.71313900

Computational Studies on Co(CNXyl);
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CHNO
6-31g(d)
skskoksk
Co0
f11.0
2.78 1.0
skskoksk
Co0
lanl2dz

skskoskosk

Co0
lanl2dz

-7.07158300
4.11640500
2.27886900

-6.43607900
4.81626900

1.56313900
5.10302100

-6.81539700
2.87559200
-8.13842200
4.31197600
2.61596900
-7.00409100
5.56552700
0.59594354

1.19814452

-0.38168616
0.52130859
2.16881827
1.23714677
2.90861429
2.48018095

-4.39882939

-3.78596921

-3.79317676

-5.15253819

-4.17495267

-3.58191460

-3.53693643

-4.86128255
3.34792480
2.31716835
3.58891703
3.95975561
2.39373800
2.58202041
1.34416545
2.72802489

1.50524500
5.08331500
-6.31709500
1.51776100
4.86174800
-7.11254400
3.51895500
1.19165800
-5.22898100
1.74131100
5.98137800
-7.28870400
1.75753200
5.58405800
-4.91749208
-4.31112978
-4.49016043
-5.90443685
-2.66417153
-2.14260550
-2.01773677
-2.97022416
1.23783264
2.11051515
0.36345992
1.25334158
0.56608921
-0.31082147
1.38912382
0.39462837
1.49688636
1.46226158
0.62610451
1.52698359
4.43684847
3.63968401
4.49519151
5.36066417

1.13540600
1.76235600
-1.92589400
-0.11547000
2.95858200
-0.03596000
4.64088900
3.26908800
-3.70956200
1.21387900
1.16520000
-2.30312900
-1.02168100
3.30049600
1.24931146
1.89318936
1.16851644
1.65584514
-3.15139496
-3.22108770
-2.72745634
-4.12827012
-1.63293591
-1.72084290
-1.74937144
-2.39226623
3.50270041
3.34702925
3.74856481
4.30547840
4.14186066
4.42689095
3.56865763
5.01916176
-0.01555401
-0.70401500
0.18417968
-0.43948422
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Output coordinates for Co(CNXyl);

o

ODICDICDQOIIIOQOITTZIQOITSICODNIT D OIDI D DD OOOO0OO0O000000O0O0O00OOO0O0OCOZZZQO

-4.32440400 0.91804200 0.94609600
-0.01236100 0.02158100

-2.98143400
0.93711300
2.01538900

-1.82000000
0.56428900

-5.01492600

-4.97096600
1.55408700
1.22239500
3.45006800
1.37140000
2.93185800
1.99653300
1.62102200
3.32571500
4.25775200

-6.37825300
2.06183900

-7.03941900
4.37884900
2.25029200

-6.33529800
4.78400400
2.14278100
4.57247200

-6.92573400
2.25940200

-8.10058300
4.78839500
2.59390100

-6.84928400
5.50788500
1.27593500
1.90343300
0.23402000
1.46658500
1.41364600
0.37529300
2.04306700
1.65457700

-4.19933000

-3.37406200

-3.75179300

-4.85057800

-4.28993700

-3.84913200

-3.46488000

-4.97124800
2.74947000

0.63810100
-2.63759000
2.06814500
0.39604100
-1.59657300
0.57577500
1.53915700
-4.92689300
1.26723100
3.93378900
-3.84161200
2.99442700
-6.13804300
-3.95529300
2.97749800
3.92900100
0.87060400
-5.18909500
1.48306900
4.86337500
-6.27546100
1.81171300
4.86694300
-6.98391300
3.93082900
0.61406700
-5.29480600
1.70388700
5.59376800
-7.22670800
2.28932900
5.59894000
-4.76623000
-3.98341300
-4.47458800
-5.70053600
-2.77433600
-2.42119900
-1.92480600
-3.03579700
1.88970100
2.57859000
0.99919600
2.36339700
-0.08586900
-1.04346500
0.53749300
-0.27466500
1.95970500

0.66790300
0.85390900
-0.45324400
1.63214700
0.77796200
-0.01663000
2.13056400
-0.14618200
-0.06889800
1.25400300
1.15125800
-0.95538700
2.07106900
-0.60498900
-2.34165300
3.42807700
3.84755600
2.19776100
-2.82485700
1.13279300
1.62383900
-1.97000200
-0.02594700
2.95887200
0.06208400
4.88813600
3.10129000
-3.88865600
1.20574900
0.93050200
-2.36651100
-0.85637400
3.30578200
1.40380800
1.84791900
1.58576100
1.93995700
-3.25514100
-3.22517100
-2.96212100
-4.28970700
-1.39262100
-1.17324000
-1.85140000
-2.13304600
3.27462900
2.97042200
3.64123600
4.10942500
4.37899300
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1.65721000 2.04213700 4.44147600
2.96914100 0.93552500 4.05249900
3.15900500 2.09151100 5.38480100
3.00521900 3.91944800 -0.28886000
3.23509500 2.96075000 -0.77035600
1.92091500 4.06256700 -0.37547900
3.49999900 4.71290000 -0.85664800

TTTOQIZ T T

w‘é@ el

d,z..2 (SOMO) d,, (SOMO-1) d,, (SOMO-2) d,, (SOMO-3) d,, (SOMO-10)

.
D

Figure 1.11. Selected molecular orbitals of Co(CNXyl); that include cobalt d-orbital contributions.

1.7  Crystallographic Structure Determinations

General. 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 and
a Bruker APEX detector. All structures were solved by direct methods with SIR 2004%° or
SHELXS® and refined by full-matrix least-squares procedures utilizing SHELXL within Olex
2 small-molecule solution, refinement, and analysis software package.®’ Crystallographic data
collection and refinement information are listed in Table 1.1 and 1.2.

Information on crystallographic disorder. All disordered components were successfully
modeled and refined anisotropically unless otherwise stated.

Na(N2)Co(CNArPPrP2);-2C¢Hg contains severely disordered solvent molecules of co-

crystallization that could not be successfully modeled. The PLATON routine SQUEEZE®® was
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used to account for these disordered components as a diffuse contribution to the overall
scattering without specific atom positions.

The solid-state structure of Na(N2)Co(CNArPPP2);-2CHg exhibits positional disorder over two
positions of two ArPPP? group at C52 and C83. These Ar PPP? group were split and linked via a
free variable and refined anisotropically. Constrains of AFIX, SADI, EADP and RIGU are used
through the refinement.

Complex (ACN)Co(CNArP®P2);-C¢Hg contains compositional —disorder of 16%
ICo(CNAr?®?P2); and 84% (ACN)Co(CNArPPrP2); at the apical position refined
anisotropically.

The solid-state structure of (N2)Co(CNArPPP2); exhibits a merohedral twin. Addition to this,
the N»-Co fragment is positional disordered over two positions. The group was split and linked

via a free variable and refined anisotropically.
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Table 1.1. Crystallographic Data Collection and Refinement Information.

Name Na[(N2)Co(CNArP"PP2);] Na[Co(CNArP"Pr2);] (ACN)Co(CNArPiPr2);
-2CsHs -Cs ‘CesHs
Formula C99 HI117CoN5Na  Cl104HI23 CoN3  C10049 H114.61 Co
Na 10.16 N3.84
Crystal System Monoclinic Orthorhombic Triclinic
Space Group P12l/c1 Pna2 /1 P-1
a, A 12.5833(5) 26.175(2) 12.8222(3)
b, A 25.3208(10) 22.4836(18) 15.1166(4)
c, A 28.7835(10) 16.1776(13) 22.5579(5)
a, deg 90 90 87.8670(10)
B, deg 94.4430(10) 90 84.3880(10)
Y, deg 90 90 83.8690(10)
v, A3 9143 .4(6) 9520.8(13) 4324.93(18)
Z 4 4 2
Radiation (A, A) Mo-K,, 0.71073 Mo-K, 0.71073 Mo-Kq, 0.71073
p(calcd.), g/cm? 1.060 1.044 1.118
u, mm’! 0.238 0.229 0.303
Temp, K 100 100 100
0 max, deg 25.732 25.026 24714
data/parameters 17440/ 1155 16819 / 1007 14732 /982
R; 0.0617 0.0731 0.0705
WR> 0.1526 0.1988 0.1671
GOF 1.032 1.076 1.027
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Table 1.2. Crystallographic Data Collection and Refinement Information.

Name (N2)Co(CNArPipp2), Co(CNArPipp2),
‘CeHe
Formula C93 H111 Co N5 C99 H117 Co N3
Crystal System Monoclinic Triclinic
Space Group P12I/n1 P-1
a, A 12.1906(8) 14.4825(13)
b, A 25.5269(16) 14.6228(13)
c, A 26.0851(16) 23.461(2)
a, deg 90 101.862(2)
B, deg 90.022(2) 93.171(2)
v, deg 90 119.460(3)
v, A3 8117.4(9) 4161.7(7)

Z 4 2
Radiation (A, A) Mo-K,, 0.71073 Mo-K, 0.71073
p(caled.), g/cm? 1.111 1.124

u, mm! 0.259 0.254
Temp, K 100 100
0 max, deg 25.401 25.378
data/parameters 14928 / 948 15254 / 952
R; 0.0404 0.0517
WR, 0.0925 0.1072
GOF 1.052 1.038

1.8 Concluding Remarks

The research projects listed in this thesis focus on the solution-phase dynamics and
novel reactivity of low-valent cobalt isocyanides, with the aim of comparing and contrasting
their behavior with the chemistry associated with their carbonyl analogues. Chapter 2 and 3 will
be focusing on the reactivity and dynamics of the isolobal analogue of Co(CO)s,

Co(CNArMes2),, The usage of cobalt anions as cobalt phosphide cluster building blocks will be
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discussed in Chapter 4. Research on unique small molecule activations using coordinatively

unsaturated Co(SiMes)(CNAr™es2); will be covered in Chapter 5 and 6.
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Chapter 2 Associative Ligand Exchange and
Substrate Activation Reactions by a Zero-Valent

Cobalt Tetraisocyanide Complex

2.1 Introduction

Within the past decade, there has been increasing attention on the synthesis,
characterization and study of mononuclear zero-valent Co complexes.!-3 In contrast to the far
more common valence states of 1, 2 and 3, and to some extent the formal oxidation state of —1,
the zero-valent state represents a significantly underexplored electronic environment for
mononuclear Co coordination compounds. Accordingly, there have been several factors that
have contributed to this recent interest. These include findings that mononuclear zero-valent Co

> and activation®®, as well as efforts aimed at the

centers are adept at dinitrogen binding*
development of new chemical transformations that exploit either the Co 0/+1, 0/+2 or 0/+4
formal redox couples. *!? Additionally, fundamental questions in structure, bonding and

reactivity have arisen due to the inherent metalloradical nature of mononuclear zero-valent Co

centers.
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The research projects listed in this thesis focus on the solution-phase dynamics and
novel reactivity of low-valent cobalt isocyanides, with the aim of comparing and contrasting
their behavior with the chemistry associated with their carbonyl analogues.

Prior to this renewed interest, the most well-considered mononuclear zero-valent Co
species was the simple binary carbonyl, Co(CO)s. This 17-electron, S = 1/2 metalloradical has
been proposed as an intermediate in hydroformylation (oxo catalysis) initiated by photolytic or
thermal activation of Co(CO)s.'*'¢ Additionally, Co(CO)s has been postulated as an
intermediate in radical-type hydrogenation of olefins by HCo(CO)s at high pressures,'’>* but
its direct observation has been limited to low temperature matrix isolation studies. Since the
first detection of Co(CO)4 by Keller and Wawersik using EPR spectroscopy in 1965, 2° and its
unequivocal matrix isolation by Poliakoff and Turner in 1974,%¢ a number of derivatives
stemming from this zero-valent carbonyl have been generated via gas-phase reactions,
including (02)Co(CO)3, (PR3)Co(CO)3 and (n?-C,C-alkene)Co(CO)327-* However, none of
these complexes are long-lived enough for detailed spectroscopic or structural investigations,
and the instability of Co(CO)4 has limited the exploration of its reactivity or mechanism of
action with substrates in greater detail. While it is recognized that 17-electron transition-metal

carbonyl radicals (e.g., V(CO)s and M(CO)s; M = Mn, Re) undergo ligand substitution

28,30-32 33-36

reactions via a second-order associative mechanism, no direct experimental studies
have been carried out on Co(CO)s and its simple ligand substitution pathways. Indeed, both
dissociative and associative substitution mechanisms have been proposed for the reaction of
Co(CO)4 with incoming ligands.>”* For the dissociative processes in particular, it is notable
that the high energy, 15¢= species Co(CO)3 has been postulated as a viable intermediate,

although rigorous experimental data has not been disclosed to support this claim.?84!
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Nevertheless, following these reports, dissociative mechanisms have been proposed for certain
other zero-valent S = ', CoLs complexes,***’ yet detailed kinetic information supporting such
proposals have also not appeared.

Given our interest in isolating and studying precise electronic-structure mimics of the
binary unsaturated metal carbonyls (i.e. M(CO),; n < 5) with encumbering m-terphenyl

48-33 we have previously reported that the tetraisocyanide complex, Co(CNArMes2),

isocyanides,
(ArMes2 =2 6-(2,4,6-Me3CsH2)2C6H3), can be isolated as a crystalline solid and displays marked
stability at room temperature in both solution and the solid state. Accordingly, herein we report
a more detailed reactivity study on Co(CNAr™M®?),, which includes an assessment of its ligand
substitution kinetics. Most notably, despite the large steric profile of Co(CNArM®2),, our data
indicate that it reacts with incoming substrates via an associative ligand substitution mechanism
which we believe may be general for this class of zero-valent complexes. In addition, the

reactivity profiles of Co(CNArMe2), indicates that it reacts in a multi-, rather than single-,

electron fashion with reducible substrates.
2.2 L-type Ligand Substitution Chemistry of Co(CNAr™?),

As with Co(CO)s, Co(CNArMe2), readily undergoes ligand substitution reactions.
Treatment of Co(CNArMe?), with one equivalent of triphenylphosphine (PPhs), followed by
analysis by FTIR spectroscopy indicated the formation of free CNArMe? ligand and a new Csy-
symmetric product. The product was determined to be phosphine-substituted
Co(PPh3)(CNArMe2); (1; Scheme 2.1) by X-ray diffraction. Additionally, Evans method
magnetic moment determination in CsHe solution indicated a pesr value of 1.82(£ 0.11) s,

consistent with an § = 4 paramagnet. Ligand exchange with a less sterically hindered ligand,
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tert-butyl isocyanide (CNz-Bu), also was achieved, and Co(CNz#-Bu)(CNArM®?); (2; Scheme
2.1) was isolated as a red crystalline material that gives rise to an effective magnetic moment
of 1.76 (+ 0.03) ug when dissolved in C¢Ds solution. Like Co(CNArMes2),, complex 2 is stable

at room temperature in solution and does not readily dimerize to a diamagnetic species over a

24 h period.

PhCCH or
PPh3 PhCC-CCPh
CeHg CeHg

H,CCH'Bu PhC(O)H
CeHs

- CNAres? ) - CNAHes?

Scheme 2.1. Synthesis of Co(L)(CNAr*2); Complexes 1-7.

Certain olefins and acetylenes also add cleanly to Co(CNAr™®s2), with displacement of
a single isocyanide ligand. As shown in Scheme 1, treatment of Co(CNArM®2), with rert-butyl
ethylene or phenylacetylene produce the paramagnetic products Co(n*C,C-
‘BuCHCH:)(CNA™Me2); (3; Scheme 2.1) and Co(n?>-C,C-PhCCH)(CNArM®2); (4; Scheme 2.1),
respectively, as determined by X-ray crystallography. Both the olefin and alkyne ligands in

complexes 3 and 4 bind to the Co center in an n*-fashion, with the C4—C5 bond lengths of 3
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and 4 (1.391(8) A and 1.255(4) A, respectively) being only slightly elongated from that of the
similar and structurally characterized free olefins (t-butyl(5-hydroxy-2,6,6-trimethyloct-7-en-
4-yl)carbamate) and alkyne (4-ethynyl-1-methoxybenzene) C—C bonds (1.313(3)*® and
1.198(2)°7 A, respectively). Similarly, Co(CNAr™2), reacts readily with diphenyldiacetylene
to form the n2-alkyne complex, Co(n?-C,C-PhCC-CCPh)(CNArMes2); (5; Scheme 2.1) in which
only one acetylenic unit is bound to a Co center (5; Figure 2.1). This binding arrangement
allows for an internal comparison of acetylenic bond lengths, which again confirmed that the
n2-bound alkyne C-C bond is only slightly elongated relative to the unbound alkyne (1.275(4)
A vs. 1.205(4) A, respectively).

Notably, heating both 3 and 4 at 40 °C in benzene solution for days showed no evidence
of further bond activation processes. However, placement of complex 3 under an H; atmosphere
at room temperature resulted in the formation of the known, m-terphenyl aldimine,
H,C=NA™2 54 yia 1,1-hydrogenation of the CNArM®?2 ligand. More interestingly, analysis of
the reaction mixture showed only trace amounts of 2,2-dimethylbutane, thereby indicating that
complex 3 is not a competent pre-catalyst for olefin hydrogenation.??

To determine whether Co(CNAr™®s2), could engage in radical-type le~ reaction with
organic compounds, its reactivity with carbonyl-containing substrates were probed. Notably,
Co(CNArMes2), failed to react with benzophenone after 36 h in C¢De, which we attribute to both
the size and topology of the substrate. Therefore, we next chose maleic anhydride (MA) and
benzaldehyde (BA) due to their relatively small steric profile and their potential to form a
stabilized ketyl-radical-type complex. However, rather than conclusively eliciting le™ radical-

type chemistry from Co(CNArM®2),, both substrates displayed simple ligand substitution
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chemistry, yielding the n?-C,C bound maleic anhydride complex, Co(n?*-C,C-MA)(CNArMes?);
(6; Scheme 2.1), and the n?-C, O bound benzaldehyde complex (n?-C,O-PhC(O)H)(CNArMes?);
(7; Scheme 2.1) as determined by single-crystal X-ray diffraction. Both reactions were
accompanied by the loss of one CNAr™®? ligand. From the crystallographic data, the C—C bond
length of Co(n2-C,C-MA)(CNA1™2);(6) (1.414(8) A) showed a ca. 0.1 A elongation from free
MA, indicating stronger nt- back-bonding from the cobalt center relative to the olefin and alkyne
complexes 3-5. Contrastingly, the C—O bond length of Co(n?-C,O-PhC(O)H)(CNAMe2); (7)

(1.261(8) A) displayed a more modest bond elongation as in complexes 3-5.

Figure 2.1. Molecular Structures of Co(L)(CNAr™®2); Complexes 1-7.
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2.3  Mechanistic Observations on Co(CNAr™*?), Ligand Exchange

Chemistry

While the formation of Co(L)(CNArM®2); from Co(CNArM®2), is reminiscent of the
outcome of the ligand substitution chemistry for Co(CO)4, the mechanism by which these
transformations occur has not been conclusively elucidated. Scheme 2.2 outlines both
dissociative and associative ligand substitution pathways for Co(CNAr™M®2),. Path A represents
rate-determining CNArM®? dissociation to form the 15 e species Co(CNArMe2);. This
mechanism is similar to that proposed for other zero-valent CoLs complexes where a low-
coordinate CoL3 species is invoked as the key intermediate. Alternatively, Path B depicts an
associative mechanism featuring an idealized 19¢~ Co(L)(CNArMe2), intermediate, which
proceeds to the final tris-isocyanide product after post-rate- determining CNArMes2 dissociation.
As a representative case for measuring ligand substitution kinetics in this system,
phenylacetylene was selected as the incoming ligand due to the significantly differentiated
optical properties between maroon-red Co(CNAr™®?), and the brown-yellow n?-C,C-PhCCH
complex 4. UV-vis spectra of 0.25 mM THF solutions of Co(CNArM®?2), and 4 are shown in
Figure 2.2, where the well-separated absorption of Co(CNArM®*2), at 485 nm serves as a
convenient spectroscopic feature to measure reaction progression.

Under pseudo-first-order conditions (10 and 20 equiv of PhnCCH) at 20 °C, the reaction
between Co(CNArMe?), and PhCCH proceeded with a rate constant of kops = 1.41(6) x 1073 57!
for 10 equiv of PhCCH and a rate constant of koss = 3.29(2) x 103 s°! for 20 equiv of PhCCH
(Figure 2.3 and Table 2.1). Plotting In[Co(CNArMe2),] versus time revealed a linear

relationship, in accordance with pseudo-first-order conditions. The roughly two-fold increase
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in koss upon increasing the concentration of PhCCH is suggestive of an associative reaction

mechanism with a concentration dependence on the incoming ligand.

ath A: Dissociative

- CNArMes2
~ . —_—C =
+ CNArMes2 co—e=

- L-type ligand || + L-type ligand + L-type ligand

- CNArMes2

Scheme 2.2. Potential Mechanisms for the Ligand Substitution Chemistry of Co(CNArMe2)y,
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0.25 mM Co(CNAr¥es?),

08 - 0.25 mM (PhCCH)Co(CNAr“es2), (4)

Absorbance (a.u.)

PP RSN S RSN S RSN RS NS S S RS R
300 350 400 450 500 550 600 650

Wavelength (nm)
Figure 2.2. UV-Vis spectrum of 0.25mM Co(CNAr™*?),; in THF (red) and 0.25mM Co(n>-C,C-
PhCCH)(CNAr?); (4) in THF (blue).

To further support the associative mechanism and exclude a dissociative pathway, free
CNArMe2 was added to the reaction mixture for the purpose of suppressing the potential
formation of the three-coordinate, 15¢~ species Co(CNArMe?); (Scheme 2.2, Path A). As shown
in Figure 2.3 and Table 2.1, addition of CNArM*? (20 equiv) to reactions between
Co(CNArMe2), and either 10 or 20 equiv of PACCH showed a negligible effect on kops for the
formation of complex 4. Accordingly, the insensitivity of the rate constants with respect to
[CNAMes2] suggests strongly that CNA™e? dissociation from Co(CNAr"e2), is not the rate
determining step in this ligand substitution process. In this respect, Co(CNArM®?2), shares an
operational similarity with the neutral, 17-electron metal carbonyl radicals V(CO)s and M(CO)s
(M = Mn, Re), for which detailed kinetic information has established associative ligand

exchange mechanisms.*>*

This finding is significant in that the encumbering steric
environment provided by four CNArMes2 ligands could be expected to discourage direct attack

of an incoming ligand. However, the fact that Co(CNAr™®?), reacts with HCCPh by an apparent
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associative process suggests that Co(0) complexes with smaller steric profiles may react

similarly, and not via dissociative mechanisms as has been proposed.

[0 10eq PhCcCH
O 10eq PhCCH / 20eq CNAres2
/\ 20eq PhCCH
& 20eq PhCCH/ 20eq CNAres?

In[Co(CNAres?) ]

600 800 1000 1200
Time (s)

Figure 2.3. Plot of In[Co(CNArM®2)4] vs time, showing the comparative observed rates of Co(CNArM®?), ligand
exchange by PhCCH with the effect of 20 equiv CNAM™®2 present under pseudo-first-order conditions (10 and 20

equiv).
Table 2.1. Observed Rate Constants in the Ligand Substitution Reaction of Co(CNAr®2), by PhCCH Under
Pseudo-First-Order Conditions with Extra CNAr™®? Added.

Equiv PACCH Equiv CNAI™®?  k,p (s7)

10 0 1.41(6) x 10°
10 20 1.51(3) x 10°
20 0 3.29(2) x 10°
20 20 3.26(1) x 103

2.4  Assessing the Radical-Type Behavior of Co(CNAr¥?),

Upon obtaining evidence that Co(CNArMes2), reacts with neutral L-type donor substrates
by an associative mechanism, we next focused on exploring its ability to engage in 1e™ radical
type reactivity. As noted above, the carbonyl complex Co(CO)s has been proposed as an

intermediate in radical-chain hydrogenation of olefins at high temperature and pressure.
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However, it has not been conclusively established to engage in le™ type reactivity, such as
halogen- or hydrogen-atom abstraction reactions, under ambient conditions. Furthermore, this
behavior of Co(CO)s contrasts with the chemistry of the 17e™ radical Mn(CO)s, which is a
potent halogen- and hydrogen-atom abstraction reagent. Similarly, Co(CNArM®2), does not
engage in straightforward le~ chemistry despite being a more electron-rich analogue of
Co(CO)s. For example, Co(CNArMe2), does not react readily with HSnBus in C¢De solution.
Analysis of this reaction by '"H NMR spectroscopy after 24 h showed predominantly unreacted
Co(CNArMes2), with only a trace of the known hydride complex HCo(CNArM®2), (ca. 2%).54
In addition, treatment of Co(CNArM®2), with HCCI; leads to a mixture of products, wherein
the known monochloride complex CICo(CNAr™®s2); is formed in only ca. 20% yield. In contrast,
the isoloable S = %> metalloradical Mn(CO)3(CNA1PPP2), reacts upon mixing with both HSnBus
and HCCI;s to cleanly produce products indicative of hydrogen- or chlorine-atom abstraction,
respectively, as the major species.’® To date, we have not identified a substrate class where
Co(CNArMe2), functions in its reaction chemistry as a simple metalloradical capable of X-
abstraction. In fact, even when treated with the stable radical TEMPO, Co(CNArMes?),
undergoes substantial electronic reorganization and loss of two ligands to form the diamagnetic,
square planar complex, (n>-O,N-TEMPO)Co(CNArMe2), (8; Scheme 2.3). Notably, the

analogous carbonyl complex (n?-O,N-TEMPO)Co(CO), has been isolated and structurally
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characterized from the reaction of photogenerated Co(CO)s with TEMPO and shows structural

features similar to those of 8.%°

TEMPO
CsHe

- 2CNArMes?

PhSSPh
CeHe

- CNAfMes2

Scheme 2.3. Synthesis of Complexes 8-11.

As an additional probe for le~ metalloradical behavior from Co(CNArMe2),, its
reactivity toward elemental phosphorus was surveyed as this reagent can react via le” pathways
with sterically constrained metal centers.’®%° As shown in Scheme 2.3, Co(CNArMe2), readily
reacts with P4 in benzene solution. However, rather than producing a product indicative of'a le~
reduction by Co(CNArMes2),, this reaction generates the diamagnetic cyclo-P3 complex (n?-
P3)Co(CNAMe2); (9) as the only cobalt-containing product. Complex 9 gives rise to a
distinctive singlet at § =-278 ppm in its *'P {'H} NMR spectrum, which is consistent with other
cyclo-Ps transition metal complexes. Accordingly, this product outcome illustrates a preference
of the Co center in Co(CNArM®?), to undergo multi-electron transformations, rather than

execute a simple le~ reduction reaction. In this respect it is also notable that P4 also reacts with
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Co2(CO)s to produce (n3-P3)Co(CO)s, which was the first reported cyclo-P; transition metal
complex.®!2 However, this cyclo-P3 complex is not stable at room temperature and readily
decomposes to a complex mixture in which only the nonacobalt cluster, [P3Co9(CO)24], has
been identified.®® In contrast, complex 9, on account of its encumbered steric profile, shows
outstanding thermal stability at room temperature in solution and also retains its integrity for

days when heated to 60 °C.

(8)
Figure 2.4. Molecular Structures of Complexes 8-11.

Similar to its reaction with Ps, zero-valent Co(CNArM®?), reacts in a multi-electron
fashion with both elemental sulfur (Sg) and diphenyl disulfide (PhSSPh). Treatment of
Co(CNArMes2), with 0.5 equiv. of Ss produces the dimeric diamagnetic complex [Coa(p-S2)2(u-
S4)(CNArMes2),] (10; Scheme 2.3) along with free CNArMe2, Crystallographic structure
determination of complex 10 revealed that each Co center is bound by an n2-disulfide unit,
which also forms a dative k!-interaction to the neighboring cobalt atom. Both Co centers are
also linked by a catenated S4 unit to form a dinuclear molecular core resembling the head of a
cat when viewed along a vector coincident with the Co; plane (10; Scheme 2.3). While unusual,
this fragmentation mode of Sg has been observed previously with molecular molybdenum and
tungsten complexes.®*%> Whereas Co,(CO)s has been shown to react with Sg to form a variety

of Co/S clusters,’¢%” dinuclear 10 is the only identifiable Co-containing species when
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Co(CNArMes2), is used as a precursor. Again, as with P4, Co(CNArM®2), reacts in a multi-
electron manner that to produce a formally Co(Ill) product. Similarly, treatment of
Co(CNArMe?); with 1.0 equiv. of PhSSPh produces the bis-thiolate complex
Co(SPh)2(CNArMes2); (11) as the exclusive Co-containing product. Notably, when 0.5 equiv. of
PhSSPh was employed in this reaction, an equimolar mixture of 11 and unreacted
Co(CNArMe2), is obtained. While circumstantial, this reactivity toward PhSSPh seemingly
indicates that substrate reductions by Co(CNArM®2), proceeds via an inner-sphere mechanism
akin to a prototypical oxidative addition, rather than via discrete le~ steps. In fact, to our
knowledge there are no known instances to date where a zero-valent Co complex reacts with a

substrate via a well-defined or conclusive le~ pathway.

2.5 Concluding Remarks

The zero-valent state of cobalt is becoming the subject of increasing interest for the
discovery of new chemical transformations. Using the tetraisocyanide Co(CNArMes2),, which
is an analogue of the simple binary carbonyl Co(CO)s, we have developed a convenient
platform for assessing the fundamental reaction dynamics of a zero-valent Co center. We have
found that Co(CNArM®?), readily undergoes ligand-substitution reactions with a host of neutral,
2e -donors. Kinetic analysis of the reaction between Co(CNAr™®2),4 and phenylacetylene, in

both the presence and absence of free CNArMes?

, strongly indicate that an associative
mechanism is operative for these ligand substitution reactions. This finding is consistent with
the proposed mechanisms of other isolable 17 e, S = )4 transition metal carbonyls (e.g.

V(CO)s), but contrasts with proposals of Co(CO)s dissociative mechanisms. On account of the

encumbering steric profile of Co(CNArM®2),, we believe it is reasonable to suggest that other
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CoL4 complexes react generally via an associative mechanism, especially those with strong 2e~
donor ligands such as Co(PMes)s. We have also surveyed the reaction chemistry of
Co(CNArMes2), with a range of substrates that can function as multi-electron oxidants. Despite
its S = ¥ ground state, d* Co(CNAr™®2), does not react with any substrate surveyed via discrete
le™ steps. Instead, Co(CNArMes2), reacts in a manner that produces formal Co(I) to Co(III)
products. The results reported here illustrate that molecular zero-valent Co species may have
an inherent preference to react via associative ligand substitution pathways and inner-sphere

multi-electron substrate reduction/activation events.

2.6 Synthetic Procedures and Characterization Data.

General Considerations. All manipulations were carried out under an atmosphere of
dinitrogen using standard Schlenk and glovebox techniques. 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 and Toluene-ds were dried with Na/K and Benzophenone
followed by distillation and stored on 4 A molecular sieves for 3 days 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 compounds CNArMe2 and Co(CNArMe?), were prepared by
previously reported methods.>!7

Solution 'H, BC{'H} and *'P{'H} NMR spectra were recorded on Varian Mercury 300
and 400 spectrometers or a Varian X-Sens 500 spectrometer. 'H and '*C{'H} chemical shifts

are reported in ppm relative to SiMe4 (*H and *C & = 0.0 ppm) with reference to residual solvent

resonances of 7.16 ppm (‘H) and 128.06 ppm (!3C) for C¢Ds. *'P{'H} NMR chemical shifts are
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reported in ppm relative to an internal standard of 85% H3PO4 (0 ppm) in a sealed capillary.
FTIR spectra were recorded on a Thermo-Nicolet iS10 FTIR spectrometer. Samples were
prepared as KBr pellets or as 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. UV-vis spectra were collected on a Shimadzu
UV-3600 UV/vis/NIR spectrometer. Combustion analyses were performed by Midwest
Microlab LLC of Indianapolis, IN (USA). Samples for combustion analysis were obtained from
the first recrystallized batch of the reaction mixture. In a typical preparation, the crude, dry
reaction mixture was dissolved in a minimum amount of solvent and stored at —35 °C for several
days to produce crystalline material. This material was then collected, thoroughly dried under
vacuum and then packaged under vacuum for shipment. In most cases, this material was also
used for single-crystal X-ray structure determination.

Synthesis of Ligand Substitution Products 1-7. Ligand substitution reactions were performed
using 0.015-0.070 mmol of Co(CNArM®2),. To a benzene solution of Co(CNArMe2), (3 mL)
was added 1.0 equiv of L-type ligand as a benzene solution (1 mL). Resulting mixture was
allowed to stir at room temperature for 12 h. Thereafter, the reaction mixture was concentrated
to a solid under reduced pressure and then extracted with Et;O. This Et:O solution was then
filtered through Celite and evaporated to dryness. Single crystals of the corresponding
Co(L)(CNArMes2); 1-7 products were obtained from concentrated solutions stored at —35 °C for

1-3 days.
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Data for Co(PPh3)(CNArM®?); (1): Red crystals from THF layered with n-pentane. Yield:
0.015 g, 0.011 mmol, 80 %. 'H NMR (400.1 MHz, CsDs, 20C): & = 10.88 (bs, 12H, m-Mes),
8.97 (bs, 9H, m- and p-Ph), 6.72 (bs, 9H, p- and m-PPh3), 5.91 (bs, 6H, 0-PPh3), 2.08 (bs, 36H,
0-CH3 Mes), 1.93 (bs, 18H, p-CH3 Mes) ppm. uesr (Evans Method, CsDs / (SiMe3)20, 400.1
MHz, 20 °C, 3 independent runs) = 1.82(0.11) us. FTIR (C¢Ds, KBr windows, 25 C): vey =
1944 (vs) and 2050 (m) also 2912 (m), 2848 (m), 1582 (m), 1433 (m), 1411 (m), 1347 (m),
1035 (m), 853 (m), 750 (m) cm™'. Anal. Calcd. for Co3sHooN3PCo: C, 83.83; H, 6.77; N, 3.14.
Found C, 83.58; H, 7.34; N, 3.37.

Data for Co(CN'Bu)(CNArMe2);(2): Red crystals from n-pentane:benzene (4:1). Yield: 0.013
g, 0.011 mmol, 32 %. '"H NMR (400.1 MHz, CsDs, 20C): & = 9.48 (bs, 12H, m-Mes), 6.95 (bs,
9H, m- and p-Ph), 5.66 (bs, 9H, CN'Bu), 2.48 (bs, 36H, 0-CH; Mes), 2.14 (bs, 18H, p-CH; Mes)
ppm. st (Evans Method, CsDe/(SiMes3),0, 400.1 MHz, 20 °C, 3 independent runs) =
1.76(£0.03) us. FTIR (CsDs, KBr windows, 25 “C): vey = 2021 (s), 1997 (vs), 1927 (vs), 1826
(sh) em!, also 2955 (m), 2919 (m), 2852 (m), 1578 (m), 1413 (m), 1375 (m) cm™'. Anal. Calcd.
for CgoHgaN4Co: C, 82.80; H, 7.30; N, 4.83. Found C, 82.54; H, 7.70; N, 4.35.

Data for Co(n2-C,C-‘BuCHCH2)(CNArM®2); (3): Orange crystals from Et,O. Yield: 0.004 g,
0.004 mmol, 10 %. FTIR (CsDs, KBr windows, 25 C): vey = 1975 (vs), 2027 (vs), also 2963
(m), 2905 (m), 2865 (m), 1465 (m), 1417 (m), 1383 (m), 1361 (s), 1211 (m), 997 (m), 912 (m)
cm’!. Anal. Caled. for CsiHg7N3Co-(C4H100)3: C, 80.72; H, 8.52; N, 3.04. Found C, 79.02; H,
7.45; N, 3.11.

Data for Co(n2-C,C-PhCCH)(CNArM<2); (4): Brown-yellow crystals from Et,O. Yield: 0.036

g, 0.031 mmol, 44 %. 'H NMR (400.1 MHz, C¢Ds, 20°C): & = 6.40 (bs), 4.73 (bs), 2.20 (bs)
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ppm. wesr (Evans Method, C¢Ds / (SiMe3)20, 400.1 MHz, 20 °C, 3 independent runs) =
1.84(%0.02) us. FTIR (CsDs, KBr windows, 25 C): vy = 2087 (m), 2025 (vs), 1997 (vs) cm™,
1966 (vs) cm™!, voe = 1759 (m) also 3036 (m), 2946 (m), 2919 (m) , 1580 (m), 1479 (m), 1440
(m), 1417 (m), 1376 (m), 851 (m), 756 (m), 679 (m) cm’'. Anal. Calcd. for
Cs3Hs1N3Co-(C4H100)3: C, 81.39; H, 7.98; N, 3.00. Found C, 79.57; H, 6.67; N, 3.59.

Data for Co(n2-C,C-PhCC-CCPh)(CNArM#?); (5): Green crystals from n-pentane. Yield:
0.025 g, 0.019 mmol, 76 %. 'H NMR (400.1 MHz, CsDs, 20C): 8 = 10.23 (bs), 6.32 (bs), 4.89
(bs), 2.01 (bs) ppm. uetr (Evans Method, C¢Ds / (SiMe3)20, 400.1 MHz, 20C, 3 independent
runs) = 1.78(£0.02) us. FTIR (CsDs, KBr windows, 25 “C): vey = 2089 (m), 2021 (vs), 1990
(vs) em’!, v = 1814 (m) also 3086 (m), 3068 (m), 3031 (m), 2920 (m), 2847 (m), 1634 (m),
1590 (m), 1486 (m), 1479 (m), 1416 (m), 1377 (m), 1037 (m), 915 (m), 850 (m), 754 (m) cm
!, Anal. Caled. for Co1HssN3Co- (CsH100)4: C, 81.54; H, 7.99; N, 2.67. Found C, 78.30; H,
6.42; N, 2.70. Multiple attempts to acquire satisfactory elemental analysis were unsuccessful.
We tentatively attribute this observation to the presence of Co-containing insoluble impurities.
Data for Co(n2-C,C-MA)(CNArM®2); (6): Green crystals from Et;O. Yield: 0.070 g, 0.059
mmol, 85 %. '"H NMR (400.1 MHz, CsDs, 20C): 8 = 8.59 (bs, 3H, p-Ph), 6.96 (bs, 2H, MA),
6.85 (bs, 12H, m-Mes), 6.36 (bs, 6H, m-Ph), 2.20 (bs, 54H, o0- and p-CH3 Mes) ppm. petr (Evans
Method, CsDs / (SiMe3)20, 400.1 MHz, 20C, 3 independent runs) = 1.82(+£0.08) ps. FTIR
(CsDs, KBr windows, 25 C): vey = 2049 (vs), 1996 (s) em!, veg = 1795 (s), 1731 (8), vee =
1612 (s), also 3036 (m), 2919 (m), 2850 (m), 2733 (m), 1223 (m), 1038 (m) cm!. Anal. Calcd.

for C79H7703N3Co: C, 80.72; H, 6.60; N, 3.57. Found C, 80.65; H, 6.59; N, 3.25.
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Data for Co(n2-C,0-PhC(O)H)(CNArMe2); (7): Yellow crystals from Et,0. Yield: 0.035 g,
0.030 mmol, 59 %. 'H NMR (400.1 MHz, CsDs, 20C): 8 = 10.42 (bs, 1H, Ph(O)H), 8.21 (bs,
3H, m- and p-Ph(O)H), 7.86 (bs, 2H, 0-Ph(O)H), 6.78 (bs, 12H, m-Mes), 5.38 (bs, 9H, m- and
p-Ph), 2.35 (bs, 18H, p-CH3 Mes), 2.11 (bs, 36H, 0-CH3 Mes) ppm. petr (Evans Method, CsD¢/
(SiMe;3)20, 400.1 MHz, 20°C, 3 independent runs) = 1.91(+0.07) ps. FTIR (CsDs, KBr
windows, 25 C): vey = 2024 (vs), 1990 (vs) cm!, veo = 1705 (s), also 2925 (m), 2849 (m), 2810
(m), 2729 (m), 2690 (m), 1595 (m), 1579 (m), 1199 (m), 1163 (m) cm’!. Anal. Calcd. for
Cs2Hs1N30Co-C7He6O: C, 82.89; H, 6.80; N, 3.26. Found C, 81.08; H, 6.69; N, 2.77.

Synthesis of Co(n2-N,0-TEMPO)(CNArMe?), (8) A thawing THF solution of Co(CNArMes2),
(0.020 g, 0.014 mmol, 15 mL) was combined with solid TEMPO (0.002 g, 0.014 mmol, 1.0
equiv). The resulting reaction mixture was allowed to stir for 1.5 h while warming to room
temperature. A color change from red to brown was observed. The material was then
concentrated to a solid under reduced pressure. The solid residue was dissolved in 1 mL of Et,O
and stored at —30 °C to afford brown crystals which were collected and dried in vacuo. Trace
free CNArMes? was removed by washing crystals with MeCN (3 x 2 mL). Yield: 0.008 g, 0.009
mmol, 64 %. 'H NMR (400.1 MHz, C¢Ds, 20 °C): 8 = 6.96 (d, 2H, J=7 Hz, 0-Ph), 6.94 (d, 2H,
J=7Hz, 0-Ph) 6.92 (t, 1H, J = 7 Hz, p-Ph), 6.91 (s, 4H, m-Mes), 6.90 (t, 1H, J = 7 Hz, p-Ph),
6.82 (s, 4H, m-Mes), 2.31 (s, 6H, p-Mes), 2.29 (s, 6H, p-Mes), 2.17 (s, 12H, o- Mes), 2.07 (s,
12H, 0-Mes) 1.34-1.10 (m, 6H, TEMPO), 1.03 (s, 6H, TEMPO-CHs), 0.97 (s, 6H, TEMPO-
CH3) ppm. BC{'H} NMR (125.8 MHz, CsDs, 20 °C): 8 = 183.9 (CNR), 179.4 (CNR), 138.2,
138.2,136.8, 136.6, 136.4, 136.3, 136.2, 135.9, 131.6, 131.3, 129.7, 129.2, 128.8, 128.7, 125.8,

125.5, 63.65, 38.1, 33.1, 23.7, 21.5, 21.3, 20.7, 20.6, 17.6 ppm. FTIR (C¢Ds, KBr windows, 25
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°C): ven = 2060 (s), 2021 (s), 1932 (vs) em! also, 2973, 2942, 2926, 2862, 1613, 1582, 1446,
1418, 1374, 1240, 1171, 1119, 847, 758, 636 cm™!. Anal. Calcd. For CsoHegN3C0oO-(CsH100)3:
C, 76.38; H, 8.85; N, 3.76. Found: C, 75.43; H, 7.55; N, 4.31.

Synthesis of Co(n*-P3)(CNArMe2); (9): Co(CNArMe2), (0.200 g, 0.141 mmol) was dissolved
in benzene (10 mL) and allowed to stir for 5 m. Elemental phosphorus (P4) (0.002 g, 0.169
mmol, 1.2 equiv) was added to this reaction mixture as a solid. The resulting solution was
allowed to stir at room temperature for 12 h. The reaction mixture was then concentrated to a
brown solid under reduced pressure. The material was suspended in acetonitrile (5 mL) and
filtered. The precipitate was washed with acetonitrile (3 x 3 mL) to afford a brown powder.
Single brown crystals of Co(n’-P3)(CNArM®2); were obtained from a concentrated
fluorobenzene solution with three drops of n-pentane stored at —35 °C for 12 hours. Yield: 0.089
g, 0.076 mmol, 54 %. 'H NMR (500.1 MHz, Cs¢Ds, 20C): = 6.94 (s, 12H, m-Mes), 6.87 (bt,
3H, p-Ph), 6.81 (d, J =5 Hz, 6H, m-Ph), 2.30 (s, 18H, p-CH3 Mes), 2.04 (s, 36H, 0-CH3 Mes)
ppm. BC{'H} NMR (125.8 MHz, CsD¢, 20C): & = 175.55 (broad, CNR), 138.80, 137.16,
135.97, 135.22, 129.94, 129.27, 128.35, 128.16, 127.97, 21.56, 20.67 ppm. (The CNR
resonance extremely broadened, presumably due to coupling to °Co (I=7/2, 100 %)). 3'P{'H}
NMR (121.5 MHz, C¢Ds, 20 °C): =-279.55 (s, n*-P3) ppm. FTIR (C¢Ds, KBr windows, 25 C):
ven = 2056 (vs), 2007 (m), 1969 (sh) cm’!, also 2919 (m), 1415 (m), 1374 (m), 1035 (s), 852
(m), 755 (m), 652 (m) cm!. Anal. Calcd. for C7sH7sN3P3Co-Ps: C, 69.61; H, 5.84; N, 3.25.
Found C, 68.04; H, 5.90; N, 2.45. Repeated attempts to obtain a more satisfactory elemental
analysis were unsuccessful. We believe this is due to a small amount P4 that accompanies the

bulk crystallization of (9).
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Synthesis of Co2(1-S2)2(1-S4)(CNArMe2)4 (10). Co(CNArMe2), (0.050 g, 0.035 mmol) was
dissolved in benzene (5 mL) and allowed to stir for 5 min. To this solution, a toluene solution
of elemental sulfur (Sg) (0.005 g, 0.018 mmol, 2 mL, 0.5 equiv) was added. The resulting
solution was allowed to stir at room temperature for 2 h. Thereafter, the reaction mixture was
concentrated to a black solid under reduced pressure. Single crystals of Coa(p-S2)2(p-
S4)(CNArMes2), were obtained from a concentrated THF solution stored at —35 °C for 1 d. Yield:
0.010 g, 0.006 mmol, 32 %. '"H NMR (300.1 MHz, C¢Ds, 20 °C): = 7.21 (s, 4H, m-Mes), 7.02
(s, 4H, m-Mes), 6.96 (s, 4H, m-Mes), 6.91 (s, 4H, m-Mes), 6.88 (t, J= 2 Hz, 4H, p-Ph), 6.85 (d,
J=2Hz, 1H, m-Ph), 6.81 (d, J=2 Hz, 4H, m-Ph), 2.45 (s, 12H, p-CH3 Mes), 2.38 (s, 12H, p-
CHs Mes), 2.17 (s, 12H, 0-CH3 Mes), 2.15 (s, 12H, 0-CH3 Mes), 2.10 (s, 12H, 0-CH3 Mes),
1.99 (s, 12H, 0-CH3 Mes) ppm. BC{'H} NMR (125.8 MHz, C¢Ds, 20 °C): & = 162.96 (broad,
CNR), 160.12 (broad, CNR), 140.02, 139.83, 137.89, 137.43, 136.13, 135.54, 135.50, 135.12,
133.92, 129.66, 129.64, 129.57, 129.07, 128.78, 128.59, 128.35, 128.16, 127.97, 127.76,
127.64, 30.26, 21.91, 21.78, 20.96, 20.78, 20.61, 20.40, 20.35 ppm. (The CNR resonance
extremely broadened, presumably due to coupling to **Co (I = 7/2, 100 %)). FTIR (CsDs, KBr
windows, 25 C): vey = 2148 (vs), also 3090 (s), 3035 (m), 2922 (w), 2851 (m), 1609 (m), 1381
(m), 1274 (m), 1252 (m), 1185 (m), 855 (m) cm!. Anal. Calcd. for Ci00H100N4SgCo2(C4sHgO)s:
C, 69.03; H, 6.41; N, 2.88. Found C, 67.68; H, 5.68; N, 2.90.

Synthesis of Co(SPh)2(CNArMe2); (11) Co(CNArMes2), (0.020 g, 0.014 mmol) was dissolved
in benzene (3 mL) and allowed to stir for 5 m. To this reaction mixture, a benzene solution of
phenyldisulfide (0.032 g, 0.014 mmol, 1.0 equiv) was added. The resulting solution was

allowed to stir at room temperature for 12 h. Thereafter, the reaction mixture was concentrated
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to a black solid under reduced pressure. Single crystals of Co(SPh)2(CNAr"®s2); were obtained
from a concentrated ether solution stored at —35 °C for 12 hours. Yield: 0.013 g, 0.01 mmol, 71
%. 'H NMR (400.1 MHz, CsD¢, 20C): 3 = 8.81 (bs), 6.41 (bs), 6.05 (bs), 2.24 (bs), 1.89 (bs)
ppm. uerr (Evans Method, C¢Ds / (SiMe3)20, 400.1 MHz, 20°C, 3 independent runs) =
1.61(20.05) us. FTIR (CsDs, KBr windows, 25 °C): vey = 2066 (m) cm™, also 2973 (vs), 2931
(vs), 2859 (vs), 2803 (m), 2775 (m), 1446 (m), 1413 (w), 1382 (s), 1352 (m) cm'. Anal. Calcd.
for Cs7HssN3S2Co-(CsHi100)2: C, 79.02; H, 7.33; N, 2.91. Found C, 75.96; H, 6.09; N, 2.54.
Repeated attempts to obtain a more satisfactory elemental analysis were unsuccessful. We
believe this to a small amount unreacted (SPh), that accompanies the bulk crystallization of

(11).

2.7 Reaction Procedures and Selected NMR Spectra

Reaction of Co(n*-C,C-'BuCHCH,)(CNArM?); (3) with H,. In the glovebox, a 0.5 mL ds-
benzene solution of Co(n?-C, C--BuCHCH;)(CNArM®2); (3) (0.017 mmol, 20 mg) was prepared
in a J-young NMR tube. 1 ATM of Hz was added to the solution at room-temperature after two
freeze-pump-thaw cycles. The reaction was then monitored by '"H NMR spectroscopy. After 2
days of reaction time, the reaction resulted in mostly the formation of the known, m-terphenyl
aldimine, HoC=NArMe,

Reaction of Co(CNArM®?),with HSnBus. In the glovebox, 1.0 equiv of HSnBus (0.004 mmol,
1.2 mg, 1.08 uL) was added to a 0.5 mL ds-benzene solution of Co(CNAr™e2), (0.004 mmol,

5 mg). The reaction was then transferred into an NMR tube and monitored by 'H NMR
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spectroscopy. After 24 h of reaction time, the reaction showed mainly unreacted starting
material.

Reaction of Co(CNArM*?), with HCCls. In the glovebox, 1.0 equiv of HCCI; (0.004 mmol,
0.5 mg, 0.32 pL) was added to a 0.5 mL ds-benzene solution of Co(CNArM®2), (0.004 mmol,
5 mg). The reaction was then transferred into an NMR tube, monitored by '"H NMR and IR
spectroscopy. After 20 minutes of reaction time, the reaction leaded to a mixture of products

where only CICo(CNAM®2); was identified in a ca. 20% yield.
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Figure 2.5. 'H NMR spectrum (400.1 MHz, CsDs, 20°C) of Co(PPh3)(CNAr™®2); (1). *Small amount of free
CNAres2 present in the sample.
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Figure 2.8. '"H NMR spectrum (400.1 MHz, C¢Ds, 20°C) of Co(n?-C,C-MA)(CNA™®2); (6). *Small amount of
free CNA™e2 present in the sample.
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Figure 2.9. 'H NMR spectrum (400.1 MHz, C¢Ds, 20°C) of Co(n2-C, O-PhC(O)H)(CNArM*2)3 (7). *Small amount
of free CNA™®*2 present in the sample.
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Figure 2.11. 3'P{'H} NMR spectrum (121.5 MHz, CsDs, 20°C) of Co(n3-P3)(CNAr™*2); (9).
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Figure 2.12. 'H NMR spectrum (300.1 MHz, CsDs, 20°C) of Co2(p-S2)2(p-S4)(CNA™e2)4 (10). *Small amount of
free CNA™es2 present in the sample.
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Figure 2.13. '"H NMR spectrum (300.1 MHz, CsDs, 20°C) of Co(SPh)2(CNAr™*2); (11). *Small amount of free
CNAres2 present in the sample.
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2.8 Kinetic Measurements

Kinetic Measurements. Kinetic data for the reaction between Co(CNArM*?), and PhCCH
were obtained via UV-vis spectroscopy using a Shimadzu UV-3600 UV/vis/NIR spectrometer.
In an air-tight cuvette, 0.25 mM THF solutions of Co(CNArM®?), were treated with 2.5 mM
(10 equiv) or 5 mM (20 equiv) THF solutions of PhCCH. In separate experiments, 0.25 mM
THF solutions of Co(CNArMe2), containg 5 mM of free CNA™®2 (20 equiv) were treated with
THF solutions containing 2.5 mM (10 equiv) or 5 mM (20 equiv) PhCCH. Reaction progress
was measured by following the decay of the 485 nm absorption band of Co(CNArMe2),, UV-
vis traces and kinetic analysis plots can be found in Figures 2.14-2.19.

Kinetic analysis of the ligand substitution reaction of Co(CNArM*2), with 10 equiv of
phenylacetylene. In the glovebox, a solution of Co(CNAr™M®2)4 (0.25 mM) in THF (0.5 mL)
was frozen in an air-tight quartz cuvette. To the frozen solution was added a thawed solution of
phenylacetylene (2.5 mM, 10 equiv) in THF (0.5 mL). The entire solution was refrozen, and
then the sealed cuvette was removed from the glovebox. The cuvette was brought out to the
spectrometer and equilibrated at 20 °C for 5 minutes before the first data point was collected.

The experiment was repeated three times, with the data from one trial shown below.
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Figure 2.14. Kinetic UV-vis spectra of Co(CNAr™®?)4 with phenylacetylene (10 equiv) measured at 20°C in THF
at 120 seconds interval.

Kinetic analysis of the ligand substitution reaction of Co(CNArM*?), with 10 equiv. of
phenylacetylene and additional 20 equiv. of CNArM®2, In the glovebox, a solution of
Co(CNArMes2), (0.25 mM) and CNArMe? (5 mM, 20 equiv) in THF (0.5 mL) was frozen in an
air tight quartz cuvette. To the frozen solution was added a thawed solution of phenylacetylene
(2.5 mM, 10 equiv) in THF (0.5 mL). The entire solution was refrozen, and then the sealed
cuvette was removed from the glovebox. The cuvette was brought out to the spectrometer and
equilibrated at 20°C for 5 minutes before the first data point was collected. The experiment was

repeated three times, with the data from one trial shown below.
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Figure 2.15. Kinetic UV-vis spectra of Co(CNAr™®?), with phenylacetylene (10 equiv) and CNAr™®2 (20 equiv)
measured at 20 °C in THF at 120 seconds interval.

Kinetic analysis of the ligand substitution reaction of Co(CNArM?), with 20 equiv.
phenylacetylene. Using General Procedure 2.8, except the phenylacetylene solution
concentration was doubled (5 mM, 20 equiv) in THF (0.5 mL). The experiment was repeated

three times, with the data from one trial shown below.
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Figure 2.16. Kinetic UV-vis spectra of Co(CNArM®2), with phenylacetylene (20 equiv) measured at 20 °C in THF
at 120 seconds interval.

Kinetic analysis of the ligand substitution reaction of Co(CNArM?), with 20 equiv.
phenylacetylene and additional 20 equiv. of CNAr™e2, Using General Procedure 2.8, except
the phenylacetylene solution concentration was doubled (5 mM, 20 equiv) in THF (0.5 mL).

The experiment was repeated three times, with the data from one trial shown below.
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Figure 2.17. Kinetic UV-vis spectra of Co(CNAr™*?), with phenylacetylene (20 equiv) and CNAr™®? (20 equiv)
measured at 20 °C in THF at 120 seconds interval.

1
0.9
6 ¢ 1eq PhCCH
] ® 4 1eq PhCCH/ 20eq DMP
g % 10eq PhCCH/ 20eq DMP

07 | s ©10eq PhCCH
N m ¢ ®20eq PhCCH
(o]
~ 0.6
g >
L o5 | 4
2 : ¢
E, A 4 9

0.4 1 o . g

A
_ 22 ii
0.3 b - ® ®
™ ~ . A
X @ @ _ L2 e 2 9
L J
0.2 L ™ L X X X
0.1 T T T T T ’ ’ - -
[1] 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)

Figure 2.18. Plot of Co(CNAr™®2), absorbance vs time, showing the rate enhancement by adding more equivalents
of phenylacetylene in the ligand substitution reaction of Co(CNAr™®2); and the reaction rate independence of the
CNAr™es? concentration.
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Figure 2.19. Plot of In[Co(CNAr™®?)4] vs time, showing the comparative observed rates of Co(CNAr™®2), ligand
exchange by PhCCH with the effect of 20 equiv CNAr™®2 present under pseudo-first-order conditions (10 and 20
equiv).

2.9 Crystallography Structure Determination

General. 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 and
a Bruker APEX detector. All structures were solved by direct methods with SIR 20047! or
SHELXS? and refined by full-matrix least-squares procedures utilizing SHELXL within Olex
2 small-molecule solution, refinement, and analysis software package.”® Crystallographic data
collection and refinement information are listed in Table 2.2-2.5.

Information on crystallographic disorder. All disordered components were successfully
modeled and refined anisotropically unless otherwise stated.

The solid-state structure of Co(n*-C,C-‘BuCHCH;)(CNArM®2);-(Et,0): (3-(Et20)2) contains

two-site disorder of the co-crystallized ether molecule by a crystallographic inversion center.
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Complex (n-P3)Co(CNArMes2?);-(FCsHs):(ACN) (9:(FCsHs):(ACN)) contains one FCeHs
molecule of solvation that has positional disorder of the fluorine atom over two position. Each
fluorine atome is modeled at 75% and 25% occupancy for part 1 and part 2 respectively, and
refined anisotropically. Complex Co(SPh)2(CNArMes2);-(CsHs) (11-(CsHs)) exhibits positional
disorder over two positions of one ArM®?2 group at CO1H. This Ar™®s2 group was split and linked
via a free variable and refined anisotropically. The following molecules contained severely
disordered solvent molecules of co-crystallization that could not be successfully modeled:
Co(PPh3)(CNA™*2); (1), Co(n*-C,C-PhCCH)(CNAr™e2); (4), Co(n*-C,O-BA)(CNArMe2);
(7), (>-TEMPO)Co(CNAr™e2), (8) and [Coa(p-S2)2(u-S4)(CNArMes2),]-2(THF) (10-2(THF)).
The PLATON routine SQUEEZE"™ or the Olex2 implementation of BYPASS” was used to
account for these disordered components as a diffuse contribution to the overall scattering
without specific atom positions.

CCDC Deposition. All crystal structures reported herein have been deposited with the
Cambridge Crystallographic Data Center (CCDC) and have been assigned the following CCDC
deposition numbers: CCDC 1874204-1874214

CCDC 1874207 : Co(PPh3)(CNArMes2); (1)

CCDC 1874213 : Co(CN'Bu)(CNArMe2); (2-(CsHe)(n-CsHi2))

CCDC 1874212 : Co(n?-C,C-'BuCHCH:)(CNAr™e2); (3-(Et20)z)

CCDC 1874205 : Co(n?-C,C-PhCCH)(CNArM®2); (4)

CCDC 1874204 : Co(n?-C,C-PhCC-CCPh)(CNArMe2); (5-(PhCCCCPh)-(Et20))

CCDC 1874209 : Co(n?-C,C-MA)(CNArM2); (6-(n-CsHi2)2)

CCDC 1874214 : Co(n?-C,O-PhC(O)H)(CNArM=2)3 (7)

CCDC 1874208 : Co(n2-N,O-TEMPO)(CNAre:2), (8)
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CCDC 1874211 : Co(m-P3)(CNAMe2); (9-(FCsHs)-(ACN))
CCDC 1874206 : Coa(pi-S2)2(11-S4)(CNATM2), (10 (THF),)

CCDC 1874210 : Co(SPh)2(CNAMe2); (11-(CeHs))

Figure 2.20. Molecular structure of Co(PPh3)(CNAr™*?); (1). Hydrogen atoms omitted for clarity. Selected
distances (A) and angles (°): Col-C1 = 1.823, Col-C2 = 1.824, Col1-C3 = 1.825, Col-P1 = 2.246(4), C1-Co1-C2

=113.8, C2-Col-C3 = 113.9, C3-Col1-C1l = 113.8, P1-Col-C1 = 104.68, P1-Col-C2 = 104.67, P1-Col-C3 =
104.67.

Figure 2.21. Molecular structure of Co(CNz-Bu)(CNAr™®?);-(CsHs)(Cs) (2:(CsHs)-(Cs)), with benzene, pentane
solvent molecules and hydrogen atoms omitted for clarity. Selected distances (A) and angles (°): Col-C1 =
1.852(3), Col-C2 = 1.820(3), Col-C3 = 1.824(3), C1-C4 = 1.844(4), C1-Col-C2 = 105.3(1), C2-Col-C3 =
118.2(1), C3-Col-C1 =127.7(1), C1-Co1-C4 = 101.7(1), C2-Co1-C4 = 103.1(1), C3-Co1-C4 = 95.6(1).
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Figure 2.22. Molecular structure of Co(n*-C,C-"BuCHCH2)(CNA™®2);-(Et20)2 (3-(Et20)2), with two ether
solvent molecules and hydrogen atoms omitted for clarity. Selected distances (A) and angles (°): Col-C1 =
1.827(7), Col-C2 = 1.842(7), Col-C3 = 1.853(6), C1-C4 =2.107(6), Col1-C5 = 2.063(6), C4-C5 = 1.395(8), C1-
Col-C2=107.8(3), C2-Co1-C3 =96.6(3), C3-Co1-C1 = 112.0(3), C1-Co1-C5 = 96.6(3), C3-Co1-C4 = 96.3(3).

Figure 2.23. Molecular structure of Co(n?-C,C-PhCCH)(CNAr™*?); (4). Hydrogen atoms omitted for clarity.
Selected distances (A) and angles (°): Col-C1 = 1.879(2), Col-C2 = 1.842(3), Col-C3 = 1.833(3), Col-C4 =

1.939(3), Col-C5 = 1.942(2), C4-C5 = 1.255(4), C1-Col-C2 = 101.4(1), C2-Co1-C3 = 107. 1(1), C3-Col-C1 =
102.0(1).
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Figure 2.24. Molecular structure of Co(n?-C,C-PhCC-CCPh)(CNArM®2);-(PhCC-CCPh)-(Et20) (5-(PhCC-
CCPh)-(Et20)), with PhCC-CCPh, ether solvent molecules and hydrogen atoms omitted for clarity. Selected
distances (A) and angles (°): Col-C1 = 1.879(3), Col-C2 = 1.846(4), Col-C3 = 1.837(3), Col-C4 = 1.916(4),
Col-C5 =1.955(3), C4-C5 = 1.275(4), C5-C6 = 1.397(4), C6-C7 = 1.203(5), C1-Col-C2 = 99.4(1), C2-Co1-C3
=100. 2(1), C3-Col-C1 =105.3(1).

Figure 2.25. Molecular structure of Co(n2-C, C-MA)(CNAr™®2)3-(Cs)2 (6-(Cs)2) , with pentane solvent molecules
and hydrogen atoms omitted for clarity. Selected distances (A) and angles (°): Col-C1 = 1.861(4), Col-C2 =
1.915(4), Col-C3 = 1.850(4), C1-C4 = 2.030(4), Co1-C5 = 2.033(3), C4-C5 = 1.414(6), C1-Co1-C2 = 105.8(2),
C2-Co1-C3 = 103.9(2), C3-Col-C1 = 101.3(2), C1-Col-C4 = 98 3(2), C3-Col-C4 = 100.5(2).
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Figure 2.26. Molecular structure of Co(n>-C,O-BA)(CNAr®*2); (7). Hydrogen atoms omitted for clarity. Selected
distances (A) and angles (°): Col-C1 = 1.861(4), Col-C2 = 1.843(4), Col-C3 = 1.873(3), Col-O1 = 1.941 (4),
Col-C4 = 2.038(5), O1-C4 = 1.261(8), C1-Col-C2 = 100.7(2), C2-Co1-C3 = 105.6(2), C3-Col-C1 = 108.9(2),
C1-Col-O1 = 94.9(2), C3-Col-C4 = 106.4(2).

Figure 2.27. Molecular structure of (n>-TEMPO)Co(CNArM®2), (8). Hydrogen atoms omitted for clarity. Selected
distances (A) and angles (°): Col-C1 = 1.759(2), Col-C2 = 1.751(2), Col-O1 = 1.862(2), Col-N1 = 1.920(2), C1-
Co1-C2 = 95.5(1), 01-Col-C1 = 109.76(9), O1-Col-N1 = 33.43(7), N1-Col-C2 = 111.45(9).
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Figure 2.28. Molecular structure of (1>-P3)Co(CNAr*2);-(FCsHs):(ACN) (9-(FCeHs)-(ACN)), with
fluorobenzene, acetonitrile solvent molecules and hydrogen atoms omitted for clarity. Selected distances (A) and
angles (°): Col-C1 = 1.835(4), Col-C2 = 1.839(4), Co1-C3 = 1.844(4), Col-P1 = 2.317(1), Col-P2 = 2.312(1),
Col-P3 =2.313(1), C1-Col1-C2 = 107.1(2), C2-Co1-C3 = 107.6(2), C3-Co1-C1 = 102.8(2), P1-P2-P3 = 59.79(5),
P2-P3-P1 =59.86(5), P3-P2-P1 = 60.34(5).

Figure 2.29. Molecular structure of [Coz(u-S2)2(u-S4)(CNAMe2),]-(THF)2 (10-(THF)2) , with two THF solvent
molecule and hydrogen atoms omitted for clarity. Selected distances (A) and angles (°): Col-C1 = 1.843(2), Col-
C2=1.850(3), Col-S1 =2.2723(7), Col-S2 =2.2618(8), Co1-S3 =2.2677(7), C1-Co1-C2 = 94.8(1), S2-Co1-S2’
=81.67(2)
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Figure 2.30. Molecular structure of Co(SPh)2(CNArM®2)3-(Ce¢Hs) (11:(CsHs)), with a benzene solvent molecule
and hydrogen atoms omitted for clarity. Selected distances (A) and angles (°): Col-C1 = 1.851(3), Col-C2 =

1.937(3), Col-C3 = 1.863(3), Col-S1 = 1.221(1), Col-S2 = 2.3037(8), C1-Col-C2 = 103.7(1), C2-Col-C3 =
101.5(1), C3-Col-C1 = 154.3(1).
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Table 2.2. Crystallographic Data Collection and Refinement Information.

Name Co(PPh3) Co(CN#-Bu) Co(m?*-C,C-
(CNA™Me2)3(1) (CNAMes2); ‘BuCHCH>)
(2-(C¢He) (Cs)) (CNArMe2);
(3-(Et20),)
Formula C93 H90 Col N3 C80 H84 Co N4 C81 H87 Co N3
Pl
Crystal System Trigonal Triclinic Triclinic
Space Group R-3 P-1 P-1
a, A 23.4252(13) 14.6928(3) 12.8207(13)
b, A 23.4252(13) 20.6695(4) 23.916(2)
c, A 28.205(2) 24.2931(5) 24.411(2)
a, deg 90 88.1930(10) 97.624(2)
B, deg 90 84.0160(10) 100.418(3)
Y, deg 120 86.4970(10) 100.524(3)
v, A3 13403.6(18) 7321.4(3) 7130.6(12)
V4 6 4 4
Radiation (\, A)  Mo-K, 0.71073 Cu-Kq, 1.54184 Mo-K, 0.71073
p(calcd.), g/lcm? 0.996 1.121 1.134
u, mm! 0.251 2.177 0.287
Temp, K 100 100 100
0 max, deg 25.395 66.592 23.263
data/parameters 5480/301 25347/1674 20168/1664
R; 0.0473 0.0599 0.0723
WR> 0.1361 0.152 0.1374
GOF 0.981 1.078 0.967
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Table 2.3. Crystallographic Data Collection and Refinement Information.

Co(m-C,C-PhCC-

Co(m*-C,C-MA)

Name Co(n?-C,C-PhCCH)
(CNArMes2); (4) CCPh) (CNAMe2);3 (6:(Cs)2)
(CNArMes2); (5-(PhCC-
CCPh)-(Et20))
Formula C83 H81 Co N3 CI103 HI0O0 CoN3 O  C89 H101 Co N3 O3
Crystal System Triclinic Triclinic Monoclinic
Space Group P-1 P-1 P12i/c1
a, 14.0733(9) 12.177(3) 23.6310(11)
b, A 14.1810(10) 14.5484(19) 13.9220(7)
c, A 21.2214(16) 26.190(5) 23.1093(12)
o, deg 92.342(2) 82.754(16) 90
B, deg 94.632(2) 81.31(2) 101.9010(10)
v, deg 116.769(2) 66.803(16) 90
Vv, A3 3754.8(5) 4204.4(16) 7439.3(6)

Z 2 2 4
Radiation (A, A) Mo-Kq, 0.71073 Mo-Kq, 0.71073 Mo-K,, 0.71073
p(calcd.), g/cm? 1.043 1.149 1.178
n (Mo-Kg), mm! 0.270 0.254 0.282

Temp, K 100 100 100
0 max, deg 25.392 25.302 25.408
data/parameters 13759/806 15207/993 13689/887
R 0.0365 0.0602 0.0598
wR> 0.0922 0.1166 0.1353
GOF 1.034 1.000 0.915
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Table 2.4. Crystallographic Data Collection and Refinement Information.

Name Co(m?>-C,0-BA) (m*-TEMPO) (m*-
(CNAM2);(7)  Co(CNAM2),(8)  P3)Co(CNArMes2),s
(9-(FCeHs)-(ACN))
Formula C82H81 CoN3 O C59H68CoN3O

Crystal System
Space Group
a, A
b, A
c, A
o, deg
P, deg
v, deg
V, A3
Z
Radiation (A, A)
p(calcd.), g/cm?
u (Mo-Ky), mm*!
Temp, K
0 max, deg
data/parameters
R;

WwR>
GOF

Triclinic
P-1
13.9492(6)
14.4446(7)
19.3692(7)
83.465(2)
71.893(2)
84.0300(10)
3675.6(3)
2
Mo-K,, 0.71073
1.069
0.277
100
25.784
14067/802
0.0667
0.1701
1.036

Monoclinic
P12/n1
10.6761(5)
46.335(2)
11.4074(5)

90
110.821(2)
90
5274.5(4)
4
Mo-K,, 0.71073
1.126
0.366
100
25.416
9681/593
0.0482
0.1478
1.130

75

C75 H75 Co N3 P3,
C2H3N,C6H4F
Orthorhombic
Pna2;
23.8288(7)
22.7856(8)
13.5658(4)
90
90
90
7365.6(4)

4
Mo-Ky, 0.71073
1.178
0.346
100
25.701
12730/851
0.0385
0.0816
1.019



Table 2.5. Crystallographic Data Collection and Refinement Information.

Name [Co2(1-S2)2(-S4) Co(SPh)2(CNArMes2),
(CNArMes2),] (11-(C¢Ho))
(10-(THF),)
Formula C100 H100 Co2 N4 C87 H85 Co N3 S2,
S8, 2(C4 H8 O) C6 H6
Crystal System Monoclinic Monoclinic
Space Group P12/mn1 P12i/c1
a, 15.4614(8) 13.7500(4)
b, A 12.5260(7) 19.0623(6)
c, A 27.9988(15) 29.2336(9)
o, deg 90 90
B, deg 93.8010(10) 91.181(2)
v, deg 90 90
v, A3 5410.6(5) 7660.7(4)

Z 2 4
Radiation (A, A) Mo-K,, 0.71073 Mo-K,, 0.71073
p(calcd.), g/cm? 1.152 1.191
u (Mo-K), mm’! 0.508 0.327

Temp, K 100 100
0 max, deg 25411 25.385
data/parameters 9967/571 14005/996
R; 0.0426 0.0530
WR> 0.1374 0.1349
GOF 1.166 1.030
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Chapter 3 Conformational Dynamics in Zero-
valent CoLs Complexes Revealed by 2D IR

Spectroscopy

3.1 Introduction

2D IR spectroscopy provides an avenue to visualize kinetic processes that involved
reactive organometallic species which serve as important intermediates in catalytic reactions.!”
“ Probing structures and dynamics of these intermediate species is at the heart of understanding
the mechanism of catalytic reactions. Since 2D IR spectroscopy is a time resolved technique
that can follow chemical exchange occurring from hundreds of femtosecond to picosecond time
scales,!”” the often time short lived and fast transforming catalytic intermediates can be
monitored. Furthermore, because vibrational modes in organometallic compounds are mostly
local, by selectively probing vibrational modes that are near the metal center, dynamics around
metal center can be tracked, which is mostly relevant to catalytic intermediates of interests.
These unique advantages make 2D IR uniquely useful to resolving conformations and following
structural dynamics of organometallic compounds and other molecules. 6312

Since early 2000,'* 2D IR has been widely used to study dynamics of organometallic

molecules. However, there has been little progress in studying unstable species. Co(CO)a,

82



known as an important intermediate of hydroformylation and hydrogenation catalysis, but also
a great example of classic labile organometallic complex, became our choice of study.!+2

Known to be photogenerated from Co2(CO)sthrough Co-Co bond homoleptic cleavage,
Co(CO)s serves as a S = 5 metalloradical observed only in low temperature matrices.?®?’ Its
geometric/electronic structures have been long debated due to near-thermoneutral nature of its
Csy and Dag ground states.?®?® So far, these species have been well studied by static
spectroscopic methods under cryogenic or gas phase conditions, which have concluded that the
method of observation directly affects the geometric preference.’3* These studies, coupled
with computational evidence, have indicated that there exists fast exchange between isomers.
However, this exchange has never been observed under ambient conditions (or those related to
catalysis) in a direct, time resolved manner.

The tetraisocyanide complex, Co(CNArMes2), (ArMe? = 2,6-(2,4,6-Me3CeH,)CosHs),
serves as a crystallographically characterized, thermally stable isocyano analogue of the
reactive binary carbonyl Co(CO)4 (Figure 3.1a).3>*¢ Through our recent studies, this compound
mimics well the electronic structure of Co(CO)s4 due to the isolobal analogues between
carbomonoxide (CO) and isocyanides (CNR).>>374 A combination of static X-ray
crystallography, EPR and FTIR experiments suggested that similar to Co(CO)s, more than one
conformation of Co(CNAr™M*2); could be present. For example, X-ray crystallographic
collections showed slight geometry distortions from D24 to Cay upon increasing temperatures,
again indicates the possible dynamic feature in Co(CNArMes?),

With the advent of both kinetically stabilized model complexes of Co(CO)4and ultrafast
time-resolved 2D spectroscopic techniques, the question of dynamic conformational changes

in such reactive species can now be directly interrogated.
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Figure 3.1. a) Molecular Structure of Co(CNAr™*?)4 in D24 and C3v geometries. b) pulse sequence used in 2D IR
experiment. ¢) 2D IR spectrum of Co(CNArM®?)4 at t = 0 fs, diagonal peaks are labeled as 1, 2, and 3. d)
Normalized FTIR spectrum (black) of Co(CNArM®?)4, and diagonal cut of 2D IR spectrum in ¢) (red).

3.2 Results and Discussion

The FTIR spectrum of Co(CNArMe2), shows a broad main peak with lower frequency
shoulder at 1940 cm™! plus a separate small peak at higher frequency (~2005 cm™). (Figure
3.1d). These peaks correspond to the isocyanide CN vibrations. It is noticeable that the main
peak has about 80 cm™! full-width-at-half-max, which is 3-5 times broader than the linewidth

of any typical carbonyl or isocyanide vibration peaks. One possible explanation is that this
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broad feature contains multiple peaks. In agreement with the statement that both Csy and D2q
isomers exist, as indicated from its EPR spectra at 100 K.

Indeed, 2D IR spectrum of Co(CNArMe2), shows a clear signature of multiple peaks
(Figure 3.1c). This is because 2D IR is proportional to the vibrational transition dipole moment
to the fourth order, pu*, comparing to the pu? dependence of linear IR spectroscopy.** The fourth
order dependence in pu makes 2D IR able to distinguish convoluted spectral peaks. The peaks
along diagonal of 2D IR spectrum clearly displays at least three pairs of closely spaced peaks,
labeled as peak 1 (~1960 cm™), peak 2 ((~1938 cm™), and peak 3 (~1915 cm™'). For each pair,
the positive peak that resides along diagonal line is the fundamental vibrational transition,
whereas the negative peak that is redshifted relative to the positive one is the overtone transition.
Interestingly, by taking cut along the diagonal line of a 2D spectrum we show high frequency
peak at 2005 cm™! is rather “hidden” than “missing” in the 2D contour due to its weak intensity
— the diagonal cut of 2D spectrum is consistent with FTIR data (Figure 3.1d). These multiple
peaks span across the linewidth of corresponding FTIR spectrum, which supports that multiple
absorption peaks are responsible for the extremely broad peak in FTIR.

Temperature dependent FTIR spectroscopy confirms that these peaks are originated
from different isomers, such as Csv and Dyg geometries, rather than they could be different
normal modes of the same isomers. The FTIR spectra of Co(CNArM®2), in ds-toluene at
different temperature shows that the intensity of peak 2 increases in relative to peak 1 and 3 as
temperature decreases from 308 K to 268 K. At this temperature variation range, it is unlikely
that the transition dipoles vary significantly. Thus, the different temperature dependence

between peak 2, and peaks 1/3 must be due to that peak 2 belongs to a different conformer from
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peak 1 and 3, and the two conformations have different free energy. To further identify the two
conformations and examine our interpretation of temperature dependent FTIR results, we
conducted DFT calculation on both Csy and D2g¢ geometries and simulate corresponding IR
spectra. After applying proper scale factor, the calculated peak positions agree with
experimental measurements well. Peaks 1 and peak 3 correspond to the E and B2 modes of D2g
geometry respectively, whereas peak 2 is from the double-degenerated E modes of Csy (Figure
3.2). The calculations also predict that for Csy geometry at higher frequency there should be
another peak with lower intensity, which matches well with the high frequency small peak
shown in FTIR and diagonal cut spectrum of 2D IR (Figure 3.1d).

With two conformations identified, we further examined the dynamics between these
conformations by measuring 2D IR spectral cross peak at a series t> time delay. The cross peaks
in 2D IR spectra are features that have different frequency positions onto ®; and ®; axes.
Constrained by vibrational lifetime of isocyanide mode, we measured early stage cross peak
dynamics (0 to 1500 fs, in a step of 150 fs). The normalized cross peak dynamics (Figure 3.3a)
show that cross peaks between 1 and 2, 2 and 3 increase their intensity, whereas cross peak
between 1 and 3 remain constant. This result agrees with the diagonal peak assignments: cross
peak between 1 and 2, and 2 and 3 represents the dynamic conformational exchange between

the Csv and D24 1somers.
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Figure 3.2. a) Molecular overlap of DFT calculated both Csy (blue) and D24 (red) geometries of CoL4(L=CO,

CNAM®2), b) Simulated IR spectrum of both Csy (blue) and D24 (red) Co(CNArM®2)4using b31lyp/6-31g(d):1anl2dz.
Wavenumbers are scaled with scaling factor of b3lyp/6-31g(d) = 0.9614.

Despite the consistency between peak assignments and cross peak dynamics points to what
we observed is conformation exchanges, we still examined the other possibility of cross peak
dynamics — intramolecular vibrational redistribution (IVR), by measuring 2D IR cross peak
dynamics at different temperature. IVR and conformational exchanges have different
temperature dependence. ** We found the rate of cross peak growth slows down steadily as
temperature decreases (Figure 3.3b). This trend agrees better with the strong temperature

dependence of conformation exchange, whereas IVR has weak temperature dependence — for
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IVR to happen it requires energy from solvent bath as in phonon modes to match with the
splitting between two vibrational modes. From the temperature dependence of cross peaks
dynamics, we determined the exchange activation energy barrier of conformation exchanges to

be AEap2d-c3v)=0.5 £ 0.1 kcal/mol, while AEac3v-p2dy=1.9 £ 0.4 kcal/mol.
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Figure 3.3. a) Dynamics traces of different cross peaks as functions of t2. b) Plot of In(k) vs. 1/T. Rate of cross
peak growth and rate of IVR (when mode splitting is 20 cm™) have different temperature dependent.
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We therefore conclude that the observed cross peak dynamics is originated from
conformation exchange. However, the time scale of the dynamics is unexpectedly fast
considering the bulky ligands (about 0.5 to 1 ps depending on temperature). For example,
previous research on Fe(CO)s measured 2.5 kcal/mol activation energy barrier and less than 10
ps cross peak dynamics. 2 Co(CNAr™®2),, on the other hand, are coordinated with bulky m-
terphenyl ligands, which intuitively should slow down conformational exchanges comparing to
Berry pseudorotation of Fe(CO)s. Therefore, an important scientific question to address is how
ultrafast conformation exchanges could occur in Co(CNArMes2),?

This surprising result could be understood by considering the nature of molecular
vibrational transitions in 2D IR spectroscopy. Because the CN group directly attach to Co, its
vibrational frequency probes the electronic structures of the Co metal core, whereas the
fluctuation and structural rearrangement of the outer sphere m-terphenyl ligands—Ar™®? should
only have minor effect to the CN vibrational modes. Detailed DFT calculations agree that as
long as the Co(CNArM®?), core symmetry remains the same, twisting outer sphere geometry
does not affect the IR spectrum of CN stretches (Fig 3.10 — Fig 3.11). This preferential
sensitivity of CN group makes 2D IR measures the isomerization of electronic structure near
the Co core (C-Co-C), rather than the isomerization of the entire molecule. In other words, the
slow motion of the bulky ArM®?2ligands at outer sphere does not matter: even if they are still in
the original positions, as long as the core changed symmetry and its corresponding electronic
structures changes, this Co core isomerization is measured by 2D IR.

From detailed DFT studies, it appears only a few degrees of core-ligands movements
are enough to change the degree of Co dxz-y2 m-backbonding to the isocyanide p orbitals, which

is the essential of the core isomerization. The calculated Csy and D2g isomers of CoLs (L= CO,
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CNArMes2) are very similar in geometry even though they are different electronic structures
(Figure 3.2a). Unlike the case of Fe(CO)s, whose CO swings 90 degree in isomerization,
isomerization of CoLs only involves small angle changes. Therefore, the mechanical
movements of ligands (and imaginary frequency of the transition states) should not be the
limiting factor for isomerization, and instead, the electronic structure of Co core at different
geometry and activation energy of Co isomerization should be the key factor, and the latter has
been determined to be small (AEap2d-c3v)=0.5 = 0.1 kcal/mol, AEacsv-p2¢)=1.9 + 0.4 kcal/mol).

A complete the energy schematic of conformation exchanges is further estimated from
both experimental and theoretical results. From the VT-FTIR, we estimate AH to be 1.4 + 0.2
kcal/mol. The experimental results suggest that these two isomers may be equi-energetic as has
been traditionally proposed for Co(CO)s. DFT calculation on all CoL4 (L=CO, CNMe, CNXy],
CNArA?2, CNArMes?) isomers results AH in the range of 1-4.5 kcal/mol with Csy, lower in energy
at all cases. (Table 3.4.) The presence of increased steric encumbrance resulted in larger AH. It
is interesting to note that the experimental determined value of Co(CNArM®2), is closer to the
DFG computational AH of CoL4. One possibility is steric hindrance of the bulky ligands creates
local minimums, which lies higher in energy than the fully relaxed geometry and also
experience smaller activation energy for isomerization - agree with the experimental measured
AEa.  This picture of equi-energetic states rationalizes the solid-state structure of
Co(CNArMes2),, which is likely to be an intermediate geometry between Csy and D24 and can be
affected by low-energies on the order of crystal packing forces.

Finally, does the observed ultrafast conformation exchange of Co(CNArMe2), also

represents the isomerization of Co(CO)4? We argue because experimentally we showed that
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the bulky outer sphere ligands matter little and it is the core electronic structure dictating the
isomerization dynamics of metal core, the Co(CNArM®?), isomerization dynamics measured
here should closely mimic the dynamics of catalytic intermediate Co(CO)4, due to their
similarity in electronic structures. This is a significant implication, because many bulky ligands
stabilized isoelectronic molecules similar to Co(CNArM®2), can be used to not only learn
electronic structure of unstable unsaturated catalytic intermediates, but also their structural

dynamics.

3.3 Concluding Remarks

Despite 2D IR has been used successfully for studying ultrafast conformation exchanges
of organometallic compounds, this is the first time a kinetically stabled unsaturated compound
being investigated. Surprisingly, ultrafast conformation exchange dynamics is observed,
irrespective to the presence of bulky ligands at outer spheres. Combining this result with
detailed DFT calculations, we show that 2D IR probes the electronic structure change
accompanied with the isomerization at Co core, whereas the bulky ligands position matter little.
This result confirms the long-time speculated dual-conformations and exchange dynamics

exists for Co(CNA™e?), and likely, in Co(CO)a.

3.4 Synthetic Procedures

All manipulations were carried out under an atmosphere of dinitrogen using standard
Schlenk and glovebox techniques.*> 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.*®
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Benzene-ds and Toluene-ds were dried with Na/K and Benzophenone followed by distillation
and stored on 4 A molecular sieves for 3 days prior to use. The compounds Co(CNArM®?), and

Co(CN'Bu)(CNArMes2); were prepared by previously reported methods.*

3.5 FTIR Experimental Set up, Data Collection, and Analysis

FTIR of Co(CNArMe?), and Co(CN'Bu)(CNArMe?);, All spectra were recorded on a
Thermo-Nicolet iS10 FTIR spectrometer. Samples were prepared as 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.

VT-FTIR of Co(CNArM*?), and Co(CN'Bu)(CNArM®2);, Variable temperature infrared
spectra were collected on a Bruker Equinox 55 FTIR spectrometer using a SPECAC flow
through optical cryostat (model, 21525) with a 1.12 mm path length (determined from

infringing pattern), CaF> windowed cell enclosed in a vacuum jacketed housing.
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Figure 3.4. a) VT-FTIR spectrum of Co(CNAr™®2), and b) van’t hoff plot of InKeq vs 1/T between Cay and Daa.
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Figure 3.5. VT-FTIR spectrum of Co(CN'Bu)(CNArMe2);,

3.6 FTIR Experimental Set up, Data Collection, and Analysis

2D IR spectra were collected in pump-probe geometry.*”#8

The pulse sequence is
described in Figure 1. In brief, three mid-IR pulses were sent to interact with the sample, where
two vibrational coherences were created during t; and t3 period. To generate the pulse sequence,
800nm laser pulses (~35 fs, ~6 W, 1 kHz) were generated by ultrafast Ti:Sapphire regenerative
amplifier (Astrella, Coherent) . The 800nm was converted into mid-IR pulses by optical
parametric amplifier (TOPAS, Coherent) followed by a different frequency generation process
on a Type II AgGaS; crystal (Eksma). The mid-IR pulse (30 pJ) was split into two beams by a
beam-splitter. The majority (95%) was sent into a Ge-AOM based pulse shaper (QuickShape

Kit, PhaseTech) to prepare the two pump pulse in the pulse sequences, whereas 5% mid-IR

served as the probe. The pump pulse pairs (2 pJ at the sample), the probe (< 0.5 pJ) were all
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focused and spatially overlapped on the sample by a f= 10 cm parabolic mirror and collimated
by another parabolic mirror in a symmetric geometry.

In the 2D IR experiments, two vibrational coherences were generated during t; and t3
periods, respectively. The first coherence was measured by scanning t; time from 0 to 2000 fs
in steps of 20 fs using the pulse shaper, where a rotating frame at fo=1583 cm™! was used to shift
the oscillation period to 80 fs, so that the scanning step can meet with the Nyquist frequency
requirement. In order to detect the 2D IR signal (the second vibrational coherence) by the CCD
camera (256%1,024, Andor), the collimated signal and the probe beam were then upconverted
by a residue 800 nm beam on a 5%Mg: LiNbOs crystal. *>** Since the 800 nm served as a
window function, the t3 time delay were covered by the upconversion process and the 800 nm
pulse duration determined how long t3 was “scanned”. 32 The up-converted 2D IR signals
were experimentally Fourier transformed by a spectrograph and detected by a CCD camera. To
get full absorptive 2D IR spectra, the first vibrational coherence was numerical Fourier
transformed along t; axis. The pump and probe pulses had the same polarization in 2D IR
measurements. For the time dependent 2D IR measurements, t> was scanned by a computerized

delay stage.

3.7 Obtaining Chemical Exchange Rate Constants from Time Dependent

2D IR Spectra

The volume of each peak with respect to t, was obtained from the t>-dependent 2D IR

7,53

spectra.’”> As shown in Figure 2.6, multiple Gaussian functions were used to fit the 2D IR

spectral cut along the probe axis at the peak 2 frequency (~1940 cm™) on the pump axis. All
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2D IR spectra at different t> times were fit following the same method. Each Gaussian function
represents one species in the 2D IR spectrum. For example, at t> = 0 fs, the single Gaussian was
used to fit the positive peak of the spectral cut corresponding to the fundamental transition of
diagonal peak 2. Similarly, at t2 =900 fs, three Gaussians were needed to account for the cross
peaks resulting from chemical exchange. Peak volumes for each species were obtained from
the Gaussian fitting parameters, assuming a circular 2D Gaussian distribution for each peak
component. In the generalized transition of a species A to B, the lower corner cross peak of the

diagonal peak ratios in the 2D IR spectrum can be expressed as functions of t,.4*

Spa B 1 — e~ (kap+kpa)-tz
Saa 1 + X4B | —(kap+kpa)t,
kpa

1— e_ksum'tz

1+ Keqaop) « € Fsum'tz
The sum of the rate constants of a transition (kfr + krev) Was directly obtained from fitting
Scross peak /Sdiagonal peak With respect to t2. Given the Keq from VT-FTIR data in Figure S2.1., kfor
and kv can be calculated separately. Based on Erying plot, the forward and reverse activation
energy barrier between D»g and Csy can be obtained as 0.5 kcal/mol and 1.9 kcal/mol,

respectively.
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Figure 3.6. a) 2D IR spectrum at t2=0 fs b) 2D IR spectrum at =900 fs c) take cut along w3 axis at red dash line
in a) and fit with gaussian peak components for t>=0 fs d) take cut along w3 axis at red dash line in b) and fit with
gaussian peak components for t2=900 fs.

3.8 Computational Studies

Computational details. Density Functional Theory (DFT) calculations were carried out on
both Csyand D24 geometry of CoLs (L = CO, CNMe, CNXyl, CNArA2 and CNA™Me2), All Csy
calculations were accomplished by freely refined the coordinates. D¢ calculations were

achieved by starting from the coordinates of [Ni(CNArM®2),]JOTf molecule which shows D24
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geometry in the crystal structure®®, with constrains at the core angles. Also, calculation on
Co(CN'Bu)(CNArMes2); was obtained by starting from the crystal structure coordinates.
Calculations were all carried out with the Gaussian 09 software package.> Geometry
optimizations, frequency and single point energy calculations were performed using the B3LYP
functional, 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 cobalt atoms. Viewing of optimized structures and

rendering of molecular orbitals was performed using the program Chemcraft.

Co(CO)4 Co(CNMe)4

Co(CNXyl)4

— C3V

Co(CNArMes2),

Figure 3.7. Structural overlap images of optimized Cols (L= CO, CNMe, CNXyl, CNAr*?2, CNArMe2)
coordinates.
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Table 3.1. Calculated core bond angles of Co(CNAr™®2); C3y and D2q Isomers.

Symmetry Converged Coordinates* Angle Bond angle (°)
C1-Co-C2 101
C1-Co-C3 107
c1 C1-Co-C4 95
Cav c2 ICo c4
“ C2-Co-C3 118
C3-Co-C4 116
C4-Co-C1 114
C1-Co-C2 130
C4-Co-C3 125
Cley C1-Co-C4 104
c2
D24 <>(ca
C2-Co-C3 103
C1-Co-C3 97
C2-Co-4 98

*H-atoms omitted for clarity.
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Table 3.2. Calculated Frequencies and Symmetries of CN Stretching Modes in Relevant Co(CNAr™®2), Csy and
D24 Isomers.

Assigned
Mode Symmetry Frequency* (cm™)
0 al 2011
2 o e 1972
B e 1966
! b2 1989
3 D2 e 1965
B e 1955

* Scaled with scaling factor b3lyp/6-31g(d)=0.9614.

i Simulated C3, -
i Simulated Dy EE
= S :
3t 88 ¢
8 | J 28 @
N PN = —
§ [ %
g | z
2| R
-__/M J
PR ST SN [T SRR SN SR (S SN ST S N TN S S N S ST S SN ST S S S S |
1400 1600 1800 2000 2200 2400 2600 2800

Wavenumbers (cm-1)

Figure 3.8. DFT simulated IR spectrum of both Co(CNArM®2), Csy and D24 Isomers.
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Table 3.3. Calculated Energy Differences Between Co(L)s (L= CNAr*?2, CNAr™®?) Cs, and D2q Isomers Using
Different Functional with 6-31g(d):lanl2dz basis sets. *All Csy in lower energy.

AE (kcal/mol)* AE (kcal/mol)*
Functional
Co(CNArAr2)4 Co(CNArMes2)y
B3LYP 6.91 8.88
O3LYP 6.08 -
B3P86 6.71 -
WB97X 7.43 10.03
WBI7XD 6.18 9.20
B3PW91 - 8.80
B3PW91-D3 - 6.92
BP86 3.09 4.48
BP86-D3 - 2.67
OLYP 4 -
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Table 3.4. Calculated Energy Differences Between CoL4 (L= CO, CNMe, CNXyl, CNAr*?, CNAr™*?) C3, and
D24 Isomers Using 6-31g(d):1anl2dz basis sets. *All Csy in lower energy

AE (kcal/mol)* AE (kcal/mol)* AE (kcal/mol)

Ligand (L)
b3lyp b3lyp/PCM(CsHe) bp86
(60 3.53 - 1.29
CNMe 3.73 - 1.34
CNXyl 3.45 - 0.34
CNArar2 6.91 7.07 2.80
CNArMes2 8.88 8.97 4.48

Optimized Coordinates of CoL4 (L= CO, CNMe, CNXyl, CNAr™2, CNArM®?) Csy and D24
Isomers.

Co(CO)4in Czy symmetry Co(CO)4in Dyg symmetry

Co 0.21738600 -0.06340600 0.00000000 Co -0.00023100 0.00015500 0.22649500
C 1.01933100 1.59513400 0.00000000 C 1.44537300 -1.10234000 0.52342900
C -1.57028400 0.46813600 0.00000000 C 0.23248900 1.80390200 0.52003800
C 0.24051400 -1.02107200 1.57344600 C -1.67861400 -0.69930100 0.52205500
C 0.24051400 -1.02107200 -1.57344600 C 0.00069900 -0.00229800 -1.63830500
0O -2.66796000 0.79511200 0.00000000 O 0.37787400 2.92961700 0.68824200
O 0.24051400 -1.61569300 2.55481000 O -2.72621600 -1.13569300 0.69160100
O 0.24051400 -1.61569300 -2.55481000 O 0.00136200 -0.00417700 -2.78367500
O 1.50569700 2.63442800 0.00000000 O 2.34779900 -1.79024100 0.69400000
Co(CNMe), in C3, symmetry Co(CNMe), in D2q symmetry

Co 0.01692500 0.06506900 -0.31620600 Co 0.02759200 -0.03582000 0.34158400
N -1.30292100 2.75853000 -0.83590200 N -2.08956000 -1.74786600 1.69271000
C -0.78707200 1.71165100 -0.62728900 C -1.23743200 -1.08986700 1.19906900
C 0.02674800 0.04827500 1.57584200 C 0.26500100 0.12720400 -1.49190400
N 0.04613400 0.04388600 2.75666700 N 0.40096200 0.16344500 -2.66794800
N -1.72238600 -2.36847900 -0.88588100 N -0.96454500 2.66187100 1.33335900
C -1.04944700 -1.42061800 -0.65893700 C-0.59864100 1.61714300 0.91244900
C 1.82415300 -0.08997500 -0.64943400 C 1.67405000 -0.81250400 0.71122700
N 2.99514400 -0.16165300 -0.86598700 N 2.75125300 -1.24675000 0.94279200
C 0.08479800 0.04717800 4.16824300 C 0.53624900 0.16910300 -4.07223100
H 0.34598100 -0.94780200 4.54736300 H 0.80155500 1.17145700 -4.42998700
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H
H
C
H
H
H
C
H
H
H
C
H
H
H

0.83218400
-0.89216800
-1.62274600
-0.71631500
-2.14348100
-2.28214800
-2.67706100
-2.62597200
-3.69319300
-2.48457800
4.21509000
4.95229700
4.06659500
4.62784900

0.76321000 4.52964100
0.32886900 4.57816400
4.11445000 -1.07819800
4.73285300 -1.10566700
4.21640200 -2.03711200
4.49644600 -0.29046500
-3.37767900 -1.13964100
-4.15362600 -0.36701300
-2.96287300 -1.14974100
-3.84886400 -2.11041400
-0.85680500 -1.09066800
-0.58109800 -0.32827800
-1.94438900 -1.05942600
-0.58694800 -2.06911300

Co(CNXyl)4in C3y symmetry

Co 0.02973700

N -0.97262600

@)

T OO0 0000 @D T OoO00000zZz o0z z 0

-0.58556900
0.02017600
-0.01169600
-1.87680400
-1.13964500
1.82309300
2.95962600
4.26747300
4.66423200
5.17150200
5.99595500
6.49246600
6.90763200
6.31901300
7.20168000
7.93944600
-2.72061700
-3.15492100
-3.12493800
-4.00876500
-3.98131100
-4.42263900
-4.35246600

-0.01716100 -0.25806800
2.81614600 -0.74079800
1.70754600 -0.56013900
-0.02382200 1.62710600
-0.00510900 2.81194900
-2.31907100 -0.83506000
-1.41623400 -0.60530900

-0.33738500
-0.54352700
-0.76979600
-0.49597300

-1.27028200

-0.73658800

-1.49077200

-1.22871500

-0.53207200
-1.87593400

-1.40786500

-3.37149600

-3.57575000

-4.21564600

-4.65270400

-5.27666900

-0.62574700
-0.90385500
-1.26760000
-2.59578900
-0.30488900
-2.94132800
-0.70131600
-2.00707600
-3.95904500
0.02711500
-2.29625400
-1.10589500
-2.43460500
-0.04791900
-2.68353400
-0.35045600

-5.49946400 -1.65496300
-4.82555000 -3.70035300

H 1.32111100
H -0.40423400
C -3.12432300
H -3.00480100
H -4.10301400
H -3.11276900
C -1.37224900
H -0.83369300
H -2.44712400
H -1.17273000
C 4.04758000
H 4.19968400
H 4.80825000
H 4.19758800

-0.52883500
-0.12930500
-2.53258700
-2.61813600
-2.08160100
-3.54236600
3.90498200
4.72701900
4.05601700
3.95108700

-1.72437400

-2.71481200

-1.04450600

-1.80823000

-4.38814800
-4.55135900
2.24399200
3.33097900
2.03942400
1.81615100
1.86146500
1.37466400
1.70362100
2.93904300
1.22888500
0.78276400
0.82600200
2.31203300

Co(CNXyl)4in D;q symmetry
Co 11.15792900 14.05244000 6.27156300

N 8.85699700
N 13.53790900
N 10.82876000
N 11.18296700
C 7.86729400
C 10.94038400
C 6.75586000
H 6.80882900
C 7.77464500
C 11.02793100
C 14.65646900
C 6.60404500
C 15.65457500
C 12.58375700
C 9.78939500
C 5.59009700
H 4.73602100
C 14.77159100
C 10.71523900
C 5.52051700
H 4.61092400
C 11.20497700
C 11.13601000
C 11.32228200
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14.73960900 8.12003600

13.40995300
16.36911700
11.55325700
14.64889100
15.44075000
14.89889000
14.65257900
14.97629200
17.31460800
13.14836100
15.53679500
12.29626400
13.64647400
14.50380600
15.45381200
15.64021900
13.74148500
17.46088700
15.76730500
16.19715400
12.55381100
10.37559100
9.15381600

8.04325000
4.33695700
4.55702900
10.30735100
5.07020300
11.11551100
12.17306000
8.93614800
2.13677700
8.80111000
8.37844700
8.27842200
7.37571000
7.42129500
10.58691700
11.23212400
10.07803200
3.50648400
9.22934900
8.81736300
5.19855800
3.84638300
4.53079400



-4.30274500 -5.93655100 0.45153900
-5.08770300 -6.33131200 -1.86958800

H

H

C -1.41289200
C -1.51408300
C -1.74869200
C -1.96137400
C -2.19023500
C -2.29774000

4.10659300
4.61676500
4.88186500
5.93061000
6.18975900
6.71609200

H -2.04515000 6.33998400

H -2.45226300

6.80092600

H -2.64319500 7.73605900

C -0.09941900
C-1.37619600
C 1.08918800
C -1.43808800
C 0.97308700
C-0.27710400
H -2.41196900
H 1.87751700
H -0.34669600
C-2.62250100
H -2.64402500
H -2.68004500
H -3.51913300
C 2.43292200
H 2.55027400
2.55778000
3.24341200
4.70896000
4.33300400
3.88669000
5.52747700
3.67083800
2.83771800
3.22985200
4.14889700
-2.63760100
-1.54255700
-2.94220800
-3.03604800

I DI T O @D O@D KD Q@D T

0.03377600
0.06052600
0.04845000
0.10214400
0.08993400
0.11642300
0.12405500
0.10210500
0.14878500
0.04463600
0.88953200
-0.86483100
0.09326700
0.02133900
-0.87850000
0.87957000
0.04101300
-1.55321300
-0.64545700
-2.27928200
-1.95256000
0.03734000
-0.66083000
0.98276800
0.21001900
-3.96685900
-3.99624400
-2.97586300
-4.71711900

-0.92374900
-2.23707500
0.20864400
-2.39377800
-0.00350900
-1.29102900
-3.39746000
0.85660600
-1.43475000
4.18797800
4.78994500
4.94861000
6.18509700
6.34017400
6.95817800
6.66757200
6.94309400
8.04194900
3.94243900
3.24345900
3.33151500
4.56721500
4.26641100
3.65041400
3.59470500
5.00093900
1.10136600
1.58942000
1.11309100
1.70766900
-3.59607700
-3.74555900
-3.25730800
-4.56489200
1.35645200
1.41227100
1.71628600
2.04586400

C 10.29077300
C 10.90198000
H 11.13834900
C 10.90190000
C 15.91517100
H 16.02152600
C 10.18114700
H 9.85622400
C 10.48177000
H 10.39006800
C 16.77840200
H 17.55709500
C 11.04226300
H 11.00550000
C 11.27033100
H 11.41024800
C 16.91268900
H 17.79487400
C 10.86000800
H 10.68085000
C 9.97380400
H 9.16737100
H 10.84086000
H 9.66539600
C 11.48391800
H 12.39569400
H 10.72661900
H 11.68821800
C 6.54083100
H 7.30295200
H 6.72735600
H 5.56029700
C 9.13217700
H 9.38662300
H 9.98849600
H 9.02751400
C 13.68644700
H 13.52689400
H 12.72563800
H 13.94056800
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18.69396100
18.43647800
18.34275100
10.42475200
13.45914900
13.90662400
19.78544800
20.74254800
19.66352700
20.52459100
12.04538100
11.39206500
7.99803700
7.06857500
7.97332200
7.02353400
12.61858700
12.41130300
9.21640100
9.23526100
18.81246600
18.12849900
18.55275200
19.83151600
15.98356700
15.63960400
15.20614600
16.04783300
15.86582900
16.60456100
14.97904700
16.27072500
14.04726600
13.10956700
14.71937600
13.84010900
14.64939800
15.50429200
14.12455100
15.03227600

4.04967600
1.31431800
0.25736300
2.45429200
10.82861300
11.81364200
3.18490000
3.58514500
1.82812300
1.17187900
9.06907300
8.68361100
2.40971800
1.84825700
3.78580100
4.29593900
10.33384600
10.93325300
1.75503600
0.68292900
5.51815300
5.81054800
6.13774400
5.76965300
1.59652000
2.10013300
1.75568500
0.52362000
6.90918900
6.63107500
6.29133600
6.64182300
10.86385100
10.35470000
10.72685100
11.93299900
10.59731700
9.92891700
10.66742100
11.59012600



C -2.70142500
H -2.98824500
H -1.60944600
H -3.13948100
C-1.62831700
H -2.26211400
H -0.60092400
H -1.92346000
C -1.14659900
H -0.10210600
H -1.76108200
H -1.28278100

-2.65270200

-3.53659700

-1.61383000 -3.33217500
-2.66079800 -3.64286100
-2.94628400 -4.49514400

4.30090900
3.41295400
3.98171300
5.03369100
3.75868000
3.42751800
2.85089800
4.30819000

1.59421700
1.71193500
1.80807500
2.35104700
-3.42060300
-3.36689800
-3.46422900
-4.35679600

Co(CNAr*2),in C;, symmetry
Co0-0.01022300 0.06560800 -0.33919400

N -1.36618100
C -0.83848400
C-0.02716800
N -0.08494900
N -1.51839900
C-0.97146900
C 1.79876300
N 2.95600100
C 4.29314800
C 5.11804800
C 4.82789400
C 6.47869200
C 6.19951000
C 7.02167400
H 7.11624600
H 6.61049200
H 8.08143800
C -2.11040800
C -2.30337900
C-2.56431100
C -2.98823200
C -3.24254100
C -3.46427500
H -3.11976700

2.72033700
1.68151900
0.19342100
0.32357700
-2.54726400
-1.50332400
-0.13288300
-0.29550800
-0.56252200
0.40206000
-1.79861500
0.10759700
-2.02912200
-1.08935900
0.84866000
-2.97640900
-1.29156800
-3.77136700
-4.26468900
-4.50692800
-5.47706900
-5.71210800
-6.19414200
-5.86910800

-0.95408500
-0.71808800
1.54291900
2.71833000
-0.71337000
-0.56237500
-0.68672100
-0.90658500
-1.09216400
-1.72545000
-0.64534100
-1.88862800
-0.81288700
-1.42960400
-2.36147000
-0.47644700
-1.55697500
-0.89675300
-2.21629800
0.23191000
-2.37561500
0.00535600
-1.28168500
-3.37968000

H -3.57436200 -6.28733300 0.86452800

H -3.98135900

-7.13780300

-1.43026600

C 15.49786200
H 14.59827100
H 15.39160500
H 16.36248300
C 10.70464200
H 9.84571100
H 11.57759000
H 10.53640900
C 11.56507800
H 12.47922200
H 10.74599400
H 11.66418400

11.68754100
11.06222400
12.45949900
11.06655800
11.74869200
12.29141500
12.40048200
11.60695900
9.14132500
9.68906100
9.62682800
8.11667800

6.90880700
6.84884800
6.13696000
6.65651900
1.76157400
2.17547300
1.88911800
0.68984900
6.01804300
6.27953700
6.56237800
6.38840700

Co(CNAr*2),in D,q symmetry
Co 11.12936500 14.05376800 6.13058600
N 9.06634800 14.37751800 8.31534800

N 13.69252000
N 10.71689300
N 10.86235100
C 8.18749300
C 10.81024800
C 7.07203800
H 7.21929200
C 7.98229900
C 11.38815200
C 14.87144200
C 6.67873600
C 15.60058500
C 12.65889400
C 9.92543400
C 5.79217500
H 4.94072300
C 15.31481200
C 10.67161600
C 5.60367300
H 4.60238200
C 11.00026100
C 10.74036600
C 10.50815100
C 9.88379700
C 11.24767200
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13.15272300
16.71279900
11.80479400
14.23221800
15.62712400
14.31317800
14.17923300
14.38065800
18.35594800
12.98771800
14.57303800
11.77623500
13.46134000
14.32848800
14.52427400
14.56927600
14.02324400
18.00766400
14.64396400
14.76893900
12.74408500
10.55252600
9.43598700
18.97019500
19.65907200

7.46879700
4.72384300
4.11423700
10.55707000
5.19701600
11.40226700
12.46969000
9.15972800
3.08302500
8.15690800
8.62632800
8.03304300
6.96802000
7.49605500
10.89728100
11.57051100
9.02251200
4.25966800
9.52309600
9.12194200
4.83239800
3.55183000
4.39797300
4.94704000
2.58486200



C-1.95445100
C -2.83288600
C-1.71816700
C -3.46560400
C -2.38494800
C-3.25071100
H -4.12301600
H -2.19237300
H -3.74353400
C-0.25038900
C -1.54919000
C 0.86911900
C-1.70414300
C 0.65309300
C-0.61951800
H -2.69384300
H 1.50799000
H -0.76197000
C 4.60316500
C 4.90147100
C 3.88019500
C 4.48961800
H 5.44872900
C 3.47953200
H 3.64216700
C 3.77966900
H 4.72344700
H 2.93842400
H 3.46245000
C 3.99063500
C 4.35998900
C 2.87061300
C 3.62916500
H 5.21388000
C 2.14596000
H 2.57753900
C 2.52156400
H 3.92500900
H 1.28854800
H 1.95281600

3.92906000
4.03916200
5.03717300
5.26862100
6.23959200
6.36091100
5.36266500
7.09579500
7.30788300
0.44089400
0.66505300
0.27625100
0.67982400
0.30349000
0.49424100
0.86288900
0.19578300
0.52193800
1.70640200
2.10934600
2.58639800
3.35288500
1.43298800
3.83489700
2.29597500
4.22221000
3.64084400
4.51158000
5.19406000
-2.86469200
-3.42108600
-3.38943300
-4.47013200
-3.01203500
-4.44497200
-2.97803600
-4.98865500
-4.88089300
-4.84667900
-5.80806500

-1.23287600
-2.34432100
-0.37515600
-2.56838400
-0.64807300
-1.73140700
-3.42764100
-0.00846000
-1.93231300
4.08050600
4.60535500
4.93536700
5.99791300
6.32033200
6.85157100
6.40569000
6.98127900
7.92827600
-2.22599900
-3.53855700
-1.40462100
-4.01793100
-4.18977500
-1.88049500
-0.38627300
-3.18841900
-5.03952500
-1.22492700
-3.55674300
-0.02940700
1.20550700
-0.69322900
1.76346900
1.73785000
-0.14064700
-1.65403500
1.09049600
2.72520100
-0.67417100
1.52138700

H 11.81025800
C 10.90388300
C 16.45672100
H 16.80141400
C 9.78119300
H 9.19528500
C 10.44220700
H 10.35790900
C 16.74344700
H 17.32010200
C 10.70943400
H 10.69455200
C 10.51318200
H 10.33321500
C 17.16403400
H 18.05670500
C 10.88588900
H 10.98882500
C 15.21285700
C 15.27273600
C 14.85491200
C 14.99648100
H 15.52720300
C 14.57521100
H 14.80977200
C 14.64889100
H 15.05137100
H 14.30280100
H 14.43337500
C 14.62119600
C 14.22074700
C 14.41452500
C 13.62346600
H 14.35790000
C 13.82741200
H 14.72673500
C 13.42732400
H 13.30811600
H 13.68749900
H 12.96616500
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19.93882300
10.38382500
13.79705900
14.59029300
20.25527200
20.99977700
20.59855300
21.60518100
11.61168400
10.69764600
7.97188800
6.97189600
8.15638400
7.30310400
12.59976900
12.44928600
9.07838800
8.94281700
10.68464100
9.34602300
10.94179900
8.29899900
9.12746200
9.89549300
11.96476800
8.56978500
7.27198800
10.11781100
7.75688700
15.33735400
15.83487600
16.13494200
17.09092300
15.22089200
17.39474700
15.77078100
17.87684500
17.45211500
18.00341800
18.85719300

1.69948900
2.15271200
9.79983700
10.45681200

4.39647900
4.92676500

3.22095200
2.82121800
8.82951900
8.72546600

2.46377400
2.03949100
3.83057900
4.47804000

9.71483400
10.31532600
1.63879100
0.56649900
7.09915100

7.52480300

5.76445900

6.64556500
8.55836600
4.88625200
5.40661700
5.32039100
6.99781400
3.85831600
4.63212600
9.12018100
10.36999600
7.98322600
10.48096000
11.25529900
8.09521600

7.00923200
9.34416600
11.45618300
7.20568900
9.42878900



C 2.25225100
C 3.05991000
C 2.80762600
C 4.38194500
H 2.64089700
C 4.12972000
H 2.20522100

C 4.92298000

H 4.98774300
H 4.54548800

H 5.95385100
C -2.74356000
C-3.91138900
C-2.75710700
C -5.05949600
H -3.90620600
C -3.90699000
H -1.87117900
C -5.06130900
H -5.94982400
H -3.89791900
H -5.95427900
C -3.12985900
C -4.46507900
C-2.11179800
C -4.77455700
H -5.26445700
C -2.42127900
H -1.07269400
C -3.75281400
H -5.81461000
H-1.62179100
H -3.98872100
C -0.80879900
C-1.22371700
C 0.48834500

C-0.37164200
H -2.23047900
C 1.34223600

H 0.83254300

0.07281700
-0.93731400
0.91301600
-1.10246300
-1.60422700
0.74868100
1.70803700

-0.25781000
-1.89214800
1.41328200
-0.38051000

0.87356900
0.12862300
1.84618700
0.34570800
-0.64352600
2.06525700
2.44375200
1.31615800
-0.24925600
2.82332800
1.48492000
2.89348200
2.58097900
2.12278700
1.52313400
3.15879600
1.06397400
2.35434600
0.75836600
1.29084900
0.46828800
-0.07666800
4.96872600
5.49644800

4.43665900

5.49627800
5.89362900

4.44427800

4.02196500

4.42524300
4.97436400
3.44539400
4.56100100
5.72315800
3.03447200
3.01810700
3.59032300
4.99802900
2.28159100
3.26893400
3.74250500
3.97450700
2.73000300
3.21309300
4.73832100
1.97224200
2.54275400
2.20966700
3.39959300
1.19420700
1.61365900
-3.24549100
-3.55208000
-3.83016800
-4.40679800
-3.09577400
-4.68234300
-3.61981300
-4.97156500
-4.62108700
-5.11286800
-5.62523900
0.80089800
2.03657700
0.70736000
3.14129800
2.13337600
1.81027100
-0.23349500

C 9.52753500
C 10.40119000
C 9.91404400
C 11.61469300
H 10.12641300
C 11.12839800
H 9.25894200
C 11.98223100
H 12.27154400
H 11.40609400
H 12.92583300
6.40396800
5.54534400
6.92819900
5.22091100
5.15069400
6.60298200
7.59240900
5.74772000
4.56153200
7.02141600
5.49729500
9.18749300
7.86338500
9.85102200
7.22472800
7.32916900
9.21256900
10.87631000
7.89827100
6.19954500
9.74842100
H 7.40184000
C 12.29717800
C 12.27983100
C 13.24798100
C 13.18380100
H 11.54175700
C 14.14894700
H 13.29388800
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13.99464600
13.01204900
14.71380800
12.75253400
12.43485200
14.45427600
15.48968500
13.46859800
11.98424300
15.02328400
13.25862400
14.70029900
15.71228600
13.79478700
15.81680700
16.43640800
13.89879300
13.00324600
14.90854000
16.61332000
13.18664500
14.98910500
18.69525600
19.12839300
18.09726300
18.97538000
19.57696800
17.94634000
17.76054600
18.38557800
19.31673400
17.48366500
18.26412100
17.41842600
17.36047700
16.64316300
16.55971000
17.94105900
15.83956700
16.67876000

11.16011700
10.66395700
12.30461500
11.29979000
9.78778700
12.93960700
12.69192800
12.44126000
10.90124100
13.82329400
12.93835800
7.16897800
6.70722100
6.23211700
5.35510600
7.41379900
4.88035600
6.56029800
4.43527900
5.02005400
4.17401800
3.38083200
6.23331900
6.41810100
7.31768500
7.64835100
5.58491100
8.54818900
7.20874200
8.71981400
7.76828100
9.37212900
9.67878800
2.37013700
0.96559000
3.05511200
0.26907500
0.41867300
2.35767900
4.13805900



C 0.91754500
H -0.71865600
H 2.34699100
H 1.58408900
C -2.34630600
C -3.40329600
C -1.08303500
C -3.20425200
H -4.39148100
C -0.88482400
H -0.24526200
C -1.94268100
H -4.03749300

4.97223100
5.90087400
4.04123800
4.97260600
-4.06126700
-4.12127100
-3.65023300
-3.78778100
-4.41868700
-3.31740800
-3.60530300
-3.38522800
-3.83999100

H 0.10211600 -3.00635800

H -1.78497100
C -1.80966100
C -2.64772300
C -0.49169000
C -2.18289400
H -3.67629100
C -0.02640700
H 0.17785400
C -0.86775400
H -2.84895000
H 0.99987600
H -0.50081800

-3.12111600
-3.56076100
-3.43093800
-3.08358000
-2.85620600
-3.77500800
-2.50760700
-3.17578300
-2.39427800
-2.77094500
-2.15427900
-1.95296700

3.03201500
4.08834900
1.71166800
3.89012200
1.63500400
2.55941500
2.09287500
3.89897400
2.21892400
3.43236700
1.40567600
4.34157300
4.59537000
3.76330500
5.38386000
-3.43138200
-4.55253000
-3.53027000
-5.73533600
-4.48867800
-4.71203600
-2.68182900
-5.82141000
-6.59028900
-4.76774500
-6.74440500

Co(CNArMe2), in C;, symmetry
Co -0.07460500 -0.06505900 0.00825300

N -1.33290500
-0.93527300
-0.18137300
-0.36912400
-1.69881200
-1.14482000
1.72844900
2.82988400
4.06914300
4.52916200
4.87866800
5.77527700

@)
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2.69069300

1.60729400
-0.05738400
0.03261200

-0.54354700
-0.24350800
1.95777800
3.12650200

-2.58114400 -0.68275300

-1.56873300
-0.13150900
-0.15761900
-0.36882600
0.48855900

-1.44682200
0.22451400

-0.38638700
-0.44908300
-0.90967200
-1.48073100

-2.51533400

-1.03231100

-3.09862300

C 14.12250200
H 13.15117800
H 14.87759200
H 14.82364400
C 11.08417200
C 12.03675300
C 10.26899400
C 12.16230300
H 12.69110100
C 10.39533600

15.79445500
16.53093100
15.25115200
15.16499100
11.52052400
11.43147300
12.66370100
12.44328900
10.56512000
13.67538500

H 9.52184500 12.75364200

C 11.33795400
H 12.90701700
H 9.75380400
H 11.43242300
C 10.24047600
C 11.05240000
C 9.12642300
C 10.75958200
H 11.92877700
C 8.82771100
H 8.48157900
C 9.64360700
H 11.40561700
H 7.95212800

13.56759400
12.35326000
14.55006300
14.35733500
9.56871900
8.90384100
10.28300600
8.95328100
8.36495500
10.32372800
10.79206300
9.65864500
8.43901700
10.86837800

0.96285800
-0.81692800
2.90882400
0.42198100
1.21119300
0.18134500
1.26683800
-0.76960500
0.13472200
0.31651800
2.04826900
-0.70778600
-1.55634700
0.37693400
-1.44764000
5.85798600
6.78947100
6.32588300
8.15294000
6.44240200
7.68752500
5.61534000
8.60658200
8.85967900
8.03102400

H 9.40906100 9.68995400 9.66731000

Co(CNArMe?), in D,g symmetry

Co 11.18333700 14.04224000 6.22217000
9.27551600 14.32818200 8.59852000

13.15652800 7.20176000

16.75905400 4.89284800

11.75909400 4.22130800

N

N 13.95247100
N 10.67763400
N 10.65293400
C 8.21970400
C 10.76131400
C 7.07878100
H 7.15535700
C 8.13178800
C 11.66279700
C 15.27231800
C
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13.69445100

10.69488600

15.65336000 5.32440100

13.20634000
12.97116300
13.99863400

11.34826100
12.40628200
9.31263000

18.21063700 3.23587000
13.05389800 7.60338700
6.87416100 13.94484500 8.65044900



6.12324300
6.57427400

6.11323300

6.74134000

7.54027000
-2.11533900
-2.23494300
-2.40368500
-2.65000700
-2.81556600
-2.94598300
-2.72162100
-3.01522500
-3.25632900
-1.47028100
-2.31716400
-0.76022900
-2.29964700
-0.78071600
-1.50959600
-2.93329400
-0.21057700
-1.49567200
-0.79383900
-2.15668200
0.12434100
-2.55559800
-0.33576100
-1.65874500
-3.59525200
0.37694000
-1.98776500
3.77729400
2.72367200
4.22740100
2.13957600
3.61328200
2.56584900

1.33816400
3.96501000

-1.64934400
-0.83267600
0.87458200
-2.46807800
-1.01334900
-3.84007700
-4.15143700
-4.82830500
-5.43836300
-6.09719400
-6.41222300
-5.66926500
-6.85095800
-7.40676300
3.94021400
4.07541200
5.06413200
5.28032100
6.24492000
6.35262200
5.36739200
7.09385000
7.27567900
0.28743200
0.61648100
0.23329700
0.92853300
0.54961800
0.90501700
1.19588000
0.51721700
1.15777400
1.67765200
1.51743900
2.97381200
2.65232200
4.08160400
3.94532000
2.51912800
5.07814400

-1.64125100
-2.67379000
-3.90100600
-1.28362300
-3.13699000
-1.06945300
-2.45072500
-0.09125000
-2.81703400
-0.52186700
-1.86957800
-3.87625000
0.23444200
-2.17726200
-1.12940600
-2.26006500
-0.63002500
-2.97275100
-1.38664500
-2.56735900
-3.85117100
-1.01986500
-3.14032000
4.42299900
4.65655200
5.49934900
5.96135600
6.78622500
7.02513300
6.12833200
7.60560600
8.02929800
-3.03129700
-3.95479800
-2.70062600
-4.52638700
-3.29551600
-4.20983000
-5.25014300
-3.03469000
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16.08555600
12.83213100
10.11862100
5.86782900
4.99967200
15.81144800
10.79889500
5.77258800
4.82150900
10.89392700
10.53612000
10.23396800
10.09599100
11.75414100
12.41833200
10.72099200
17.14894700
17.54742800
10.23550300
9.71134700
11.03935500
11.13023600
17.41967600
18.03841300
10.59872400
10.64545400
10.31143300
10.11029300
17.95687800
18.99290100
10.75657400
10.88987700
15.63767200
15.46707100
15.55724100
15.21640000
15.31834400
15.13991000
15.08178700
15.29238500
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11.99340000
13.42285400
14.31898500
13.04383400
12.65219600
14.02595300
18.02284500
13.43950200
13.37530800
12.70771700
10.52041000
9.36506300
19.12299000
19.48193900
19.61355800
10.39902000
13.90418000
14.64257100
20.37631100
21.22049400
20.56329000
21.54619100
11.92920200
11.12080300
7.96864600
6.98369600
8.10894900
7.23149500
12.86859000
12.79525200
9.11330700
9.02701500
10.92841200
9.60783200
11.20115200
8.58523000
10.14586300
8.83052200
7.56951700
10.35654900

7.12787700
6.89275900
7.75154900
10.68315000
11.20597500
8.48834800
4.34539500
9.35213900
8.83055300
4.90406700
3.61052800
4.38797000
4.89897200
2.65823700
1.80852600
2.20656300
8.88482500
9.57469300
4.28398800
4.72240800
3.16518700
2.71119600
7.55237100
7.17314700
2.41845500
1.96225300
3.77219300
4.38029800
8.42616500
8.74497200
1.64604800
0.57187700
6.17518800
6.64165000
4.79303300
5.71962600
3.90730600
4.34692600
6.08696800
2.84071100



4.49470500
4.53942400
4.20991000
4.30437400
3.98790400
4.03816800
4.32584600
3.76970100
1.57568300
1.98951400
2.53895500
3.35529500
3.89602000
4.32719100
3.66636900
4.63306300
-3.20439600
-4.14146200
-3.32534400
-5.15707300
-4.35681300
-5.28091300
-5.87405200
-4.44248900
-3.31734300
-4.66643100
-2.96934200
-5.64109800
-3.97637900
-5.31892300
-6.68138000
-3.69827500
-0.06848100
-0.68332100
1.21631800
0.00147600
1.87224600
1.28990900
-0.47755200
2.87801500

-2.37352300
-1.92790000
-3.72574500
-2.84349500
-4.61017400
-4.19220200
-2.49166800
-5.65289900
-0.13518300
-1.42156400
0.85250400
-1.68355700
0.54812200
-0.70845500
-2.67086300
1.32415900
0.63270000
-0.41774300
1.73810000
-0.36478300
1.75153800
0.70676700
-1.18204900
2.60361200
3.04210600
3.23961200
1.97100300
2.36616100
1.11970500
1.30245900
2.53184100
0.29905400
5.13780800
5.90643500
4.60272900
6.12617400
4.86561900
5.62777300
6.72069700
4.47459400

0.07664700
1.41521100
-0.20550900
2.44398900
0.85663100
2.18758600
3.47188600
0.63354200
5.40201700
5.81064800
5.11756100
5.95833500
5.27845700
5.71065000
6.29565100
5.08054200
3.58813000
3.52486800
2.72233400
2.56379800
1.77987300
1.67827300
2.51332100
1.10934400
-2.68160700
-2.31279300
-3.52651900
-2.80587700
-3.99483900
-3.65217200
-2.53143300
-4.65057200
0.70007300
1.71975900
0.91017600
2.91694700
2.12126500
3.13425300
3.69302800
2.26136000
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15.03497900
14.08754400
15.34885600
13.48107100
14.71611100
13.79107900
12.75104800
14.96250700
9.41513700
10.16170500
9.65246800
11.11125800
10.60822100
11.34557100
11.67604600
10.76825800
6.61345800
5.96972200
6.86088200
5.61577600
6.48843800
5.87181300
5.11605700
6.67308300
9.27076300
7.89077500
9.90254700
7.18016900
9.14940300
7.79142700
6.12215100
9.65017700
12.54713600
12.17814700
13.82003500
13.10053900
14.71262200
14.37701800
12.81465700
15.70306300
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15.17424900
14.95203500
16.49100300
16.05090000
17.56269400
17.36507800
15.87202300
18.57718400

9.04807300
10.06917000
8.65159600
10.68313900
9.29254100
10.31956800
11.46801800
8.98446600

13.94347100 11.56679000

12.86557500

12.08390300

15.25133100 12.04615200

13.10701800
15.44707900
14.38831800
12.26661600
16.45435200
14.47695700
15.72821000
13.70432000
16.19315100
14.20690800
15.45128000
17.15566300
13.59814100
19.09394600
19.38534400
18.99266400
19.60970400
19.22031500
19.54608500
19.85737300
19.17055100
17.14485900
16.48281100
16.92825800
15.63410000
16.06950300
15.42153000
15.12997000
15.92158800

13.08420100
13.04851400
13.58864400
13.48378200
13.42946400
7.27258800
7.15239900
6.12284700
5.88199200
4.87150300
4.72608500
5.79680800
3.98900100
6.14838400
6.07836800
7.40746400
7.26189600
8.56456300
8.51660900
7.19829700
9.52971500
2.66971700
1.48288900
3.23504100
0.86514000
2.58445500
1.39358200
-0.05367800
3.01081000
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-2.25457500
-3.40737100
-0.97480900
-3.25738100
-0.87347900
-1.99914600
-4.14919800
0.11725500
-1.91219200
-2.96035600
-0.57209800
-2.64900900
-0.30702600
-1.32756200
-3.46215300
0.72812200
0.98250600
1.48741200
0.35406200
0.30678400
2.12815000
2.99785100
1.64298200
1.41531200
5.79713800
6.20661800
6.38216600
5.97009700
-4.08925900
-4.29383600
-4.83237900
-3.10860700
-2.38685100
-1.36337300
-2.71058000
-2.34616400
-6.39561500
-7.11419500
-6.00847900
-6.94984800

-4.66585900
-4.70653800
-4.69712100
-4.82669000
-4.80449200
-4.88779200
-4.88094400 4.21226500
-4.85717000 3.82215400
-3.22444500 -3.58300800
-2.73318000 -4.39189200
-3.01255800 -3.96744800
-2.05655700 -5.57569100
-2.33210600 -5.16206200
-1.84909800 -5.98412100
-1.70007900 -6.20596200
-2.20188200 -5.46906100
-2.50702900 6.11813800
-3.45200900 6.34388600
-2.24989800 6.97929100
-2.67826200 5.27264100
2.23785200 4.68081500
2.89788300 4.61218600
2.22592800 3.69828000
2.68801600 5.38141700
-1.01521900 5.88503900
-1.52774200 5.00384500
-0.10104000 6.03097400
-1.66947200 6.74701800
-1.58237400 4.48690200
-1.26743800 5.51773000
-2.33715400 4.21597200
-2.06818300 4.48784500
2.91547400 2.83254300
2.65485500 2.54476000
3.72807200 2.17838300
3.30303600 3.85743700
0.75323700 0.65945000
1.55143200 0.89003100
0.94958200 -0.34679000
-0.19090600 0.63252000

1.39062700
2.20716200
1.98224600
3.59084500
3.37529000
4.19755800

10.77356000
11.91220500
9.60385500

11.84781700
9.58614600

10.68600300
12.72813700
9.69877500

10.53076200
8.32515000

9.98031300

7.81915300

8.62925700

10.63854600
6.76267400

16.36549700
16.23336800
16.28035000
17.39444600
13.74750900
13.15100700
13.16255500
14.65075300
13.16332300
13.32316000
12.08318000
13.59071500
15.75400400
14.88693500
16.62990000
15.89119800
15.56005000
15.17523200
16.59454600
14.98966200
14.85219300
13.78825200
15.41975900
15.10644200

11.52845300 1.22096000
11.69280500 0.40111100
12.27007200 0.94001000
12.55194900 -0.69982800
13.12203700 -0.17009100
13.25949000 -1.01990000
12.65908700 -1.33154500
9.36332600 5.79186700
9.47954400 6.92098300
9.06331000 5.96344000
9.29654500 8.19682100
8.89385200 7.25439500
9.00239900 8.38828100
9.36453000 9.06065700
8.66107800 7.37640500
16.77550400 7.56611300
16.11720800 6.70135000
17.81084300 7.22119100
16.63063800 7.91900000
13.55309800 10.52916300
13.57908300 11.44301300
13.01680700 9.77300300
12.96204200 10.72164000
18.53332300 11.04546800
19.47419700 10.50843100
18.39404700 11.17252100
18.65332300 12.05021500
12.59947000 4.25338600
13.23731900 4.46352600
13.08558900 4.69766500
12.57980000 3.16816600
9.27079000 8.11500600
8.26385500 8.30587200
9.30327700 8.47882100
9.97601000 8.72923100
7.71596700 3.36753500
7.69167300 3.09670700
7.84254500 2.43843300
6.73734100 3.78871100

8.35152400 12.12790200 1.77451200
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4.86769800
4.06513800
4.99799900
5.78551700
4.14741300
3.66760000
3.58275000
5.14526300
3.83135300
3.14852600
3.41785000
4.77745700
2.23897400
1.55038900
3.07105000
1.70403100
5.36256900
5.42811500
5.23041600
6.33210400
1.89954300
1.01729200
2.57994000
1.56200600
-1.53894900
-1.15016800
-0.87482200
-1.45902000
-5.09011600
-5.00261100
-6.13242300
-4.47218000
-6.39518800
-6.16153000
-6.50895100
-7.36834200
1.91505700
2.99700600
1.58311400
1.72555900

-0.49064100
0.18790300
-0.36544900
-0.16010900
-4.24779900
-5.23129500
-3.57612600
-4.35562600
-5.16754900
-4.76179600
-6.11731700
-5.39238100
0.14532400
0.21246200
-0.50879600
-0.34995500
3.19206000
4.24668700
2.59936800
2.90296000
5.15663600
5.45876200
6.01470000
4.95520800
1.75864000
2.63502100
1.58654300
0.88962600
4.38895300
5.35587100
4.27089700
4.45643700
0.37531000

1.75254100

1.44189100

2.82996000

1.25170500
-1.62553100
-1.65330100
-2.27999000
-2.06927600

3.32411600

4.08011500

2.96873500

3.83474000
-4.35921900
-5.20628800
-4.64532600
-3.54077200
-1.72260900
-1.43654300
-0.81067200
-2.14658800
-4.82034800
-4.24033000
-4.85118700
-5.84330700
-3.96445200
-4.49766500
-3.11076000
-4.62357500
-1.42270800
-1.93335200
-1.11013000
-0.52033300
-4.16860700

0.01106800 -5.17523800
-0.50536800 -3.52310700
0.87679900 -4.20926700
3.77972900 -0.14190600
3.78362500 0.02089800
2.73488300 -0.11614600
4.15427900 -1.15158400
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8.04730400
8.49895700
7.52146800
13.19792700
13.17286700
14.04582200
13.39574700
12.00437800
12.19216500
12.54054500
12.44749300
7.38414300
6.34278900
7.52402300
7.53412500
8.04682400
7.54549300
7.30106600
8.82253000
9.93908400
10.73774300
8.98754900
9.91115600
8.86850800
7.78754600
9.12018500
9.08058700
12.38641100
13.34176200
12.07422600
12.58042600
7.47675400
7.40567500
8.53743500
6.98229200
5.62302900
5.23398200
4.86529100
6.49871600
5.49829500
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11.07878800 1.87020400
12.51771700 2.78779100
12.67917500 1.32158700
10.94219800 0.67183800
9.91995300 0.27319300
11.45151000 0.20200200
10.86001000 1.74408500
9.75986500 6.78273200
10.82508200 6.61306400
9.47374400 7.69269200
9.21610800 5.94395700

8.89877500
8.93370400
9.68273000
7.94174300
8.81318400
9.72591900
8.00982600
8.56576500

4.78760500
5.12311200
4.03614800
4.27285900
9.76972800
10.11766000
9.78146500
10.50182800

11.45236000 11.59567100
10.79070100 11.94679300
11.04204400 11.95517900
11.40279500 10.50219000
16.43517800 11.52590500
16.27375700 11.61298700
17.34201500 12.08541100
16.62534900 10.46698100
14.63098900 14.65701200
14.94658600 14.21595000
15.42074300 15.34962400
13.72501200 15.24086000

12.33426900
11.80644400
12.38971100
11.72293500
16.55561400
17.53347400
16.06467500
16.72159700
15.97954100

6.22714600
5.27286400
6.49238700
6.98899400
8.37024100
8.07493800
8.99287800
9.00654700
3.36004500
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-2.05400200
-2.46026100
-2.02088300
-2.76691200
2.02005700
1.59917900
3.08141000
1.95021400
0.57828600
1.51921400
0.69221400
0.43263300
-4.41043000
-4.69804200
-4.61003200
-5.07104000
-1.01669700
-1.74755900
-1.03747200
-0.02200300
0.28419200
1.15901900
0.23363700
0.46001600
-4.79987900
-4.89435900
-5.06428000
-5.54645500
-1.87062700
-0.89127000
-1.98559800
-2.63896400

6.52792200
6.84142700
7.41336100
5.83482900
5.92021500
5.35056900
5.66153500
6.98189100
-3.53917200
-3.46117000
-2.97348000
-4.58992500
-2.94262100

1.54311600
2.51001400
0.89639500
1.08464200
4.42500400
5.26343700
4.35165000
4.69047400
-3.14046800
-3.69381600
-2.20783100
-2.86594000
-4.01247000

-3.99970000 -4.04930600
-2.59718400 -2.99154700
-2.39468800 -4.69061500
-1.11722400 -7.26982000
-1.35193700 -8.05196500
-0.02826600 -7.12666500
-1.37713300 -7.64723100

-4.66449700
-4.91538300
-5.37050700
-3.66844300
-4.63393900
-3.79390500
-5.53968500
-4.50325900
-5.02728200
-5.42769300
-4.05888800
-5.69503000

1.14846000
1.75308000
0.31164700
0.72617200
1.61605200
0.91871900
1.05758100
2.40622000
5.69722300
5.97959900
6.20235800
6.10366900

6.33637600
5.22033300
4.65596400
14.24433800
13.67215900
15.30306400
14.09214100
10.81597700
10.70042400
10.65333100
10.01408900
15.36152100
15.17142900
15.29576800
16.39218200
11.37817800
11.97664900
11.72663500
11.59470100
7.16556100
6.08225200
7.43537400
7.39802900
7.01071900
6.67174800
7.62042000
6.11998000
10.61375100
11.54925700
10.43002400
9.80315200
8.67383000
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16.51769300
15.16778400
16.67794300
17.62746000
17.26978900
17.44591000
18.71136600
16.70365600
17.72798500
16.01495800
16.54149500
14.50961300
13.45649700
14.60416100
14.73294400
18.69388100
19.29677100
18.89725000
17.64091900

2.89650700
2.67836100
3.41584700
4.50620100
5.37089600
4.71289100
4.44495100
0.86322500
0.48698000
0.03080500
1.59259800
0.69856100
0.94361100
-0.39155200
0.99465600
7.53593400
6.84392000
8.55166400
7.32274900

19.47785400 4.75237900
19.49941200 4.90734900
20.38032400 4.19098400
18.62269900 4.10875300
19.81252900 9.78297900
18.87863800 10.25049100
20.34181500 10.52404400
20.41825300 9.58412200
14.11599400 -2.26367900
14.66042900 -2.43660900
13.50225000 -3.15592100
14.84960100 -2.20115400
13.67328200 -0.38944600



Table 3.5. Calculated Core bond angles of (BuNC)Co(CNArMe2)s,

Converged Coordinates* Angle Bond angle (°)
C1-Co-C2 98
C1-Co-C3 98
C1-Co-C4 98
C2-Co-C3 118
o2
ot C3-Co-C4 118
cs

C4-Co-C1 118

*H-atoms omitted for clarity.

Table 3.6. Calculated Frequencies and Symmetries of CN Stretching Modes in (‘BuNC)Co(CNAr™e2);,

Assigned

Mode Symmetry Frequency* (cm)
0 al 2138
! al 2068
2 ¢ 1991

2 € 1990
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Absorbance (a.u.)
-(2) 1991 cm-1

> - (1) 2068 cm!
) -(0)2138 cmr!

500 1000 1500 2000 2500 3000

Wavenumbers (cm1)

Figure 3.9. Simulated IR spectrums of (‘BuNC)Co(CNArM®2);,

Optimized Coordinates of ‘BuNC)Co(CNArM¢?);,

Co 0.05181000 -0.09972600 -0.50919000
-1.24961800 2.65664300 -0.55138600
-0.73403800 1.58292400 -0.56617900
0.16246800 -0.27916800 1.40175000
0.23134500 -0.38817600 2.57083600
-1.70030400 -2.54041500 -1.02286000
-1.02424300 -1.57477000 -0.85043600
1.86471200 -0.23318500 -0.88920700
3.03732500 -0.30864700 -1.08619600
4.39044600 -0.27095500 -1.32456700
4.87739200 0.37344800 -2.49090300
5.28383400 -0.87881100 -0.40682800
6.26017400 0.41467600 -2.70126600
6.65751000 -0.80774000 -0.66847100
7.15224300 -0.16474100 -1.80098200
6.63124600 0.91731400 -3.59043600
7.34058300 -1.27841500 0.03364600
8.22230000 -0.12089400 -1.98344100
-2.35972600 -3.72617600 -1.24314200
-2.23263700 -4.37367400 -2.49879700
-3.15876100 -4.28850000 -0.21578300
-2.89101500 -5.59378600 -2.68879200
-3.79589300 -5.51086600 -0.46218900
-3.66489200 -6.16908500 -1.68289300
-2.78323900 -6.09336700 -3.64785000
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-4.41229500
-4.16747700
-1.94799700
-2.78216100
-1.82610400
-3.49796000
-2.56536800
-3.40002600
-4.14348500
-2.46701400
-3.96441600
3.97371600
3.73206400
3.43157600
2.96101100
2.66326000
2.41422400
2.78981600
2.25456600
4.83393400
4.98386400
4.36474400
4.69168000
4.07838200
4.24997900
4.82540400
3.72708800
-2.91840800
-3.78238000
-2.23554700
-3.95691500
-2.44119700
-3.29579200
-4.63251100
-1.92369300
-0.92916600
-1.48432900
0.45858400
-0.64670100
1.25968400
0.72654400
-1.08306400
2.32752000
-3.37812600
-4.28831500
-2.76006700
-4.58059300
-3.08506600
-4.00384500
-5.29224200
-2.61606700
-1.43712400
-2.11084300
-0.03397400
-1.36909400
0.66843900
0.02157800
-1.89438800
1.75059600
0.31036300

-5.93829800
-7.11736800
3.84049900
4.15593900
4.73260400
5.35779600
5.92146500
6.23902000
5.59289600
6.60782900
7.16730600
0.99810000
0.32788900
2.28142600
0.95848200
2.87349300
2.22982000
0.44389800
3.86809700
-1.61465100
-1.02204700
-2.94151100
-1.77683100
-3.65748100
-3.10074200
-1.31990500
-4.68390300
3.26015900
2.14688100
3.58102000
1.38160800
2.78988400
1.68450400
0.52884000
3.04936600
4.47929900
4.11093400
4.71202800
4.00888300
4.59415100
4.25945100
3.73862600
4.78557500
-3.63166100
-2.56038100
-4.15760300
-2.05138900
-3.62171300
-2.57652700
-1.23222700
-4.04176100
-3.80067900
-3.19669600
-3.93425400
-2.74913900
-3.47050900
-2.87521500
-2.29709200
-3.58428700
-0.51382800

0.32415800
-1.85149600
-0.55314200
-1.65600100
0.54210500
-1.62811700
0.51637700
-0.55290000
-2.47013900

1.35321900
-0.55096100
-3.50774500
-4.72553200
-3.29139700
-5.70693100
-4.29913500
-5.51403400
-6.65061800
-4.13016000
0.81805800
2.08893500
0.71266500
3.23119100
1.87944200
3.15029100
4.21019800
1.79140000
-2.84753900
-2.80898300
-4.03951900
-3.96673300
-5.17409200
-5.15979100
-3.93430400
-6.09590800
1.71474000
2.95826200
1.60715100
4.07523400
2.74772200
3.99571500
5.03527100
2.65940700
1.11232300
1.23038300
2.26716100
2.50070700
3.51825000
3.65986100
2.58489600
4.40650800
-3.62989100
-4.71267600
-3.66051700
-5.81033100
-4.77790800
-5.86362800
-6.64971900
-4.80071200
4.00113000
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-0.99127800
-0.96228100
-1.10952300
-1.85637200
0.47142900
0.54649900
-0.39100100
1.37693800
1.52946400
2.44902300
1.42789300
1.60729300
-2.96394300
-3.18647400
-3.57154700
-3.30715200
1.08731800
2.13928700
1.04521900
0.57265300
1.60153700
1.69335500
1.18987000
2.61540200
-4.52729400
-3.84124900
-5.05509200
-5.26321600
-3.47777900
-3.34058700
-2.74684400
-4.47558100
-1.28896300
-0.50060900
-0.80758700
-1.80260600
4.29167600
3.91802400
5.38720200
4.01089500
3.67591000
3.34259500
3.12856200
4.73752700
1.55896900
0.49866300
1.64875200
1.83643500
5.45425200
5.41028800
6.48634000
4.83510500
4.18698200
3.37926900
5.09675000
3.93746000
4.00651400
4.88559400
3.79430400
3.16419300

0.04702500
-0.04368800
1.10303400
-0.50692400
-2.00697900
-2.13172900
-2.57589200
-2.40951400
0.29284000
-0.10205700
1.34487700
0.22615000
3.82717700
3.43763900
4.72769500
3.09078400
5.10386900
5.37371300
4.27923700
5.95826800
4.21482100
5.20981300
3.54518700
3.87460300
1.77743300
1.40284100
2.63793100
0.99206900
0.82923100
1.41196400
0.01008600
0.37752700
4.75980500
4.68519100
4.81082700
5.71299300
-1.05374900
-1.44969100
-1.05307400
-1.75674800
3.02586400
4.06528800
2.56476000
3.02893900
2.87620700
2.63244900
3.96807300
2.53258300
0.40884500
0.72396700
0.54083300
1.09723800
-3.60305600
-3.13021800
-3.53137100
-4.66248300
-3.92058900
-4.52939300
-3.28350600
-4.60953500

4.60417000
5.69604200
4.34303300
4.22787400
4.34305900
5.42933500
3.98276000
3.87953900
4.48597300
4.04372700
4.20383800
5.57713500
3.10608800
4.10460900
2.95672400
2.37047500
0.28929600
0.42537500
-0.43179800
-0.16538400
5.22805300
5.68457400
5.99080400
4.99007300
-1.54594700
-0.77651300
-1.11882700
-1.74459600
-6.39179900
-7.30952200
-6.41134700
-6.42339700
-4.11101900
-3.35252100
-5.09247200
-3.93906200
-4.98763200
-5.93711000
-5.03379200
-4.19458600
-1.99841500
-2.07889300
-1.16723800
-1.72611000
-6.57857100
-6.43037300
-6.55801100
-7.58125700
2.23877200
3.28615300
1.89294800
1.65200200
-0.63507100
-1.20585400
-1.24232300
-0.51929200
4.39719100
4.64889700
5.26241400
4.26893700

117



-1.75583800 -5.28677800 2.17716200
-0.96653100 -5.06497000 1.44986000
-1.28222700 -5.46225500 3.14836900
-2.22160400 -6.22719600 1.85911900
-4.96461700 -1.96718500 0.01508500
-5.42779500 -2.74154700 -0.60713200
-5.74363600 -1.25763600 0.31132600
-4.24713100 -1.42988800 -0.61635400
-4.39446200 -2.06239700 5.02703400
-3.55551700 -2.10636200 5.73028500
-4.74408500 -1.02543000 4.98158500
-5.20868800 -2.66124300 5.45750600
0.71817900 -4.57617800 -2.51664700
1.75768300 -4.77317100 -2.79726800
0.73053100 -3.92300400 -1.63542900
0.26233700 -5.52517400 -2.21227800
-3.61493500 -3.02671500 -4.70828600
-4.13909800 -3.98960900 -4.73166000
-3.95618800 -2.50484600 -3.80656300
-3.94156100 -2.44755700 -5.57748500
0.80173100 -2.35999300 -7.05045800
1.10935000 -1.31756600 -6.89488900
1.71165900 -2.94700000 -7.21818900
0.20460500 -2.39140200 -7.96859100
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3.9 Simulated IR Studies of Fixed Core Angle Geometries

Frequency calculations were carried out on both Csy and Dag geometry of
Co(CNArMes2), with two additional geometries for each isomer achieved from twisting the
molecule without changing the core angles (C-Co-C). By fixing the core geometry at either Csy
or D4, we observed that the outer sphere of the molecule does not affect the isocyanide
stretching frequencies (ven) shown in Figure 3.10 and Fig 3.11 In other words, only the core

angles decide the CN vibrations of the molecule.
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Figure 3.10. Simulated IR spectrums of fixed core angles C3y Co(CNAr¥®?), geometries.
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Figure 3.11. Simulated IR spectrums of fixed core angles D2d Co(CNAr™®?), geometries.
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Figure 3.12. Simulated IR spectrums of fixed core angles C3y Co(CNAr¥®?), geometries.
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Figure 3.13. Simulated IR spectrums of fixed core angles D2d Co(CNAr™*?)4 geometries.
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Chapter 4 Controlled Stepwise Synthesis of a

Nucleophilic Cobalt-phosphide Cluster

4.1 Introduction

Electrochemical water splitting represents as a sustainable approach for hydrogen
generation through clean-energy technologies.! Cobalt phosphides nanomaterials (CoxPx),
known as one of the most active electrocatalyst toward hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER),*® have received increasing interest due to HER and OER
being two key reactions of electrochemical water splitting.!** While the identification of
systems able to substitute the currently best materials based on Pt (for HER) and RuO,/IrO; (for
OER) are main areas of study,'” the use of homogeneous molecular cobalt phosphide clusters
to provide complementary reactivity insight is rare. This is due to several limits in design and
synthesis of multi- nuclear assemblies, such as ligand lability and lack of coordination
directionality as cluster synthesis is largely a self-assembly process.

With regards to the fundamental understanding of single phosphorous site reactivity in
cobalt phosphide nanomaterials, one of the most intriguing complexes is the all-carbonyl p;s-
bridging phosphide cluster Cos(p3-P)(CO)o. Although reportedly synthesized through reaction
of white phosphorous (P4) and Co2(CO)s, Co3(u3-P)(CO)y has only been observed through in

situ IR spectroscopy with a 10 minutes life time at room-temperature.! As we mentioned
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earlier, a commonly seen self-assemble cyclotrimerization to generate larger nucleus cluster
[PCo(CO)s]3 was readily recognized as its thermodynamic product. Interestingly, [PCo(CO)s]3
was demonstrated to be trapped with Fex(CO)o to generate Fe(CO)4)PCo3(CO)o.!""!2 The only
structurally characterized p3-P-Cos motif, {CpRCo}3(us3-P). (CpR = CsH3Bux-1,3), was
obtained from reaction of [{Cp*Fe}{CpRTaPs}] and [CpRCo(CO):] by Scherer and
coworkers.!*> Until now, an ideal system that provide directionality which allows transition
metal ions to interact cooperatively with main group building blocks remain undiscovered.
Given our success in isolating isocyano analogues to classical carbonyl metalates using
sterically encumbering m-terphenyl isocyanides,'*?! herein we report the preparation of a
controlled step-wise isolation of thermal and air stable tricobalt p3- bridging phosphide clusters

featuring its nucleophilicity on the interstitial bridging phosphide.

4.2 Results and Discussions

To prepare a ps- bridging phosphide complex, we chose to start with salt metathesis
reactions of previously achieved cobalt anions with the widely used phosphorous feedstock,
phosphorous trichloride (PCl3). The formally Co(-I) species, Na[Co(CO)2(CNArMe2),] (1)
(ArMes2 =2 6-(2,4,6-Me3CsH2)2C6H3) was not only suitable for this approach but also ideal for
a step-wise isolation of intermediates with the steric profile provided by the two m-terphenyl
isocyanide ligands. Indeed, by quick addition of PCl; to a THF solution of 1, an immediate
color change from orange to light yellow was observed. The reaction was completed in 5
minutes and (PCl2)Co(CO)2(CNArMe?), (2) was isolated as a pale yellow crystalline material

indicating an one equivalent salt-elimination of NaCl. (Scheme 4.1) X-ray crystallography
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revealed a trigonal bipyramidal geometry with both CO and isocyanide ligands present in a cis
position to its own kind. (Figure 4.1A) Complex 2 turned out to only be the kinetically stable
product where ligand redistribution was noticed to generate (PCl>)Co(CO)n(CNArMes2),., (n<4)

which lead to further decomposition upon sitting at room-temperature.

1eq PCI3

Y

- NaCl

2

1eq
1/3eq PCl3 Na[Co(CO),(CNArVes2),]

- NaCl - NaCl

1eq
Na[Co(CO),(CNArMes2) ]

- NaCl

1/3eq PCl3

\\O - NaCl

C)

Scheme 4.1. (top) Step-wise synthesis of cluster 4 through complex 2 and 3. (bottom) Synthesis of cluster 6.
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Figure 4.1. (Left) Molecular structures of complexes 2-4 and 6. A) (PCl2)Co(CO)2(CNAr™e2), (2), B) Coz(p2-P-
PCl)(u2-C-CO)(CO)(CNAM=2),  (3), C) Co3(us-P)(CO)s(CNA™M=2); (4), and D) Cos(us-P)(n2-C-
CO)3(CO)3(CNArPP?); (6). (Right) E) Highest occupied molecular orbital (HOMO) of complex 4. F) Highest
occupied molecular orbital-2 (HOMO-2) of complex 6.

Interestingly, by adding another equivalent of the Co(-I) anion 1 to complex 2, we were
able to proceed another equivalent of NaCl salt-elimination to generate a chloro-phosphinidene-
bridged cobalt dimer, Coz(u2-P-PCl)(u2-C-CO)(CO)2(CNAMes2)4 (3). This compound can also
be synthesized by adding 0.7 equivalent of PCIs to the cobalt anion 1, and hence in isolated
yield of 99%. Unfortunately, the structural comparison with the only other phosphinidene-
bridged cobalt complex [(IMes)Co(u-PMes)]> (IMes = 1,3,4,5-tetramethylimidazolin-2-
ylidene)?? remained difficult due to a four-fold positional disordered of bridging PCl and CO in
complex 3. However, 3!P NMR spectra was able to show a downfield shift from & = 406 ppm
(complex 2) to & = 524 ppm during the 3 formation which is also in similar region to 6 = 449
ppm for [(IMe4)2Co(p-PMes)]o.

To further aim for the ps- bridging phosphide complex, one more equivalent of cobalt

anion 1 was added to 3. After 1 hour of reaction time, the reaction mixture was taken up in
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pentane and stored in the freezer (-35°C) to observe a color change from brown to green over 3
days. Green single crystals suitable for X-ray diffraction reported the phosphide bridged cobalt
trimer Co3(u3-P)(CO)s(CNArMes2); (4) with the support of a highly down fielded phosphorous
signal at 6 = 751 ppm. The nearly Cs-symmetric complex exhibits a highly pyramidalized
phosphide ligand (X(Co-P-Co) =208.9(1)°, NH3 is 319.8°) that resides 1.653 A above the mean
tricobalt plane. Each cobalt center has a distorted octahedral geometry that was bound to two
other cobalt metals, one carbonyl and one isocyanide ligand forming an equatorial plane with
the apical CO ligand trans- to the bridging phosphide. (Figure 4.1C) However, due to the rigid
geometry created by the tricobalt plane, the formation from 3 to 4 required a ligand
redistribution process causing a relatively low yield (18%).

We turned to explore an alternative cobalt phosphide building block that has the
preferred isocyanide to CO ligand ratio (3:1) to start with. In contrast to the 3 day reaction time
of complex 4, Co3(u3-P)(u2-C-CO)3(CO)3(CNArPPP2); (6) was generated in an hour through
the addition of 1/3 equivalent of PCl; to NaCo(CO)3(CNArPPP2) (5) with a 95% yield. (Scheme
1) From the crystallography data, cluster 6 also exhibits a highly pyramidalized phosphide
ligand (X(Co-P-Co) = 204.9(1)°) that resides 1.715 A above the mean tricobalt plane. The
average Co-Co distance is 2.529(3) A similar to 2.517(3) A in cluster 4. Interestingly, cluster 6
now displays bridging carbonyl ligands across all three cobalt nucleus with two isocyanide
ligands pointing upward and one downward relative to the tricobalt plane. (Figure 4.1D) This
bridging carbonyl feature is reflected on the more shielded *'P NMR signal at & = 503 ppm
compared to 4 presumably due to the more electron-rich cobalt centers from the lack of pi-back

bonding. It is worth mention that both cluster 4 and 6 displayed outstanding thermal and air
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stability that showed no decomposition after a week heating at 40 °C in air, largely improved

from the 15 minutes life time of the all-carbonyl cluster Cos(p3-P)(CO)e.

Table 4.1. Selected bond lengths and angles from solid-state structures of complexes 4 and 6-10.

Mean d(Co-Co) d(P-Co3zcentroid) %(Co-P-Co)
Complex
[A] [A] [']
4 2.517(3) 1.653 208.9(1)
6 2.529(3) 1.715 204.9(1)
7 2.5622(6) 1.559 219.23(2)
8 2.567(2) 1.555 220.18(8)
9 2.561(5) 1.504 225.3(2)
10 2.566(1) 1.563 219.40(5)

Density functional theory (DFT) computations on model Cos(p3-P)(CO)s(CNXyl)s (Xyl
= 2,6-(CH3)2C6H3) (4m) and Cos(p3-P)(pn2-C-CO)3(CO)3(CNXyl); (6m) showed a 7.6 kcal/mol
energy difference in favor of the bridging carbonyl structure 6m. Additionally, both 4m and
6m appeared a phosphine lone-pair character on its HOMO and HOMO-2 respectively,
potentially suitable for 2-electron coordination. (Figure 4.1, E and F) Indeed, treatment of
cluster 6 with (MeS)AuCl resulted in a ligand substituted product Cos(us-
P)(CO)s(CNArPPP2); AuCl (7). (Scheme 4.2) To quantitatively established the steric properties
of 6, the percent buried volume parameter (%Vbur) was determined here using the program
Samblca. The %Vbur for 6 (60.6) is to our best knowledge the largest phosphine ligand

compared to previously reported PAds (40.3) and P('Bu)s (40.0) in analogues gold complexes.
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Note that upon coordination, the bridging carbonyl ligands in 6 transformed to non-bridging

fashion similar to the cluster geometry in 4.

[CoLs] (11)
Et,0, thawing

(&)

(10)

Scheme 4.2. Reaction scheme of 4 and 6 showing the nucleophilicity of the bridging phosphide.

The unique feature of 4 and 6 relative to Cos(u3-P)(CO)o not only is that with the steric
protection provided by the m-terphenyl isocyanides, the thermal stability allows us for the
structural study of cobalt-phosphorous interaction in clusters but also its increased electron-rich
character allows for nucleophilic reactivity of the interstitial phosphide towards a variety of
electrophilic substrates.!>?* Similar isocyanide to carbonyl ligand substitution has shown an
increased nucleophilicity in our previously published Na[Fes(us-N)(CO)s(CNArMes2),]
cluster.?* For example, treatment of 6 with [Co(CO)3(CNAr™®2),]CosBrs (11) produces the ps-
bridging phosphide adduct [Cos(us-P)(CO)9(CNArPP2),]CoBrs (8), in which an
[Co(CO)3(CNArMe2)] fragment has been incorporated into the core proximal to the interstitial
phosphide. The P-Co3centroia distance contracted from 1.715 A to 1.555 A after coordinating with

the P-Coayial distance being longer at 2.220(3) A. In this case, the Cos(u3-P) fragment can be
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viewed as a multimetallic ligand to the [Co(CO)3(CNArMes?)] fragment with the single unpaired

electron still mainly located on the new cobalt center based on DFT calculations.

Figure 4.2. Molecular structure of A) Cos(ui-P)(CO)s(CNAPP2)3AuCl  (7), B)  [Coa(ps-
P)(CO)o(CNATPPP2),1CoBrs  (8), C) [Cos(us-P-PCH3)(CO)s(CNArPP2)3]OTf (9), and D) Cos(us-P-
PS)(CO)s(CNArP®2); (10).

The nucleophilicity of the phosphide in complex 6 can also be demonstrated by its rapid
reaction with methyl trifilate (MeOTf, OTf= CF3SOs3") to afford a methylated phosphorous salt,
[Co3(u3-P-PCH3)(CO)o(CNArPPP?);]OTS (9). Additionally, an oxidized cluster Cos(ps-P-
PS)(CO)s(CNATPPP2); (10) was isolated from complex 6 with 1 equivalent of elemental sulfur
(Sg). Previous examples of ECo3(CO)o (E = PR, R = alkyl, S) has been observed by generation

from pre-installed PRX> (X = Cl, Br) reagent with Co2(CO)s or K[Co(CO)4].'>?>-2® Even the
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only other two examples of transition metal coordinated ECo3(CO)9 (E = PM, M = Mn, W)
were also made through salt metathesis of Co2(CO)g with CpMn(CO)2PX3?° and K[Co(CO)4]
with {W(CO)s},PCL.3® Again, this is the first time where we demonstrated the isolation of
coordinatively unsaturated Cos(ps3-P) fragment which further reacts toward electrophilic
substrates. Through the structural analysis of cluster 9 and 10, both complexes showed a ca. 0.2
A reduced P-Coscentroia distance as 1.504 A and 1.563 A respectively compared to cluster 4,

suggesting a stronger orbital overlap between Co and P upon coordination.

4.3 Concluding Remarks

In summary, the kinetic stabilization afforded by encumbering m-terphenyl isocyanide
ligand framework with their isolobal relationship to CO, allows for the isolation of the thermally
and air stable tricobalt p3- bridging phosphide. Remarkably, we were able to controllably isolate
both intermediates toward the phosphide generation. The observed nucleophilic reactivity
demonstrates the potential of Cos(ps-P) fragment as a metal-based phosphine ligand. Work is
currently underway to understand the redox potential of these complexes and canvass the scope
of reactivity towards small- molecule substrates such as H> and O, probing to better understand

the outstanding catalytic ability of cobalt phosphide nanomaterials toward HER and OER.

4.4 Synthetic Procedures and Characterization Data

General Considerations. All manipulations were carried out under an atmosphere of Argony)
using standard Schlenk and glovebox techniques. 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
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procedures.*? Benzene, benzene-ds and toluene-ds (Cambridge Isotope Laboratories) were dried
with Na/K and Benzophenone followed by distillation; thereafter, 7 freeze-pump-thaw cycles
were executed and the solvents were stored on 4 A molecular sieves for 3 days prior to use.
Celite 405 (Fisher Scientific) was dried under vacuum (24 h) at a temperature above 250 "C
prior to use. The compounds Co(CO)s(CNArPPP?), Na[Co(CO)2(CNAM*2),] and Co(CO)-
2(CNATPPP?)¢ were prepared by previously reported methods.?!»33

Solution 'H, *C{'H}, 3'P and '"’N NMR spectra were recorded on a Bruker Avance 300,
a Bruker Avance 800, a Joel ECA 500, or a Varian X-Sens 500 spectrometer. 'H and 3C {'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 (!3C) for C¢Ds. *'P{'H} NMR
chemical shifts are reported in ppm relative to an internal standard of 85% H3PO4 (0 ppm) in a
sealed capillary. FTIR spectra were recorded on a Thermo-Nicolet iS10 FTIR spectrometer. 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.
Synthesis of (PCl,)Co(CO)2(CNArMe?), (2). A THF solution of PCl3(8.23 mg, 0.06 mmol, 1
equiv., 1 mL) was added to a THF solution of Na[Co(CO)>(CNArMe2),] (50 mg, 0.06 mmol, 1
equiv., 1 mL) all at once. An immediate color change from orange to light brown was observed.
After 5 minutes, the solution was pumped down as a light yellow solid. Benzene was added and
filtered through celite. Thereafter, the product was recrystallized in pentane:benzene (8:2)

mixture. Single crystals suitable for X-ray determination were collected after 1 day. Yield: 30
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mg, 0.033 mmol, 56%. '"H NMR (499.9 MHz, C¢Ds, 20 C): § = 6.88 (m, 10H, p-Ph and m-Mes),
6.81 (d, 4H, J = 5 Hz, m-Ph), 2.27 (s, 12H, p-Mes), 2.03 (s, 24H, 0o-Mes) ppm. C{'H} NMR
(125.7 MHz, CsDs, 20C): 6 = 199.2 (broad, CNR), 169.46 (broad, CO), 139.6, 138.02, 135.9,
135.7, 134.4, 129.5, 129.0, 128.9, 21.3 (p-Mes), 20.5 (o-Mes) ppm. (The CNR and CO
resonance extremely broadened, presumably due to coupling to °Co (I=7/2, 100 %)). 3'P{'H}
NMR (121.47 MHz, CsDs, 20°C): & = 406 (s, PClz) ppm. FTIR (C¢Hs, KBr windows, 25 C):
vCN and vCO = 2143 (m), 2084 (vs), 2054 (sh), 2020 (s), 1985 (s) cm™ also, 2955 (m), 2920
(vw), 2867 (w) cm’!.

Synthesis of Coz(u2-P-PCl)(n2-C-CO)(CO)2(CNArM#2), (3). A THF solution of PCl3 (23.55
mg, 0.17 mmol, 0.7 equiv., 1 mL) was added dropwise to a THF solution of Na[Co(CO)-
2(CNArMe2),] (200 mg, 0.24 mmol, 1 equiv., 5 mL) at room-temperature. An immediate color
change from orange to dark brown was observed. After 1-hour reaction time, the solution was
pumped down as a brown solid. Benzene was added and filtered through celite. The solid was
then dissolved in pentane:benzene (8:2) for recrystallization under -35°C. Single crystals
suitable for X-ray determination were collected after 1 day. Yield: 200 mg, 0.12 mmol, 99%.
"H NMR (499.9 MHz, CsDs, 20 C): 8 = 7.00 (b, 4H, m-Ph), 6.95 (s, 16H, m-Mes), 6.91 (d, 8H,
J=5Hz, m-Ph), 2.40 (s, 12H, p-Mes), 2.39 (s, 24H, 0-Mes), 2.14 (s, 12H, p-Mes), 2.08 (s, 24H,
0-Mes) ppm. BC{'H} NMR (125.7 MHz, C¢Ds, 207C): & = 217.4 (CNR), 139.1 (CO), 137.2
(CO), 135.6 (CO), 138.6, 137.1, 135.7, 134.9, 129.8, 129.5, 128.4, 128.3, 127.5, 127.3, 126.9,
21.7 (p-Mes), 21.6 (p-Mes), 20.7 (0-Mes), 20.6 (o-Mes) ppm. (One CO resonance could not be
detected with the CNR and CO resonance extremely broadened, presumably due to coupling to

9Co (I="7/2, 100 %)). 3'P{'H} NMR (121.47 MHz, C¢Ds, 20°C): & = 524 (s, po-P-PCl) ppm.
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FTIR (CsHe, KBr windows, 25 C): vCN and vCO = 2129 (w), 2093 (vs), 2062 (vs), 2007 (sh),
1990 (s), 1815 (s) cm™! also, 2961 (m), 2925 (vw), 2867 (w) cm.

Synthesis of Co3(u3-P)(CO)s(CNArMe2); (4). A THF solution of PCl3 (6.7 mg, 0.06 mmol, 0.4
equiv., 1 mL) was added dropwise to a THF solution of Na[Co(CO)2(CNArM®2),] (100 mg,
0.12 mmol, 1 equiv., 1 mL) at room-temperature. An immediate color change from bright
orange to yellow was observed. After 1-hour reaction time, the solution was pumped down as
a brown solid. Benzene was added and filtered through celite. Thereafter, the product was
recrystallized in pentane:benzene (8:2) mixture. The reaction mixture turned green in the
freezer and green crystals were collected after 3 days under -35°C. Yield: 10 mg, 0.007 mmol,
18%. 'H NMR (499.9 MHz, CsDs, 20C): 6 = 6.99 (s, 12H, m-Mes), 6.89 (d, 6H, J =5 Hz, m-
Ph), 6.84 (t, 3H, J= 5 Hz, m-Ph), 2.34 (s, 18H, p-Mes), 2.09 (s, 36H, o-Mes) ppm. *C{'H}
NMR (125.7 MHz, CsDs, 20C): & = 205.7 (CNR), 164.2 (CO), 139.2, 137.7, 135.7, 135.6,
134.4,129.1, 129.0, 125.4, 20.6 (p-Mes), 20.4 (0-Mes) ppm. (One CO resonance could not be
detected with the CNR and CO resonance extremely broadened, presumably due to coupling to
¥Co (I=17/2, 100 %)). 3'P{'"H} NMR (121.47 MHz, CsDs, 20C): = 751 (s, p3-P) ppm. FTIR
(CsHs, KBr windows, 25 ‘C): vCN and vCO = 2087 (vs), 2068 (vs), 1995 (s), 1957 (m), 1812
(w) cm™ also, 2956 (m), 2914 (vw), 2867 (w) cm’!.

Synthesis of NaCo(CO)3;(CNArPPr2) (5). Sodium amalgam (Na(Hg); 0.045 g, 2.5 mmol, 10
equiv, 0.1 wt%) was added to a stirring benzene solution of Co2(CO)4(CNArPPP?), (0.280 g,
0.247 mmol, 10 mL). The resulting mixture was stirred for 2 h then filtered through Celite. A
color change from dark brown to pale yellow was observed. The yellow filtrate was

concentrated to a solid under vacuum. The solid residue was stirred in n-pentane (10 mL) for
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20 min then reconcentrated to a solid. This step was repeated two additional times. Thereafter,
the yellow product was suspended in n-pentane (2 mL), filtered, then washed with n-pentane (3
x 1 mL). The light-yellow precipitate was collected and dried in vacuo. Yield: 0.280 g, 0.474
mmol, 96 %. Single crystals of NaCo(CO)3(CNArPPP?) (1) were obtained by layering n-pentane
on top of a concentrated THF solution followed by storage at —35 °C. '"H NMR (499.9 MHz,
CeDs, 20C): 6 = 7.37 (t, 2H, J =7 Hz, p-Dipp), 7.30 (d, 4H, J = 7 HZ, m-Dipp), 6.91 (m, 3H,
p-Ph and m-Ph), 2.77 (sept, J= 13.5 Hz, 4H, CH(CH3)2), 1.42 (d, J=13.5 Hz, 12H, CH(CHz)>),
1.13 (d, J=13.5 Hz, 12H, CH(CH3),) ppm. 3C{'H} NMR (125.7 MHz, CsDs, 20 C): 6 = 147.3,
137.6, 136.06, 130.8, 129.3, 129.2, 128.6, 126.1, 123.4, 31.4, 24.8, 24.1 ppm. (The CNR and
CO resonance cannot be detected, presumably due to coupling to *Co (I = 7/2, 100 %)). FTIR
(CeHs, KBr windows, 25 C): vCN and vCO = 2060 (s), 1943 (vs), 1898 (s), 1818 (s) cm™" also,
2959 (m), 2925 (vw), 2864 (w) cm.

Synthesis of Co3(u3-P)(u2-C-CO)3(CO)3(CNArPPP2); (6). A benzene solution of PCl3 (4.9 uL,
0.057 mmol, 0.33 equiv., 1 mL) was added dropwise to a benzene slurry of Na[Co(CO)-
3(CNArPPP2)] (100 mg, 0.17 mmol, 1 equiv., 1 mL) at room-temperature. An immediate color
change from light yellow to dark brown was observed. After 1-hour reaction time, the solution
was filtered through celite and collected as a brown solid after drying under vacuum. The solid
was then washed with pentane twice (10mL * 2), dissolved in ether or DME for recrystallization
under -35°C. Single crystals suitable for X-ray determination was collected after 1 day. Yield:
80 mg, 0.048 mmol, 95 %. 'H NMR (499.9 MHz, CsDs, 20C): & = 7.46 (t, 2H, J =5 Hz, p-
Dipp), 7.30 (d, 4H, J = 5 Hz, m-Dipp), 7.02 (d, 2H, J = 5 Hz, m-Ph), 6.94 (t, 1H, J =5 Hz, p-

Ph), 2.74 (sept, J = 10 Hz, 4H, CH(CH:s),), 1.38 (d, J= 10 Hz, 12H, CH(CHs)2), 1.17 (d, J= 10
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Hz, 12H, CH(CHs),) ppm. BC{'H} NMR (125.7 MHz, CsDs, 207C): § = 215.2 (CNR), 166.1
(CO), 146.3,139.5,134.7,129.8,129.6, 129.3,127.9, 127.8, 127.6, 123.5, 31.5, 25.0, 24.2 ppm.
(One CO resonance could not be detected with the CNR and CO resonance extremely
broadened, presumably due to coupling to >°Co (I =7/2, 100 %)). *'P{'H} NMR (121.47 MHz,
CsDs, 20C): 6 =503 (s, u3-P) ppm. FTIR (Ce¢Hg, KBr windows, 25°C): vCN and vCO = 2104
(vs), 2020 (s), 1993 (s), 1854 (s) cm™ also, 2961 (m), 2925 (vw), 2867 (w) cm!.

Synthesis of Coz(u3-P)(CO)s(CNArPPP2);AuCl (7). A THF solution of (Me>S)AuCl (5.36 mg,
0.018 mmol, 1 equiv., 1 mL) was added dropwise to a benzene solution of Cosz(us3-P)(p2-C-
CO)3(CO)3(CNArPPP2); (6) (30 mg, 0.018 mmol, 1 equiv., 1 mL) at room-temperature. An
immediate color change from brown to dark purple was observed immediately. The reaction
was concentrated to a green solid under vacuum. The solid residue was stirred in n-pentane (10
mL) for 20 min then reconcentrated to a solid. Dark green single crystals suitable for X-ray
diffraction was collected after recrystallization in ether under room-temperature over 2 days.
Yield: 30 mg, 0.016 mmol, 88 %. '"H NMR (499.9 MHz, CsDs, 20C): 6 = 7.70 (t, 2H, J =10
Hz, p-Dipp), 7.52 (d, 4H, J = 10 Hz, m-Dipp), 7.09 (d, 2H, J =5 Hz, m-Ph), 6.93 (t, IH, J=5
Hz, p-Ph), 2.56 (sept, J = 10 Hz, 4H, CH(CH3)2), 1.46 (d, J = 10 Hz, 12H, CH(CHs)2), 1.07 (d,
J =10 Hz, 12H, CH(CH3)2) ppm. *C{'H} NMR (125.7 MHz, C¢Ds, 20C): & = 203.5 (CNR),
157.0 (CO), 154.3 (CO), 146.1, 139.4, 133.9, 130.6, 130.3, 128.4, 128.1, 127.9, 124.2, 31.3,
25.9,24.1 ppm. (The CNR and CO resonance extremely broadened, presumably due to coupling
to 3°Co (I = 7/2, 100 %)). *'P{'H} NMR (121.47 MHz, C¢Ds, 207C): 8 = 499 (s, ps-P) ppm.
FTIR (CeHs, KBr windows, 25 C): vCN and vCO = 2130 (vs), 2112 (sh), 2048 (s), 2018 (s),

2007 (s) em! also, 2967 (m), 2925 (vw), 2867 (w) cm™'.
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Synthesis of  [Cos(ns-P)(CO)s(CNArM®2)s]CoBr; (8). A THF solution of
[Co(CO)3(CNArMe2),]CoBrs-Et;O (11) (8 mg, 0.006 mmol, 1 equiv., 1 mL) was added
dropwise to a benzene solution of Cos(us-P)(CO)s(CNArM2); (4) (10 mg, 0.006 mmol, 1
equiv., 1 mL) at room-temperature. The reaction turned green after 10 minutes and was
continued to stir for 12 hours before concentrated to a green solid under vacuum. Benzene was
added and filtered through celite. Thereafter, the product was recrystallized in ether at room-
temperature. Dark green single crystals suitable for X-ray diffraction was collected after 2 days.
Yield: 10 mg, 0.004mmol, 66 %. FTIR (CsHg, KBr windows, 25 ‘C): vCN and vCO =2107 (vs),
2112 (sh), 2045 (s), 2018 (vs), 1990 (m), 1968 (sh) cm™ also, 2967 (m), 2925 (vw), 2867 (w)
cml,
Synthesis of [Cos(us3-P-PCH3)(CO)s(CNArPPP2);10TSf (9). Methyltrifilate (2.99 mg, 0.018
mmol, 4.9 pL, 1 equiv.) was added to a thawing ether solution of Cosz(us-P)(p2-C-
CO)3(CO)3(CNArPPP2); (6) (30 mg, 0.018 mmol, 1 equiv., 1 mL). The solution turned black
after 10 minutes at room-temperature. The reaction mixture was then pumped down as a purple
solid and washed with pentane. Purple single crystal suitable for X-ray diffraction was collected
after recrystallization in ether:benzene (9:1) under -35°C over 2 days. Yield: 20 mg, 0.011
mmol, 62 %. 'H NMR (300.0 MHz, CsDs, 20C): 8 = 7.93 (t, 2H, J =8 Hz, p-Dipp), 7.55 (d,
4H, J = 8 Hz, m-Dipp), 6.96 (d, 2H, J = 6 Hz, m-Ph), 6.94 (t, 1H, J = 6 Hz, p-Ph), 2.75 (d, J =
15 Hz, 3H, CH3), 2.47 (sept, J=9 Hz, 4H, CH(CHs)2), 1.30 (d, /=9 Hz, 12H, CH(CH:)2), 1.05
(d, J=9 Hz, 12H, CH(CHj3),) ppm. BC{!H} NMR (125.7 MHz, CsDs, 20C): 6 = 151.9, 146.1,
139.7,133.3, 131.3, 130.5, 128.6, 128.2, 127.9, 124.3, 31.4, 25.6, 23.8 ppm. (The CNR and CO

resonance could not be detected, presumably due to coupling to *°Co (I =7/2, 100 %)). 3'P{'H}
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NMR (121.47 MHz, CsDs, 20°C): & = 453 (s, us-P) ppm. FTIR (C¢Hs, KBr windows, 25 C):
VvCN and vCO = 2148(vs), 2070 (s), 2043 (s) cm™! also, 2970 (m), 2923 (vw), 2867 (w), 1271
(m), 1154 (m), 1032 (m) cm™.

Synthesis of Co3(us-P-PS)(CO)s(CNArPPP2); (10). Elemental sulfur (3 mg, 0.012 mmol, 1
equiv.) was added to a benzene solution of Cos(u3-P)(p2-C-CO)3(CO)3(CNATPPP2); (6) (20 mg,
0.012 mmol, 1 equiv., I mL) as a solid at room-temperature. The reaction turned dark after 20
minutes and continued to stir for 2 hours. The solution was filtered through celite and pumped
down as a purple solid. Single crystals suitable for X-ray diffraction was collected after
recrystallization in ether:benzene (9:1) under -35°C over 2 days. Yield: 10 mg, 0.006 mmol, 50
%. 'H NMR (499.9 MHz, C¢Ds, 20C): 8 = 7.47 (t, 2H, J =10 Hz, p-Dipp), 7.34 (d, 4H, J= 10
Hz, m-Dipp), 7.05 (d, 2H, J =5 Hz, m-Ph), 6.92 (t, 1H, J =5 Hz, p-Ph), 2.67 (sept, J = 10 Hz,
4H, CH(CHz3)2), 1.44 (d, J=10 Hz, 12H, CH(CHs)2), 1.11 (d, /=10 Hz, 12H, CH(CH5)2) ppm.
BC{'H} NMR (125.7 MHz, C¢Ds, 20C): § = 203.8 (CNR), 162.2 (CO), 154.4 (CO), 146.7,
139.3,134.6, 130.5, 129.7, 128.3, 128.2, 127.9, 123.6, 31.3, 25.7, 23.9 ppm. (The CNR and CO
resonance extremely broadened, presumably due to coupling to °Co (I=7/2, 100 %)). 3'P{'H}
NMR (121.47 MHz, C¢Ds, 20°C): & = 465 (s, us-P) ppm. FTIR (C¢Hs, KBr windows, 25 C):
VvCN and vCO = 2115 (vs), 2095 (sh), 2034 (s), 2009 (s) cm! also, 2956 (m), 2923 (vw), 2875
(w), 1729 (w), 1687 (w), 1243 (w) cm™..

Synthesis of [Co(CO)3(CNArM#2),]CoBr;-Et,O (11). BBr; (6.27 mg, 2.38 uL, 0.025 mmol,
1 equiv.) was added to a benzene solution of Coa(u2-P-PCl)(u2-C-CO)(CO)2(CNArMe2), (3)
(40 mg, 0.025 mmol, 1 equiv., 1 mL) at room-temperature. The reaction turned green after 2

hours and was concentrated to a green solid under vacuum. Ether was added and filtered.
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Thereafter, the product was recrystallized in ether at room-temperature. Dark brown-green
single crystals suitable for X-ray diffraction was collected after 2 days. Yield: 10 mg,
0.012mmol, 24 %. FTIR (CsHs, KBr windows, 25C): vCN and vCO = 2168(m), 2137 (sh),

2107 (vs), 2037 (s), 2009 (m), 1968 (m) cm" also, 2970 (m), 2923 (vw), 2867 (w), cm’..

4.5 Computational Studies

Computational details. Density Functional Theory (DFT) calculations were carried out on
compound Cos(u3-P)(CO)s(CNXyl)s (4m) and Cos(u3-P)(p2-C-CO)3(CO)3(CNXyl); (6m) with
the Gaussian 09 software package.** Geometry optimizations, frequency and single point
energy calculations were performed using the B3LYP-¢ functional, 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
cobalt atoms.’® Viewing of optimized structures and rendering of molecular orbitals was

performed using the program Chemcraft.>

Input for Geometry Optimization of Co3(u3-P)(CO)s(CNXyl)s (4m).
The input for the optimization of 4m is listed below. The input for 6m is identical except for

the input coordinates.

%chk=4m.chk

Y%nprocs=8

%mem=30GB

# opt freq gen nosymm b3lyp pseudo=read

CSD ENTRY

01
Co 1.94300000 9.43000000 5.17600000
Co 1.37200000 10.62700000 3.03800000
Co 1.06500000 11.78500000 5.25700000
P 3.01300000 11.17400000 4.40300000

141



AN TODoDTZOQZzOOOOQOTOOOOOOOZOOO0OQOITOOOQOOQOTOTOZOONONZOON00000ZOOOZOZOZOOANO

3.75900000
2.84700000
3.37700000
2.80300000
4.72200000
5.05500000
5.56700000
6.49200000
5.12600000
-1.29600000
3.17400000
1.45700000
-0.65800000
1.36900000
3.68900000
1.33300000
-1.84100000
1.16600000
2.42800000
0.38600000
2.43600000
3.26000000
1.24200000
1.25800000
0.05200000
-0.75100000
1.14100000
1.17500000
1.23500000
1.27500000
-0.01700000
-0.24500000
2.97800000
1.02400000
0.91600000
1.39400000
2.43600000
-0.70200000
0.96800000
0.80700000
1.34700000
1.22900000
1.22800000
3.20700000
2.71200000
1.07676410
0.30398006
2.01627226
0.86540857
1.57869787
2.46562730
0.73266195
1.66613335
3.67402723

5.96400000
5.10300000
3.91200000
3.30300000
3.60000000
2.76600000
4.51200000
4.30200000
5.74500000
9.44400000
9.28900000
12.09900000
8.18300000
14.57800000
9.44000000
12.39400000
11.30800000
13.24400000
15.00800000
8.68600000
16.25500000
16.64300000
16.93100000
17.78600000
16.38100000
16.85100000
11.39300000
14.49800000
14.04900000
14.95100000
15.15100000
9.90600000
9.40300000
13.05700000
13.27400000
13.77300000
9.79400000
11.44800000
11.75500000
11.07500000
11.94200000
13.49600000
12.20400000
7.18500000
8.06600000
9.91965288
9.80042279
9.63378917
9.30105787
14.86784793
14.66947998
14.87378214
15.82098741
14.14831372

3.17700000
2.61000000
2.10200000
1.65300000
2.23700000
1.92600000
2.83200000
2.88600000
3.36200000
2.64500000
1.18800000
8.20100000
5.77200000
4.49900000
7.52800000
9.53900000
5.37100000
1.62600000
0.66000000
5.54500000
0.03200000
-0.23700000
-0.19800000
-0.61100000
0.15800000
-0.03200000
10.46900000
1.02500000
11.27700000
11.57000000
0.79200000
2.82500000
6.63900000
12.20500000
13.12400000
9.92900000
1.91300000
5.29900000
11.79100000
12.43400000
7.02700000
4.81300000
2.15900000
3.73100000
4.30700000
10.02546644
9.29506312
9.60060603
10.87256092
8.86185675
8.29713881
8.20680866
9.34016646
0.94276428
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3.79075695
3.55717053
4.53990006
-1.30113015
-1.33702786
-1.30353080
-2.15505172
6.06444335
6.02438649
5.75463744
7.06634119
1.35047150
0.93353877
1.23594897
0.84213142

CHNPOO
6-31g(d)

skskoskosk

Co0
f11.0

2.78 1.

skeskoskosk

Co0

0

lanl2dz

skeskoskosk

Co0

lanl2dz

14.02610926
13.18897297
14.63254470
14.44036487
13.45678241
14.37275781
14.99780165
6.77843595
7.69393437
6.95658313
6.40282667
5.43521904
5.63740232
6.29569809
4.60338409

1.99933432
0.48351507
0.54190945
1.25848417
0.83874986
2.32634349
0.93447463
4.01233393
3.45992278
5.02088928
4.00804494
2.46291851
3.42738158
1.83733046
2.02185052

Optimized coordinates for Co3(us-P)(CO)s(CNXyl)s (4m).

0.78266661
0.40460096
0.06915599

9.12956947 4.87717214
10.87961780 3.09921578
11.46063590 5.53143348

ocnooozoocoaoxaxacaaoaw

2.04107787
3.71123035
3.47168224
4.41571368
4.25480538
5.55005867
6.27223824
5.75997534
6.64412945
4.84761177
-2.49412269
1.59397471
1.09842013
-1.77606868
-0.11473248
1.22692729
1.58572481
-2.73710336

10.95466164
6.22759330
4.86130362
3.94362201
2.88450950
4.36848639
3.63872293
5.72663834
6.05349377
6.68688041
10.67734017
9.04589586
11.94164024
7.75220137
14.25520121
8.57711181

12.17643914
10.67330572

4.61663641
3.35265202
3.60684505
3.13950838
3.32193940
2.44807985
2.09276742
2.21027278
1.66963531
2.65525741
2.54779938
1.17898141
8.32017059
4.32817491
4.74305105
7.69925883
9.59352108
6.03348685
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1.11370315
2.37975823
-0.79146582
2.68560365
3.41200232
2.07422080
2.32642687
1.13894731
0.66365662
0.95757502
1.43256581
3.16283683
4.01341356
0.79658064
-1.36865326
1.04362681
2.56123243
2.94452892
2.69009895
1.12428673
-1.64466311
1.47047655
1.00585321
0.70599417
-0.04180775
0.83782331
2.79166126
2.00956312
-0.21631641
-1.05269922
0.05128694
-0.57160811
3.32598841
3.66127978
2.61792035
4.18979781
3.02278871
2.27332773
3.54245886
3.74804986
-0.21335696
0.22685557
-1.05971182
-0.60465310
5.05445184
4.24546493
5.06649585
6.00104596
2.23981540
2.20283037
1.32343461
2.21680941

13.41530553
15.45149015
8.31134826
16.59407374
17.29912416
16.83806070
17.73314205
15.93807556
16.13245020
11.54258556
14.55881332
13.26234637
13.92327367
14.77987029
10.74164790
8.83200316
12.65015851
12.83566112
13.04054876
9.74900949
10.96772115
11.79942184
11.32306542
11.72854421
13.13566906
12.44328476
7.15545089
7.94492275
10.62180264
11.14384145
9.78085781
10.21953893
13.69409923
12.95041300
14.35176526
14.29494867
15.17741317
15.13877772
14.21163161
15.95774117
13.79745665
12.80195306
13.67762784
14.13093261
8.15742113
8.56920564
8.73242031
8.32973484
4.41899760
4.85337025
4.73310813
3.33021397

1.63698338
1.46837951
4.54114655
0.72457265
1.11970006
-0.50505123
-1.06680265
-1.01555472
-1.97325214
10.68538816
0.92580277
11.03884146
11.18243794
-0.31333195
2.78547366
6.58667208
12.13831552
13.13782228
9.74303799
1.96730588
5.81642850
11.95935757
12.81845884
7.23175343
5.02180768
2.23971331
3.80971609
4.19590295
10.47182635
9.99024923
9.82154932
11.42467724
8.54275191
7.80977448
8.02298402
8.84090847
2.80365457
3.60284985
2.81079589
3.05126235
-0.84915728
-0.98604775
-0.16170601
-1.81435713
2.39794345
1.78322627
3.33175739
1.87796915
4.35464274
5.36133861
3.83995458
4.45420730
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Figure 4.3. Geometry optimized structure of Cos(pt3-P)(CO)s(CNXyl)s (4m) with hydrogen atoms omitted for
clarity. (B3LYP/6-31G(d):LANL2DZ)

Figure 4.4. Highest occupied molecular orbital (HOMO) of Cos(3-P)(CO)s(CNXyl)s (4m) showing the phosphine
lone-pair character.
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Table 4.2. Comparison of calculated and experimental structural parameters between 4m and 4.

Parameter Calculated Experimental

d(Co-Co) avg. 2.523 A 2.517(3) A

d(Co-P) avg. 2232 A 2.201(4) A
d(Coscentroid-P) 1.691 A 1.653 A

d(Co-C3) avg 1.800 A 1.780(1) A

d(Co-C1) avg 1.835A 1.800(1) A
£ Co-Co-Co avg. 60° 60.19(8)°
2 Co-P-Co 206.45° 208.9(1)°

Optimized coordinates for Coz(us-P)(n2-C-CO)3(CO)3;(CNXyl)s (6m).

Co
Co
Co

TOTOOOOO@m OO0 Z0zZz2"

9.62066099 15.56002509 27.93289451
11.92382035 16.54873452 27.53231469
10.76218442 15.30101971 25.68360275

11.48875151
7.48920441
11.46492610
15.87671878
14.55743005
6.50449704
16.90772498
15.79052105
5.33516439
18.14193931
19.01988628
11.44827448
17.13446314
17.22898859
11.82313253
4.35554409
3.44401533
18.25784553
19.22696588
12.54739589
12.83228206
12.90511251
13.46770730
12.55110934
6.71418866
11.82606306
11.55002775
5.70198180
5.83587889

14.30466108
17.71636534
12.96722162
15.47526291
16.29371003
18.68842822
16.78722936
16.18527421
18.50380109
16.65906851
17.11197443
10.60541175
15.37942409
14.83815800
11.91058245
19.49695984
19.38095614
15.96361043
15.87624766
9.79889662
8.96932862
11.10120204
11.28484480
12.18599545
19.81577103
9.55739499
8.54118443
20.77861761
21.65807744

27.61071765
27.79114888
23.94809405
30.76075354
28.92870883
27.73288875
28.93069521
29.54557933
28.49919043
29.57296832
29.12011103
23.51024083
31.36163151
32.29918897
23.13079789
28.42568125
29.00564935
30.77650652
31.25975134
21.49769488
20.85657510
21.14871343
20.23726500
21.95486518
26.91238407
22.66684739
22.93520741
26.87680013
26.25296905
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4.53447796
3.76048307
8.31945229
10.73787455
13.51556911
11.18754869
13.46571691
8.48822125
10.75600305
11.72864645
8.04060980
11.80822079
8.95094395
12.53176256
8.98767806
9.67315733
10.10314930
10.67065475
11.21206838
9.70444155
10.48030864
12.92407664
12.03239720
13.50508293
13.51796713
16.76161761
16.32650135
16.09798144
17.73269998
14.65141723
13.88283252
14.19344474
14.90362622
7.97988973
8.86888089
8.11093089
7.96468488
5.16087306
5.20334975
5.95239091
4.19827408

20.62422856
21.38539309
16.88634368
17.12482047
16.37632079
13.87047263
16.28064417
13.72218044
16.65716490
19.43781846
14.18573807
18.30629287
14.44243021
16.13150175
14.73221206
17.24672407
16.48329625
10.36524614
10.73633539
10.88435902
9.29774994
13.60094789
14.22070801
14.08250157
13.62254705
17.53968030
16.91075658
18.40619154
17.90119975
14.84894152
15.60061013
14.11646036
14.33956836
19.96797744
19.97911471
19.14105448
20.90077818
17.27868209
16.35928684
17.20295741
17.30298361

27.62388839
27.58093756
27.84102289
30.16838100
28.38758694
24.64969741
25.03750654
29.87989510
29.09826590
27.01468885
25.85581153
27.21507066
29.10711962
25.72639922
26.26658838
23.76519536
24.51303664
24.77894763
25.65764195
24.76151626
24.92095573
21.59269330
21.43464626
22.38845714
20.67459978
27.63262627
26.84665571
27.74604695
27.28282074
31.37578901
31.59386586
30.69993557
32.31008843
26.10840979
26.75025147
25.40003323
25.53797434
29.35987891
28.76302058
30.11559488
29.87799117
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Figure 4.5. Geometry optimized structure of Cos(us-P)(p2-C-CO)3(CO)3(CNXyl)s (6m) with hydrogen atoms
omitted for clarity. (B3LYP/6-31G(d):LANL2DZ)

Figure 4.6. Highest occupied molecular orbital -2 (HOMO-2) of Cos(u3-P)(n2-C-CO)3(CO);(CNXyl); (6m)
showing the phosphine lone-pair character.
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Table 4.3. Comparison of calculated and experimental structural parameters between 6m and 6.

Parameter Calculated Experimental

d(Co-Co) avg. 2.529 A 2.5293) A

d(Co-P) avg. 2.282 A 2.252(5) A
d(Coscentroid-P) 1.755 A 1.715A
d(Co-C3) eq. 1.754 A 1.77(2) A
d(Co”’-C3”’) ax. 1.789 A 1.742) A
d(Co-C1) eq. 1.815A 1.842) A
d(Co”’-C1”’) ax. 1.860 A 1.812) A
/ Co-Co-Co avg. 60° 60.00(9)°
> Co-P-Co 206.45° 204.9(1)°

4.6 Calculation of Percent Buried Volume Parameter

General. The percent buried volume parameter (%Vbur) was determined here for Cos(us3-
P)(u2-C-CO)3(CO)3(CNArPPP?); (6) and reported previously for complexes of PAds and P(z-
Bu)s using X-ray crystallographic data for (PAds)Au(C1)* and (P’‘Bus)Au(Cl)*!. Percent buried
volume calculation was performed using the SambVca software.*>* The following conditions
were used for each calculation: sphere radius = 3.5 A, d(M-P) =2.28 A, H atoms were included,

and scaled Bondi radii were used.

Table 4.4. Summary of % Vbur.

Parameter P'Bus PAd; 6
% Viur 40.0 40.3 60.6
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Figure 4.7. Steric map of 6 viewing from the top through the AuCl (See Figure 4.13 for crystal structure image).

4.7 Crystallographic Structure Determinations

General. 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 and
a Bruker APEX detector. All structures were solved by direct methods with SIR 2004* or
SHELXS?* and refined by full-matrix least-squares procedures utilizing SHELXL within Olex
2 small-molecule solution, refinement, and analysis software package.*® Crystallographic data
collection and refinement information are listed in Table 4.5 — 4.7.

Information on crystallographic disorder. All disordered components were successfully
modeled and refined anisotropically unless otherwise stated.

The solid-state structure of Cos(us-P)(n2-C-CO)3(CO)3(CNArPPP2); (6) exhibits positional
disorder over two positions of PCo(CO) group at Co3. The group was split and linked via a free
variable and refined anisotropically. The structure also contains severely disordered solvent

molecules of co-crystallization that could not be successfully modeled. The PLATON routine
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SQUEEZE* was used to account for these disordered components as a diffuse contribution to
the overall scattering without specific atom positions.

Co3(u3-P)(CO)6(CNArPPP2); AuCl (7) exhibits a positional disorder. The core of Co3 is rotated
60° degrees. The group was split and linked via a free variable and refined anisotropically.
Co3(u3-P-PS)(CO)6s(CNArPPP2); (10) -2CsHs contains severely disordered solvent molecules
of co-crystallization that could not be successfully modeled. The PLATON routine SQUEEZE*
was used to account for these disordered components as a diffuse contribution to the overall
scattering without specific atom positions.

[Co(CO)3(CNArMe2),]CoBr3-Et20 (11) contains severely disordered solvent molecules of co-
crystallization that could not be successfully modeled. The PLATON routine SQUEEZE* was
used to account for these disordered components as a diffuse contribution to the overall

scattering without specific atom positions.

Figure 4.8. Molecular structure of (PCl2)Co(CO)2(CNAr™®2); (2), with benzene solvent molecule and hydrogen
atoms omitted for clarity. Selected distances (A) and angles (°): Co-P = 2.241(1), Co-C1 = 1.781(3), Co-C2 =
1.781(4), Co-C3 = 1.870(4), Co-C4 = 1.866(4), C4-N2 = 1.157(5), C3-N1 = 1.165(5), P-Co-C1 = 88.9(1), P-Co-
C3 =83.6(1), P-Co-C2 = 88.9(1), C3-Co-C4 = 93.4(2), C2-Co-C4 = 90.6(2), C1-Co-C4 = 95.7(2).
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Figure 4.9. Molecular structure of Coz(u2-P-PCl)(p2-C-CO)(CO)2(CNAMMe2), (3), with benzene solvent molecule
and hydrogen atoms omitted for clarity.

Figure 4.10. Molecular structure of Cos(u3-P)(CO)s(CNArM®2); (4) with hydrogen atoms omitted for clarity.
Selected distances (A) and angles (°): Co-Co avg. = 2.517(3), Co-P avg. = 2.201(4), Coscentroia-P = 1.653, Co-C3
avg. = 1.780(1), Co-C1 avg. = 1.800(1), Co-Co-Co avg. = 60.19(8), £ Co-P-Co =208.9(1).
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Figure 4.11. Molecular structure of NaCo(CO)3(CNArP"""?) (5) with hydrogen atoms omitted for clarity. Selected
distances (A) and angles (°): Co-C1 = 1.766(5), Co-C2 = 1.751(4), Co-C3 = 1.762(4), Co-C4 = 1.819(4), C4-N =
1.178(5), C4-Co-C1 = 121.3(2), C4-Co-C2 = 105.4(2), C4-Co-C3 = 108.8(2).

Figure 4.12. Molecular structure of Co3(u3-P)(u2-C-CO)3(CO)3(CNArP®P2); (6) with hydrogen atoms omitted for
clarity. Selected distances (A) and angles (°): Co-Co avg. = 2.529(3), Co-P avg. = 2.252(5), Coscentroia-P = 1.715,
Co-C3 eq. = 1.77(2), Co”’-C3”* = 1.74(2), Co-Cl eq. = 1.84(2), Co’-C1”’ = 1.81(2), Co-Co-Co avg. = 60.00(9),
¥ Co-P-Co =204.9(1).
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Figure 4.13. Molecular structure of Co3(u3-P)(CO)s(CNArP??)3 AuCl (7) with hydrogen atoms omitted for clarity.
Selected distances (A) and angles (°): Co-Co’ = 2.5514(7), Co’-Co”’ = 2.5380(6), Co’’-Co = 2.5973(7), Co-P =
2.1428(7), Co’-P = 2.1604(7), Co’’-P = 2.1375(7), Coscentroid-P = 1.559, P-Au = 2.2065(7), Co-C1 avg. = 1.853,
Co-C3 avg. = 1.820, Co-Co-Co avg. = 60.00(2), £ Co-P-Co =219.23(2).

Figure 4.14. Molecular structure of [Co4(us-P)(CO)3(CNA™*2)s]CoBr3 (8) with hydrogen atoms omitted for
clarity. Selected distances (A) and angles (°): Col-P = 2.149(2), Co2-P = 2.152(2), Co3-P = 2.143(3), Co4-P =
2.220(3), Col1-Co2= 2.567(1), Co2-Co3= 2.552(2), Co3-Col = 2.583(2), Cozcentroid-P = 1.555, Co-Co-Co avg. =
60.00(5), £ Co-P-Co = 220.18(8).
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Figure 4.15. Molecular structure of [Cos(us-P-PCH3)(CO)s(CNATP?2);]OTf (9) with trifilate ion and hydrogen
atoms omitted for clarity. Selected distances (A) and angles (°): Co-Co’ = 2.565(5), Co’-Co”’ =2.570(4), Co”’-Co
= 2.550(5), Co-P = 2.112(9), Co’-P = 2.104(7), Co”’-P = 2.111(7), C03centroia-P = 1.504, P-C4 = 1.83(2), Co-C1
avg. = 1.88, Co-C3 avg. = 1.85, Co-Co-Co avg. = 60.0(1), Z Co-P-Co = 225. 3(2).

Figure 4.16. Molecular structure of Cos(us-P-PS)(CO)s(CNATPPP?); (10) with benzene solvent molecule and
hydrogen atoms omitted for clarity. Selected distances (A) and angles (°): Co-Co’ =2.571(1), Co’-Co”> =2.571(1),
Co’’-Co = 2.555(2), Co-P = 2.151(1), Co’-P = 2.159(1), Co’’-P = 2.149(2), Co3centroid-P = 1.563, P-S = 1.927(2),
Co-C1 avg. = 1.822, Co-C3 avg. = 1.820, Co-Co-Co = 60.21(3), £ Co-P-Co =219.40(5).
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Figure 4.17. Molecular structure of [Co(CO)3(CNAr“®2),]CoBr3-Et20 (11) with ether solvent and CoBr3-Et2O
molecules plus hydrogen atoms omitted for clarity. Selected distances (A) and angles (°): Co-C1 = 1.910(4), Co-
C2 = 1.839(6), Co-C3 = 1.812(6), Co-C4 = 1.859(5), Co-C5 = 1.837(5), C1-N1 = 1.146(6), C2-O1 = 1.122(7),
C3-02 =1.132(7), C4-N2 = 1.150(6), C5-N3 = 1.157(6), C4-Co-C1 = 95.2(2), C4-Co-C2 = 93.5(2), C4-Co-C3 =
86.3(2), C1-Co-C2 = 109.0(2), C2-Co-C3 = 131.9(3), C3-Co-C1 = 119.0(2).
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Table 4.5. Crystallographic Data Collection and Refinement Information.

Name (PCL2)Co(CO): NaCo(CO)3 Cos(u3-P)(n2-C-CO)3
(CNArMes2), (2)-CeHs (CNArP®P2) (5) -THF  (CO)3(CNArPPr2);
(6
Formula C58 H56 C12CoN20O2P C38H44CoNNaO4  C99HI111 Co3 N3
o6 P
Crystal System Monoclinic Orthorhombic Monoclinic
Space Group P12I/m1 Fdd?2 P12l/c1
a, A 12.6688(8) 32.1555(9) 26.286(3)
b, A 21.2181(13) 33.2900(9) 15.861(2)
c, A 19.5383(12) 13.4886(4) 26.043(3)
a, deg 90 90 90
B, deg 105.905(2) 90 92.263(2)
vy, deg 90 90 90
v, A3 9143.4(6) 14439.0(7) 10849(2)
Z 4 16 4
Radiation (A, Mo-K,, 0.71073 Mo-K, 0.71073 Mo-Kq, 0.71073
A)
p(calcd.), 1.281 1.216 1.008
g/em?
u, mm’! 0.521 0.525 0.513
Temp, K 100 100 100
0 max, deg 24.745 25.703 25.108
data/parameters 8600 / 607 6805 /414 19268 / 1065
R 0.0483 0.0379 0.0482
WR> 0.1170 0.0831 0.1265
GOF 1.011 1.024 1.043
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Table 4.6. Crystallographic Data Collection and Refinement Information.

Name Cos(n3-P)(CO)s [Cos(n3-P-PCH3)(CO)s Cos(ps-P-
(CNArPipp2), (CNArPPP2);10TF PS)(CO)s(CNArPPP
AuCl (7) (9)-2C6Hs )3 (10) -2CsHe
Formula C99 H112 AuClCo3 N3 CI113H126 Co3F3 C111 H123 Co3 N3
o6 P N3O9PS O6PS
Crystal System Monoclinic Monoclinic Monoclinic
Space Group P121/c1 P121/c1 P121/c1
a, A 27.1598(14) 22.724(2) 64.119(2)
b, A 14.9117(8) 14.9117(8) 12.0561(5)
c, A 22.9706(12) 38.240(4) 30.6029(10)
a, deg 90 90 90
B, deg 93.7640(10) 91.3500(10) 107.827(2)
vy, deg 90 90 90
v, A3 9283.0(8) 10350.4(18) 22521.0(15)
Z 4 4 8
Radiation (A, A) Mo-Kq, 0.71073 Mo-K, 0.71073 Mo-K, 0.71073
p(calcd.), g/cm? 1.344 1.262 1.082
u, mm-! 2.200 0.574 0.518
Temp, K 100 100 100
0 max, deg 25.740 25911 24.7707
data/parameters 17688 /1202 19957 /1223 19173 /1126
R; 0.0271 0.0508 0.0767
WwR> 0.0617 0.1231 0.1771
GOF 1.071 1.154 1.027
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Table 4.7. Crystallographic Data Collection and Refinement Information.

Name [Co(CO)3(CNArMe2),]CoB [Co4(ns-P)(CO)s
r3Et0 (11) (CNArMe2)s]CoBrs; (8)
Formula C88 H96 Br3 Co2 N3 04 (C135.25 H126 Br3 Co5 N4
o8P
Crystal System Monoclinic Triclinic
Space Group P12l/c1 P-1
a, 35.619(8) 15.091(3)
b, A 14.841(5) 15.315(3)
c, A 31.636(7) 29.751(6)
a, deg 90 90.070(2)
B, deg 101.874(7) 101.252(2)
vy, deg 90 114.831(2)
v, A3 16366(8) 6094(2)

Z 8 2
Radiation (A, A) Mo-K,, 0.71073 Mo-K, 0.71073
p(caled.), g/cm? 1.313 1.363

u, mm-! 1.920 1.721
Temp, K 100 100
0 max, deg 25.389 23.413
data/parameters 14917/ 849 17667 / 1435
R; 0.0600 0.0821
WwR> 0.1433 0.2099
GOF 1.023 1.049
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Chapter 5 Dinitrogen Exchange and Intramolecular

Oxygen-Atom-Transfer Behavior of a Persistent

End-On Nitrous Oxide Complex of Cobalt

5.1 Introduction

Nitrous oxide, made famous as the laughing gas, is the third most abundant greenhouse
gas on earth that holds ~300 times more warming potential than carbon dioxide (COz) and
remains the leading ozone-depleting substance in the stratosphere.!? The major anthropogenic
N20 emission sources are fertilized agricultural soils, biomass burning, fossil fuel combustion
and nitric/adipic acid synthesis, whereas nature emissions mostly come from bacterial
nitrification which recently caught attention by underestimated emission from permafrost
thawing.? Nitrous oxide reductase (NoOR),*? the natural enzyme that catalyzed N>O to N, and
H>O in the last step of the microbial denitrification process,® lately revealed a N>O side-on
manner on the face of a Cu-S cluster active site by single crystal X-ray structure,” a synthetic
model of N>OR had also shown the ability to reduce N>O.® Synthetic chemists have shown
transition metal induced N>O activations include oxo transfers involving N> release®!?,
insertion of the oxygen atom into M-R (R = alkyl, hydride) bonds (with N> evolution) '!-!4, N-

N bond scission,’” and insertion to metal-olefin bonds!®!'” to yield N,O-containin
y g
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metallocycles.!®! Furthermore, N>O as a mild oxidant is in special interest due to the release

20-22 and homogeneous?* metal-

of an environmentally benign N> byproduct. Both heterogenous
catalyzed reduction of N2O had been carried out on organic substrates.

Despite the use of nitrous oxide as an oxidant under thermodynamic conditions, the
kinetic activation of N>O remains difficult due to its low diploe (0.161 D) and poor c-donnor/zn-
acceptor abilities, the binding and subsequent functionalization of N>O by transition metal
remains a significant challenge in organometallic chemistry. To our best knowledge, there has
only been four other published transition metal nitrous oxide adducts to date. The first two are
reported by Armor and Taube?* as [Ru(NH3)s(N20)]* followed by cis-RuCly(n'-NNO)(P-
N)(PPhs) (P-N = 1-Ph,P-2-Me>NCgHy) from James and co-workers?®, both complex proposed
a k!-N-bound N,O fragment,?® however the thermal instability precluded their isolations in the
solid state. Until recently, X-ray crystallographic data revealed two authentic k!-N-bound

transition = metal-N2O  complexes,  (tpaM*)V(n'-N.0)  (tpaMes =

Tri-mesityl-
tris(pyrrolylmethyl)amine) by Chang?’ and Cu(n'-N20)(An) (An = AI(OC(CF3)3)s) by
Malinowski?®. However, only cis-RuClo(n'-NNO)(P-N)(PPhs) revealed an N>O-based
oxidation reactivity overtime, while reversible N>O binding was observed commonly for these
compounds. A stable transition metal N2O complex with N2O based reactivity became our goal
of research.

Herein, we reported the synthesis of a first thermally stable cobalt-N>O complex
characterized by X-ray crystallography revealed a k!-N-bound character. An intramolecular O-
atom transfer reaction was observed to generate isocyanates upon the complex decomposes,

further reaction condition of a N>O catalytic oxidation of isocyanides to isocyanates was

demonstrated.
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5.2 Results and Discussions

We were inspired by our previously reported synthesis* of a trimethylsilyl-dinitrogen
cobalt(I) complex, (N2)Co(SiMe3)(CNArMes2); (ArMes?= 2 6- (2,4,6-Me3CeH,)CsHs3), resulted
from the reaction of (2-PPN)Co(CNArMe2); (1) with trimethylsilyl chloride (CISiMes) under
dinitrogen = atmosphere. @~ We  proposed that the coordinatively  unsaturated
Co(SiMes3)(CNAMe2); species was generated first after the electrophilic silylation process,
which then further binds dinitrogen in an end-on fashion. The same reaction process was carried
out under argon atmosphere with rigorous exclusion of dinitrogen in non-coordinating solvents
to successfully isolate a quantitative yield of the 16e” Co(SiMe3)(CNArMe2); (2). (Scheme 5.1)
Single-crystal X-ray diffraction studies of 2 show a trigonal monopyramidal geometry in the
solid-state, and DFT calculations support a low-lying cobalt d,= LUMO capable of small
molecule binding.

Interestingly, upon treating 2 with 1 atm of N2O gas in benzene solution, an immediate
color change from hazel green to orange was observed. 'H NMR spectroscopy also showed a
significant shift of the SiMes protons from a -0.64 ppm broad singlet to a sharp -0.72 ppm
singlet. However, the resulting orange solution reversed color back to hazel green when
applying vacuum. The reappearance of the broad -0.64 ppm resonance in the 'H NMR spectrum
indicated to us a reverse N2O binding phenomenon in solution. (Scheme 5.1, path A) Therefore,
we believe there exists a binding equilibrium between free and cobalt bounded N>O in solution
phase that strongly favors the later. Inspired by the extreme Lewis acidity of the
Co(SiMes3)(CNAMe2)5(2) cobalt center, we developed a solvent-free solid-gas addition method

to pursue the solid state isolation of an N>O-adduct. By avoiding the N>O dissociation dynamics
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in solution, we were able to generate a vacuum stable orange power directly from the hazel
green 2 powder after exposure to NoO atmosphere. (Scheme 5.1, path B) Orange single crystals
were obtained successfully through pentane/benzene recrystallization at -35°C overnight,
crystallographic data  revealed the  first end-on  cobalt-NO  complex,

(N20)Co(SiMe3)(CNArMe2); (3) (Scheme 5.1).

ClSiMe3, Al’(g)

CeHg, 25 °C
—[PPN]CI
hazel green
Path A Path B
1atm N;Oy,) or 1atm N;O -N,0

CsHeg, 25 °C solid-gas, 25 °C

orange

Scheme 5.1. Synthesis of 2 and Its Two Reaction Pathways to Form 3. Path A leads to an orange solution (3-
solution) that shows reversible N2O binding, path B leads to an orange solid (3-solid) that is stable under vacuum.
The molecular structure of 3 is also shown with thermal ellipsoid set at 30% probability and hydrogen atoms
omitted for clarity.

From the solid-state structure, N2O is linearly bound to the cobalt center sitting in the
m-terphenyl pocket created by the isocyanide (CNArMe?) ligands, with a Co-N-N angle of

177.6(4)°. In previously reported transition metal-N>O complexes, N>O tends to bind N-end-on
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to the metal; we turned to DFT calculation for verify this motif in our compound. Distinguishing
between N-bound and O-bound N>O is relatively straightforward. The N-bound N2O complex
converged smoothly to a geometry well aligned with the experimental crystal structure while
the O-bound N>O converged with a significantly bent Co-N-N angle (119°); therefore, an N-
bound linear N>O complex (k'-N-N>0O)Co(SiMe3)(CNArMe2); (3) was confirmed.

In the molecular structure of complex 3, the N-N bond length of 1.111(5) A is slightly
shortened compared to the free NoO N-N distance of 1.128 A, and the N-O bond length of
1.209(6) A is slightly elongated compared to the free NoO N-O distance of 1.184 A similar
to Chang’s (tpaM*)V(N>0) complex (1.119(2) A and 1.187(2) A, respectively).?” The FTIR
spectrum of 3 shows two isocyanide vibration bands (vVCN) at 1936 and 2023 cm’!, consistent
with the solid state Csy geometry plus a Co(I) metal center. An additional higher energy
vibration at 2262 cm™! was assigned as the NNO stretch after comparison with the solid-state
ATR-IR spectrum and the DFT calculated vNNO value. (Figure 5.1 Left - red) To further
support this assignment, an >N incorporation experiment was conducted. We synthesized the
isotopic doubly-'*N-labeled '"N>O complex, (k!-N-'"N,O)Co(SiMe3)(CNArMe2); (3-15N), in a
manner similar to the unlabeled species 3. The FTIR spectrum of 3-15N displays the same vVCN

vibrations as 3 but with a new vibration at 2189 cm!. (Figure 5.1 Left - blue) Comparison of
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the two sets of data allows us to conclude that the NNO stretch in 3 is red-shifted from 2262 to

2189 cm! upon N-labeling.

Scheme 5.2. Reaction scheme of N2O and Nz binding equilibrium on 2 under 18°C in a ds-toluene solution.

Moreover, we surprisingly found that when treating 3 with 1 ATM of N> in benzene
solution, the SiMe; protons shifted immediately from -0.728 ppm to -0.741 ppm according to
the '"H NMR spectrum. Solution phase FTIR further showed the disappearance of VNNO at
2262 cm! and emerged a new stretch at 2224 c¢cm™! consistent with the VNN frequency of
previously published N substituted product, (N2)Co(SiMe3)(CNArMes2); (4). Interestingly, if
we take complex 4 with I ATM of N>O in solution, both complexes 3 and 4 appeared at the 'H
NMR spectrum indicating an equilibrium between N, and N>O binding. Through 'H NMR
studies, we were able to obtain the equilibrium constant (Keq) of N2O and N binding on 2 for
the first time, which equals to 0.22 at 18°C in ds-toluene. (Scheme 2) The experimental Gibbs
free energy was calculated to be 3.33 kcal/mol similar to the DFT calculated AG = 3.95 kcal/mol.
DFT computations showed a 2 kcal/mol difference in the bond dissociation energy between
N20 and N3 (8 kcal/mol and 10 kcal/mol, respectively) on complex 2, with the HOMO/LUMO

gap of 4 (3.12 kcal/mol) being 0.9 kcal/mol larger than complex 3 (3.21 kcal/mol). This
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demonstrated the stronger binding ability of N2 than N2O, which helps explain the vastly greater

number of known N> than N>O transition metal complexes in the literature.

Table 5.1. Experimental and Computational Parameters of Compound 3, 3-1°N, 3m, 4, 4-'5N and 4m.

(N,0)Co(SiMes) | (N2)Co(SiMs)
Parameters\Compound| (CNArMes2); (CNArMes2),

3 4
Experimental
Co-Si 2.295(1) A 2.286(2) A
Co-N 1.969(4) A 1.933(5) A
1936 cm'! 1948 cm-!
VEN 2023 cm'! 2021 cm'!
2262 cm’!
VNNO 2189 cm! (3-15N) -
-1
NN i 2224 cm

2153 cm! (4-15N)
132 ppm (Ny) 291 ppm (Ny)
BN{'H} NMR 241 ppm (Np) 332 ppm (Np)
lJNN =1.8 Hz lJNN =1.7Hz
Computational (kcal/mol)

BDE 8 10

HOMO/LUMO gap 3.12 3.21
NOCV1 (o) -12.4 -15.1
NOCV2 (m) 92 | total | -105 | total
NOCV3 (m) 67 | -159 | -11.6 | 221

To our best knowledge, this is the first example where the -donor/n-acid properties of
N2 and N2O can be compared structurally. (Table 5.1) Based on the single crystal x-ray

crystallography data, the Co-Si distance for 4 (2.286(2) A) is only ca. 0.01 A shorter than 3
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(2.295(1) A), with a ca. 0.04 A decrease in the Co-N distance for 4 (1.933(5) A) compared to 3
(1.969(4) A). This indicated a stronger m-back bonding of N, and similar c-donor abilities
between N> and N>O. The result is further supported by FTIR spectroscopy where the degree
of n-back bonding was reflected on the blue shift of vVCN stretch in 4 (1948 cm™!) compared to
3 (1936 cm!). Energy decomposition analysis (EDA) was introduced to calculate the -donor
and m-acid properties of N2 and N>O with the model of (N2)Co(SiMe3)(CNAr""?); (4m, Ar’h?=
2,6-(CeHs),CeHs) and (N20)Co(SiMes)(CNAr™2); (3m). (Table 5.4 - 5.6) By using the ADF
program at b3lyp-d3/tz2p level, NoO was shown to bind 2.1kcal/mol weaker than N». From the
natural orbitals for chemical valence (NOCV), both N> and N>O are each better m-acceptors
than o-donors. Furthermore, NOCV revealed both a larger o- and total-n-stabilization energy
for N> than N>O, suggesting N> being both stronger o-donor and n-acceptor compared to N>O.

Although complex 3 displayed outstanding stability throughout the previously described
characterization processes, we found that leaving 3 in benzene solution at room temperature for
prolonged periods of time resulted in an O-atom transfer reaction. From FTIR spectroscopy
studies, the VNNO stretch of complex 3 at 2262 cm! had disappeared after 12 hours at room
temperature with new vibrations grown in at 2224 and 2242 cm’!. (Figure 5.1 Right - red) These
vibrations line up perfectly with the published 4 VNN stretch at 2224 cm™! and isocyanate
OCNAres2 yOCN stretch’! at 2242 cm!. Another "N incorporation experiment helped support
this result by using the 3-15N molecule as the starting material. As the 3-1SN-vNNO stretch
faded, new vibrations appeared differently at 2153 ¢cm™ and similar at 2242 ¢cm™! after 12 hours
compared to the unlabeled experiments. (Figure 5.1 Right - blue) We assigned the 2153 ¢cm™!

peak as the ’N-vNN stretch from (!N2)Co(SiMes)(CNArMes2); (4-15N) and the same isocyanate
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OCNAr™e2 yOCN stretch at 2242 cm™!. It was concluded that an O-atom transfer reaction had
occurred with the N>O-oxygen transferred to one of the isocyanide ligands (CNArMes2),
generating OCNArMes2 with 4 isolated as the major bi-product in 74% yield. (Scheme 5.3)

A well-resolved PN{'H} NMR spectrum of the N isotopomer 3-SN showed two
singlets at chemical shifts of Ng= 247 ppm and N, = 138 ppm, 'Jxx = 1.8 Hz. Comparing the
SN NMR parameters for 3-'3N to free N,O (218 and 135 ppm, 'Jxn = 8.1 Hz),*? slight upfield

O ~ shifts were observed upon coordination similar to phenomenon seen in the previously

published N>O complex cis-RuClo(n!-'>N'*NO)(P-N)(PPh3) (Ntermiat = 125.8 ppm).?> After 12

hours of reaction time, 6 Ng and & N, of 3-15N had disappeared with the growth of new peaks

at Ng= 332 ppm and N, = 291 ppm, 'Jxn = 1.7 Hz establishing two chemically inequivalent
nitrogen atoms from compound 4-*N. However, due to the highly dynamic properties of 4 at
room temperature, the N peaks were only revealed at -60°C despite applying prolonged T
relaxation time applied. An N spectrum was also taken on an authentic sample of 4-1N

generated from 2 with 1 atm of >N, that showed identical 6 N chemical shifts under -60°C.

A control experiment of a stirred CNAr™®s? benzene solution under 1 atm of N>O tested
negative, with no OCNArM®2 yOCN stretch visible in the FTIR spectrum even after 12 hours.
Furthermore, to exclude an intermolecular mechanism, tricyclohexylphosphine (PCy3) was
added to the 3-benzene solution. PCy3; was tested to be oxidized immediately upon N>O
exposure to generate tricyclohexylphosphine oxide (O=PCys3). After 2 hours reaction time of a
3-benzene solution and one equivalent of PCys, the *'P NMR spectrum showed no evidence of

O=PClys3 formation but with the VOCN stretch appeared in the FTIR spectra. From this result,
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we confirmed that 3 in solution does not undergo an N>O dissociation process and that an

intramolecular O-atom transfer reaction had taken place to generate 5.

Scheme 5.3. O-atom Transfer Reaction of 3 in CsDs Solution to Generate 4 and OCNArMes2,

o
78%
3and 3-1N 3and 3-1N
as prepared after 12 h, RT
100
98 L
3 s
o o %
Q Q
5 §
£ E
& E ol
= * U NNO = 2262 cm-1 = [ *VvNN=2224cm1
A 15N-yNNO = 2189 cm-1 g2 | "~ 75N-vNN = 2153 cm-1
90 [ | #vOCN =2242 cm-1
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Figure 5.1. (Left) FTIR spectrum of 3 as prepared in CsHs solution shown in red, and 3-'5N as prepared in CéDs
solution shown in blue. (Right) FTIR spectrum of 3 after 12 h in CsDs solution shown in red, and 3-1°N after 12 h
in C¢Ds solution shown in blue. All spectrums had solvent background subtraction applied.

Furthermore, by adding an extra equivalent of CNArMes?

with 3 in a benzene solution
for 12 hours at room-temperature resulted in an O-atom transfer reaction to OCNAr™®s? with

quantitative yield of 4 monitored by 3C{'H} NMR spectroscopy. We excitingly turned this
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reaction into a catalytic generation of isocyanates from isocyanides. By using 20 mol% catalyst
loading of 3 with 1 atm of N>O atmosphere, OCNArM®? was afforded quantitatively from
CNArMes2 after 14 hours at room temperature in CsHg. (Scheme 5.4 Left) Generation of a more
sterically hindered OCNAr™PP2 (ArTriPP2 = 2 6-(2,4,6-(i-Pr);CsH2)2CeHs; i-Pr = iso-propyl) can
also be achieved by using the same catalytic condition with CNAr™ P2, (Table 5.30) It is
important to mention that an isoelectronic system that catalytically oxidizes PPh; to O=PPh3
with N>O has been proposed.®*3* (Scheme 5.4 Right) By using (N2)CoH(PPhs)s; as the initial
catalyst, NoO coordination was suggested to generate the isoelectronic (N2O)CoH(PPhs)s to 3,
which further O-atom transferred to form O=PPh3z and regenerated (N2)CoH(PPh3);. Although
(N20)CoH(PPhs); was never spectroscopically observed, we believe our system undergoes the
similar mechanistic pathway. However, we were able to not only isolate and fully characterize
the key intermediate 3, but also capable of further study the reaction mechanism by
spectroscopy with the advantage of the steric profile provided by our m-terphenyl isocyanide

ligands.

1ATM N,0y & N30

3 20mol% (N5)CoH(PPh) 10mol%
> AN O PPhs > OPPh;
CsDs, RT, 14h 2° -5-20°C, 0.7 bar

i

Scheme 5.4. (Left) Reaction condition of 4 catalyzed N2O oxidation of isocyanides to isocyanates. (Right)
Published reaction condition of (N2)CoH(PPhs); catalyzed N2O oxidation of phosphines to phosphine oxides.
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(SiMe3),0
+
[Co]

—OCNAfrHes?
-
+2CNArWes2

Scheme 5.5. Proposed mechanism for the decomposition O-atom transfer of 3.

Proposed in Scheme 5.5 is an intramolecular mechanism to demonstrate the reaction
pathways of the decomposition O-atom transfer of 3. We anticipate that the first step should
involve a reversible ligand dissociation process forcing k!-N-N>O to bind in n?-O,N-N2O,
forming the 16e" (12-O,N-N>0)Co(SiMes)(CNArMe2), [5]. At this intermediate [5], two
plausible pathways are listed. Path A shows an O-atom insertion into the Co-Si bond to form a
cobalt-silyloxide complex [7] that further decomposes through a bi-molecular process to
generate trace amount of unidentified cobalt species plus 12% yield of (SiMes3),O detected
experimentally by both 'H and '3C NMR spectroscopy after 12 hours. Path B includes the O-
atom transfer directly into CNAMes? generating the (m*-O,N-

OCNAMe2)Co(SiMes)(CNArMes2), [6]. Complex [6] can simply pick up two equivalents of free
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CNArMes2 in solution accompanied with the loss of OCNAr™e2, affording the final dinitrogen
complex 4. Complex 4 is showed earlier to exchange with N2O to regenerate the catalyst 3. The
decomposition of 3 was readily monitored by 'H and >N NMR spectroscopy as a function of
time in C¢Ds. However, the kinetic informations are limited due to the geometric similarities

between complexes 3 and 4 due to their identical ligand enviroments. (Figure 5.16 - 5.25)

5.3 Concluding Remarks

In summary, we have presented the synthesis of the first k!-N>O-cobalt complex, (k!-
N-N>0)Co(SiMes3)(CNArMe2); 3 supported by X-ray crystal structure along with DFT
calculations for a k!-N-bound N>O adduct. Reduction of the N>O fragment was observed to
generate OCNArM®? and (N2)Co(SiMe3)(CNArMe2); 4 supported by a series of detailed
spectroscopy studies that further pointed to the mechanistic model proposed. Taking advantage
of the N2O reactivity of this molecule, catalytic oxidation of isocyanides to isocyanates can be
carried out using 4 as catalyst with N>O as oxidant, highlighting an exciting potential
application. Discovery of related species of activated N2O and a broader catalytic substrate

scope are currently underway.

5.4 Synthetic Procedures and Characterization Data

General Considerations. All manipulations were carried out under an atmosphere of Argon(g)
using standard Schlenk and glovebox techniques. 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, benzene-ds and toluene-ds (Cambridge Isotope Laboratories) were dried
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with Na/K and Benzophenone followed by distillation; thereafter, 7 freeze-pump-thaw cycles
were executed and the solvents were stored on 4 A molecular sieves for 3 days prior to use.
Celite 405 (Fisher Scientific) was dried under vacuum (24 h) at a temperature above 250 "C
prior to use. CISiMes (Sigma-Aldrich) was treated with 7 freeze-pump-thaw cycles and dried
over CaH; for 3 days prior to use. '’'N2O (99.2%) was purchased from Sigma-Aldrich and used
as received. The compounds CNArMe2 CNAr™PP2 (n2-PPN)Co(CNArM*?); (1) and
(N2)Co(SiMes)(CNArMes2); (4) were prepared by previously reported methods.?”-2%-3

Solution 'H, *C{'H}, 3'P and '"’N NMR spectra were recorded on a Bruker Avance 300,
a Bruker Avance 800, a Joel ECA 500, or a Varian X-Sens 500 spectrometer. 'H and 3C {'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 ('3C) for CsDs. "N{'H}
chemical shifts were externally referenced to (:>’NH4)2SO4 in H2O and calibrated to >NH3 (0
ppm). *'P{'H} NMR chemical shifts are reported in ppm relative to an internal standard of 85%
H3PO4 (0 ppm) in a sealed capillary. FTIR spectra were recorded on a Thermo-Nicolet iS10
FTIR spectrometer. 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. Solid-state IR spectra were collected at 2 cm™! resolution using a Bruker Platinum
Alpha ATR-IR equipped with a diamond crystal. Air-free analyses were collected using this
instrument inside an argon-filled glovebox. 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 of Indianapolis, IN

(USA). Samples for combustion analysis were obtained from the first recrystallized batch of
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the reaction mixture. In a typical preparation, the crude, dry reaction mixture was dissolved in
a minimum amount of solvent and stored at —35 °C for several days to produce crystalline
material. This material was then collected, thoroughly dried under vacuum and then packaged
under vacuum for shipment. In most cases, this material was also used for single-crystal X-ray
structure determination.

Synthesis of Co(SiMes)(CNArMe2); (2). Under rigorous exclusion of N, and adventitious
Lewis bases, n?-PPNCo(CNArMe2); (0.040 g, 0.025 mmol) was suspended in C¢Hg (1 mL) and
treated with excess CISiMes (0.086 g, 0.796 mmol, 0.1 mL, 32 equiv). The resulting reaction
mixture was stirred for 2 min at which time it turned from dark black to hazel green in color.
The reaction mixture was then filtered, and the resulting filtrate concentrated to a solid under
reduced pressure. The resulting residue was extracted with pentane (2 mL), filtered and re-
concentrated to a solid. This was repeated an additional time to afford Co(SiMe3)(CNArMes?);
as an oily residue. Yield: 0.022 g, 0.02 mmol 80.0 %. 'H NMR (499.9 MHz, C¢Ds, 20C): & =
6.95 (t, 3H, J =7 Hz, p-Ph), 6.89 (d, 6H, J =7 HZ, m-Ph), 6.76 (s, 12H, m-Mes), 2.21 (s, 18H,
p-Mes), 2.14 (s, 36H, 0-Mes), —0.67 (br s, 9H, SiMes3) ppm. *C{'H} NMR (125.7 MHz, C¢Ds,
20C): 6 =185.3 (CNR), 136.9, 136.6, 136.4, 136.3, 132.0, 129.0, 127.7, 125.4, 21.4 (p-Mes),
21.0 (0-Mes), 5.5 (SiMes3) ppm. FTIR (CsHes, KBr windows, 25 C): vCN = 2028 (s), 1948 (vs),
1919 (sh), 1872 (sh) cm™ also, 2953 (w), 2919 (m), 2855 (w), 1614 (w), 1575 (m), 1488 (w),
1462 (m), 1411 (m), 1377 (w), 1270 (vw), 1228 (vw) 1203 (vw), 1070 (vw), 1032 (w) cm™.
Elemental Analysis was not performed due to the extreme sensitivity of Co(SiMes)(CNArMes2);
to N> and other Lewis bases (e.g., H2O, CO»).

Synthesis of (k!-N-N20)Co(SiMe3)(CNArMe?); (3). Co(SiMes3)(CNArMe2); (1) (0.020 g,

0.012 mmol) was transferred to a J-young NMR tube in a pentane solution. After the sample
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was connected to the Schlenk line, pentane was evacuated to generate a green solid coated along
the side of J-young tube. The solid was then placed under an atmosphere of N2O(g), an instant
color change form hazel green to bright orange was observed. The orange solid was brought
back to the glove box and dissolved in pentane; the reaction mixture was stored directly into
the fridge (-35°C) for 12 hours. Bright orange single crystals were collected suitable for X-ray
diffraction. Yield: 0.015 g, 0.004 mmol, 10 %. 'H NMR (499.9 MHz, CsDs, 20C): = 6.96 (t,
3H, J =7 Hz, p-Ph), 6.87 (m, 18H, m-Ph and m-Mes), 2.27 (s, 18H, p-CH3 Mes), 2.17 (s, 36H,
0-CH3 Mes), -0.74 (s, 9H, SiMe3) ppm. PC{'H} NMR (125.7 MHz, C¢Ds, 20C): & = 181.9
(broad, CNR), 137.8, 136.9, 136.3, 136.2, 136.1, 135.2, 129.6, 128.6, 128.5, 127.6, 34.5, 30.3,
22.8,21.4,21.3,21.1, 14.3 ppm. (The CNR resonance extremely broadened, presumably due
to coupling to ¥Co (I=7/2, 100 %)). FTIR (CsHes, KBr windows, 25 ‘C): vano = 2262 (VW), ven
=2021 (s), 1942 (vs) cm’!, also 2955 (m), 2916 (m), 2870 (m), 2853 (m), 1521 (m), 849 (m)
cml. ATR-IR (Ar(g), 25 C): vano = 2257 (vw), ven =2016 (s), 1929 (vs) em’!, also 2953 (m),
2917 (m), 2856 (m), 2728 (w), 1608 (m), 1575 (m), 1486(m), 1451 (m), 1400 (s), 1376 (m) cm

I, Anal. Calcd. for C7sH75NsOCo: C, 80.33; H, 6.74; N, 6.25. Found C, 79.86; H, 6.55; N, 6.20.
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Figure 5.4. FTIR (CsHs, KBr windows, 25°C) of (k'-N-N20)Co(SiMes)(CNAr™?); (3).
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Figure 5.5. ATR-IR spectrum (Ar), 25°C) of (k!-N-N20)Co(SiMe3)(CNAr™2); (3).
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Figure 5.6. BC{'"H} NMR spectrum (125.8 MHz, C¢Ds, 20°C) of (k'-N-N20)Co(SiMe3)(CNAr¥*?); (3).

Synthesis of (k!-N-1N;0)Co(SiMe3)(CNArMe2); (3-15N): Synthetic procedure of (k'-N-
N>0)Co(SiMe3)(CNArMes2);  (3)  was followed with 'N2Oy) to isolate (xk!-N-
15N,0)Co(SiMes)(CNAMe2);. 1SN {'H} NMR (50.7 MHz, ds-toluene, -25C): 133 (No, d, J=
1.8 Hz, 1N), 241 (Np, d, J= 1.8 Hz, IN) ppm. FTIR (C¢Ds, KBr windows; 25 C): vano = 2189
(W), ven =2044 (s), 1941 (vs) e, also 2958 (m), 2918 (s), 2874 (sh), 2850 (m), 1672 (m),

1561 (m), 1539 (sh) cm.
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Figure 5.7. Overlapped FTIR spectrum (CsHs, KBr windows, 25 ‘C) of (k!-N-N20)Co(SiMes)(CNArVe?); (3)
in red and (x'-N-"*N20)Co(SiMe3)(CNAr*2); (3-15N) in blue showing the red-shift of vxvo upon *N-labeling .
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Figure 5.8. "N{!H} NMR spectrum (50.8 MHz, ds-toluene, -25°C) of (k'-N->N20)Co(SiMe3)(CNAr™2); (3-
ISN).
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Figure 5.9. SN{'"H} NMR spectrum (81.1 MHz, C¢Ds, 20°C) of (k'-N-1"N>0)Co(SiMes)(CNAr™*?); (3-15N).

Synthesis of ('*N2)Co(SiMe3)(CNArM*?); (4-N): Synthetic procedure of (k'-N-
N20)Co(SiMe3)(CNArMes2);  (3)  was  followed  with Ny  to  isolate
(15N,)Co(SiMes)(CNAMMe2); 1SN {'H} NMR (50.7 MHz, ds-toluene, -60 C): 332 (Na, d, J= 1.7
Hz, 1N), 291 (Ng, d, J= 1.7 Hz, 1N) ppm. Note that there was no '°N signal detected at room-
temperature even with prolonged T1 relaxation time applied. FTIR (CsDg, KBr windows; 25 C):
vx = 2154 (vw), ven =2043 (s), 1957 (s) cm, also 3050 (w), 2956 (m), 2917 (s), 2853 (m),
1612 (m), 1579 (m), 1560 (m), 1465 (m), 1440 (m), 1415 (m) cm'. ATR-IR (Nagg, 25C): van
= 2153 (vw), ven =2037 (s), 1938 (vs) e, also 2950 (m), 2910 (m), 2854 (m), 2728 (w), 1610
(m), 1575 (m), 1489(m), 1444 (m), 1414 (s), 1374 (m) cm’!. Note that "N exchanged with

N2(g) in the solid state within 15 minutes exposure.
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Figure 5.10. SN{'H} NMR spectrum (50.8 MHz, ds-toluene, -60°C) of (}N2)Co(SiMe3)(CNAr™*?); (4-1°N).
Singlet shown at 300 ppm attributed from free SNy().

5.5 Computational Studies

Computational details. Density Functional Theory (DFT) calculations were carried out on
compound (N20)Co(SiMe3)(CNArMe2); (3) and (N2)Co(SiMes)(CNArMe?); (4) with the
Gaussian 09 software package.** Geometry optimizations, frequency and single point energy
calculations were performed using the B3LYP**#! functional, 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 cobalt
atoms.** Viewing of optimized structures and rendering of molecular orbitals was performed

using the program Chemcraft. ** Wiberg bond indices and atom-atom overlap-weighted natural
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atomic orbital (NAO) bond orders were determined using NBO 3.1% with the B3LYP
functional and 6-31G(d) basis set using the ORCA computational suite 4.0.0.4¢

Separately, the DFT optimized geometries of (N20)Co(SiMes)(CNAr™); (3m) and
(N2)Co(SiMes)(CNAr™2); (4m) (Ar’"?= 2,6-(CsHs),CeH3) were analyzed using the ADF
program*’#? at the B3LYP-D3/TZ2P level, using a closed shell NOCV analysis, with an energy
threshold set at 0.5 kcal/mol.
Input for Geometry Optimization of (N20)Co(SiMe3)(CNArMe2); (3)
The input for the optimization of 3 is listed below. The inputs for 4 is identical except for the

input coordinates.

%chk=N-N2Ouncap-full.chk

%nprocs=16

%mem=30GB

# opt freq b3lyp/gen nosymm geom=connectivity pseudo=read

CSD ENTRY jfig979
01
Si 16.89253900 16.89396200 16.89591000

17.31587000 16.28548100 13.23377000
18.41411000 15.05204100 11.46373200
17.69626000 13.78634100 11.78048000
18.20360800 16.26058500 12.17935900
17.06673200 12.00957200 13.31635200
17.08918100 11.58874000 14.31796800
19.32906800 15.06147000 10.40242900
19.50075400 14.13615500 9.86037100
18.88901400 17.44757500 11.81869400
20.03381200 16.21249500 10.05989900
20.74766000 16.19210400 9.24136800
16.36631000 11.89603200 11.00991000
15.83734500 11.38984700 10.20679900
19.81227900 17.39157100 10.76654300
20.33666300 18.30109400 10.48871400
16.62001800 16.57673900 18.75651100
15.57019300 16.70783200 19.03865800
17.21495300 17.28818700 19.34586800
16.92836800 15.56577700 19.04562500
16.62782900 16.04500600 14.17614700
18.75349100 16.62221600 16.58007400
19.03588000 15.57251700 16.71165400
19.34214900 17.21754400 17.29177100
19.04321800 16.93038300 15.56923600
16.57618400 18.75489400 16.62467100
16.70878300 19.03788100 15.57526000
17.28701200 19.34352400 17.22106800

ITTOIDITITIOOQOZNIDTOIZIOQOZOQOTOOOIOZO00O0Z
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15.56490700
13.23045400
11.46240900
11.77982100
12.17678100
13.31699600
14.31904300
10.40180100
9.86070700
11.81555300
10.05875600
9.24077700
11.01013800
10.20713600
10.76415400
10.48588600
14.17341500
13.56852000
13.96351700
13.12854000
13.16852900
12.49239800
16.28202300
15.04732100
13.78217100
16.25626400
12.00650600
11.58616100
15.05581000
14.13018300
17.44272400
16.20630200
16.18519200
11.89228000
11.38603700
17.38578800
18.29489700
16.04259500
20.74237900
21.29268700
20.56852100
20.99022000
18.74719500
19.53686200
20.38651000
18.65128300
17.17013100
16.16913700
11.34136000
13.09931400
13.21661900
19.30678200
19.48386900
21.29028300
17.36524400
19.73359500
18.25480600
17.01707100
17.71385700
16.38869400

19.04407900
17.31586300
18.41605400
17.69851200
18.20447700
17.06857200
17.09045400
19.33182100
19.50432900
18.88957100
20.03628100
20.75075100
16.36992600
15.84177400
19.81366200
20.33783100
16.62830700
19.53437600
20.38343900
17.16803300
16.16677400
18.65065800
13.23139500
11.46102700
11.77883500
12.17633400
13.31595300
14.31776500
10.39900800
9.85718900
11.81468800
10.05546700
9.23637900
11.01002100
10.20748500
10.76182200
10.48321200
14.17452400
13.56848300
13.96249200
13.13195500
13.17366300
12.49264100
20.74694500
21.29760000
18.75166600
20.57184600
20.99294200
12.29297100
10.75587900
13.06370700
12.57054400
12.99823800
13.63448000
19.31046600
19.48879500
21.29405000
13.10356900
13.22018900
11.34451700

16.93191200
16.28432600
15.04982600
13.78411500
16.25891000
12.00862000
11.58878800
15.05869200
14.13296500
17.44589800
16.20974000
16.18894400
11.89249800
11.38529200
17.38936100
18.29887300
16.04478300
20.74727300
21.29878600
20.57040700
20.99095700
18.75049000
17.31615500
18.41233700
17.69399900
18.20309600
17.06439200
17.08722000
19.32648600
19.49724200
18.88889700
20.03159300
20.74478300
16.36242500
15.83264200
19.81128500
20.33597100
16.62880800
19.54015900
20.39046200
17.17295800
16.17225400
18.65248600
13.57430700
13.96926200
12.49692100
13.13574300
13.17676800
16.38530200
17.01373600
17.71207400
17.36684500
19.73565700
18.25848800
12.57395500
13.00369500
13.63947700
10.75675500
13.06509200
12.29261400
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13.06501300
12.29340400
10.75626800
12.56807200
13.63230700
12.99923600
15.54702600
14.40967600
13.75652700
13.06431700
16.97579228
17.92444818
16.21493848
16.75930952
18.45562558
18.00462113
19.48221373
18.39542631
15.66837111
14.62192414
16.06776479
15.81494052
16.16387172
15.79304445
15.39124795
16.47260343
21.14953492
21.53836772
21.78648997
21.10754905
18.03538669
18.34950718
18.60701382
16.99718543
14.20814652
15.09720465
14.38521465
13.93627502
9.34297309
8.86896800
8.76604924
9.41193781
12.57817695
13.56036652
12.51396297
11.85806295
12.00149714
12.74894961
11.71538221
11.14650056
12.93795105
11.95092439
13.63876772
13.18157998
14.25709048
15.27904023
13.71727571
14.20905810
18.88069362
19.00918078

17.71537600
16.39158400
17.02036900
17.36424400
18.25196600
19.73220500
15.54831700
14.41101200
13.75795600
13.06586700
13.71536768
13.57876137
13.23154389
14.76087854
13.93731832
13.67875840
13.63564989
14.99581170
10.01331989
10.12580766
9.24937216
9.73985758
18.53119542
17.85725032
19.21809006
17.97680486
18.88648949
18.99197674
19.40006867
17.84893821
22.68375238
22.66771490
23.41137688
22.93773737
18.45593403
17.86174330
19.39375274
18.62684941
16.97990786
17.92968514
16.22121085
16.76071496
15.67161328
15.92581658
14.61355330
15.97523081
16.16368645
15.78670131
15.39468534
16.47551947
21.14852951
21.54416140
21.78074656
21.10474976
18.03132921
18.34807046
18.60012416
16.99249343
12.93450011
11.94979914

13.21926000
11.34226600
13.10006000
19.30861000
21.29370500
19.48869100
15.54879000
14.41002100
13.75597800
13.06284700
9.34409848
8.86839825
8.76797693
9.41439960
14.20837889
15.14360173
14.21197434
14.06392192
12.57660202
12.38374130
11.94274986
13.60063120
12.00734931
12.75111347
11.73143579
11.14581821
12.94090793
11.94965545
13.63041841
13.19902520
14.26572174
15.28844904
13.72840897
14.21542512
13.93788337
13.90029310
13.45410351
14.95855659
13.71043725
13.57574394
13.22418861
14.75547234
10.01104606
9.67106911
10.15694203
9.28018887
18.52806243
17.86165641
19.21484882
17.96535378
18.88713548
19.00610512
19.39117675
17.84616080
22.68387226
22.66995568
23.41186424
22.93569189
21.15118409
21.54962486
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H 19.37647303 13.64213779 21.78233517
H 17.83733779 13.16727801 21.10510738
C 18.52795906 12.00534203 16.16452160
H 17.69006275 12.63652836 15.95372884
H 19.17010656 11.96760249 15.30946470
H 18.18257785 11.01919009 16.39499110
C 22.68038050 14.26031989 18.04042065
H 22.64680520 15.29995416 18.29128569
H 23.39587309 13.76593015 18.66375776
H 2296430978 14.14991195 17.01470419
C 13.93383860 14.20620727 18.45496644
H 13.90325194 15.09400919 17.85850000
H 13.44417642 14.38700886 19.38901233
H 1495241518 13.93141853 18.63355229
C 13.71047302 9.34296280 16.97187346
H 13.56337842 8.86259946 17.91660318
H 13.23438624 8.77106498 16.20299489
H 14.75829071 9.41352288 16.76693602
C 10.01073806 12.57807309 15.66435676
H 9.67222159 13.56139144 15.91613369
H 10.15676548 12.51110219 14.60648583
H 9.27870444 11.85981594 15.96953448
SICNHOO

6-31g(d)

skskoksk

Co0

f11.0

2.78 1.0

skskoksk

Co0

lanl2dz

skskoksk

Co0

lanl2dz

S2.2. Optimized coordinates for (N2O)Co(SiMe3)(CNArMe2); (3)

Si 0.000114066  0.000128293  2.324242175
N -1.486221305 2.620743929  0.204357898
C  -1.552234582  4.707715207 -1.007548856
C  -0.679251862  4.185380516 -2.105414850
C  -1.941414895 3.921084374  0.106222831
C 1.513399457  3.794054591 -3.051889635
H 2.596601624  3.819236452 -2.948641332
C  -2.015209010  6.025934970 -1.089204831
H  -1.710025415  6.627436082 -1.941234398
C  -2.793944723  4.453503050  1.104619427
C  -2.843374563  6.567862157 -0.108722964
H  -3.191364328  7.593814795 -0.190018407
C  -0.441039019  3.354441586 -4.367344833
H -0.897319177  3.026811996 -5.299327259
C  -3.225919117  5.779204085  0.973436418
H  -3.882303423  6.184290924  1.738788432
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1.025530784
0.656694846
0.972358971
2.079680041
-0.910928376
0.728799072
1.754118497
0.747270543
0.128394261
-1.753965999
-2.411713108
-1.717741093
-2.208088044
-1.526475317
-3.300221355
-3.283997674
-2.424907485
-4.041567759
-4.605114081
-4.210262039
-4.883458697
-2.460074783
-4.265880515
-4.980316887
-2.683241040
-2.171193771
-3.392055889
-3.414949913
-0.911134907
-1.155186049
-1.521048950
0.586845209
1.593416816
-1.537734496
3.012744323
4.853153676
3.964685431
4.366391097
2.529189135
2.008817807
6.226143109
6.594573900
5.253544158
7.109315220
8.171718536
3.127668559
3.073061522
6.617511593
7.296384763
1.822097647
4.375297319
4.291849497
4.272830299
4.114423480
4.808774550
-3.221822581
-2.772941444
-3.271868316
-4.860596506
-5.708587433

-1.433450380
-2.405130192
-1.422369396
-1.350078726
1.578033383
1.604986292
1.772479345
1.552728409
2.475879697
-0.171282641
0.632999448
-0.129324324
-1.126628463
-2.597540536
-3.698071091
-2.680844781
-3.641953777
-0.586550008
0.338885365
-4.758173191
-4.794518267
-4.646684837
-5.746527471
-6.560886944
-2.059338654
-2.290820629
-5.683674780
-6.454820690
-1.577948156
-4.386892466
-4.079392613
-5.274517549
-5.672984537
-4.666067750
-0.023133018
-1.010244844
-1.504107109
-0.279801921
-3.206146827
-4.156586114
-1.269237446
-1.834374040
0.191885669
-0.823691563
-1.035964063
-1.293520212
-0.734129403
-0.097730900
0.267824409
0.000000000
1.195442383
0.725822094
3.146449852
4.217248432
1.001360794
3.192729093
3.355839994
3.663987280
2.127297813
1.454399085

3.045153634
2.703607741
4.142508037
2.761089385
0.149855959
3.045095222
2.702299865
4.142387482
2.762368645
3.045412441
2.702865722
4.142709336
2.762648052
0.204086488
-1.008858301
-2.106698805
0.105317722
-3.053635534
-2.950658983
-1.091057134
-1.943339472
1.103489922
-0.110782510
-0.192551164
-4.368658318
-5.300510825
0.971747282
1.736936234
0.149798621
4.657397066
5.635199657
3.273341824
3.159964720
2.282766744
0.204882943
-1.006402510
-2.105027145
0.107255792
-3.053238053
-2.950765070
-1.087374903
-1.939299528
1.106014334
-0.106365076
-0.187131978
-4.367452943
-5.299244963
0.975531549
1.741168780
0.150024325
4.658794717
5.637063805
3.272721237
3.158211311
2.284436071
4.658190694
5.636152821
2283617925
3.273480308
3.159736347

190



[}

TOIODIQOIDNITQOIIODIQOIDNITIQOIODIQOIDNITIQOIOD IO IO D TIO0OZZOOO0O00000000O0O0O00O0O0O0

2.441329247
3.886398478
3.277474801
4.594695231
4.707775180
4.150137022
-4.366282751
-2.700180110
-4.298340420
-1.267690436
0.722434580
0.953843749
-3.999410468
-3.392749717
-2.615768851
-0.229001374
0.146738762
-2.009019616
0.000000000
0.000000000
0.000132456
0.000369170
-2.771010592
-3.212631715
-3.041006374
-3.251261242
1.379575000
2.460130314
0.980929319
1.216927022
1.819376473
1.793319290
1.472066308
2.863083264
-5.021195042
-4.338918414
-5.911075606
-5.324839507
-1.552427739
-1.869627387
-1.141095418
-0.738952864
-4.819617495
-4.339358827
-4.621187838
-5.899575164
-4.722935821
-4.015179619
-5.357789173
-5.355883525
-1.836277275
-2.482510704
-1.336672296
-1.068973333
-3.432153130
-4.214131253
-2.472831884
-3.620454148
0.292100758
0.381705070

-2.508020533
-0.778153286
-2.726000529
2.388934820
0.400210444
2.568760559
2.784390283
3.877925725
2.310672361
3.753769334
4.202062598
3.368113901
-1.475309469
-0.858301719
-2.974714365
-5.174754474
-4.878862255
-4.277472324
0.000000000
0.000000000
0.000211017
0.000479058
3.721930513
4.723298121
3.300955151
3.113199724
4.657997284
4.766160473
5.620014687
3.934614785
2.913756582
1.821025399
3.331677138
3.214073942
2.560811926
2.063182553
1.931768714
3.506168315
4.844930871
5.885541529
4.758166198
4.663047222
1.551297325
0.566740996
2.087629035
1.380253121
-1.133966500
-0.911860195
-0.252983027
-1.960580402
-4.260596539
-5.143851222
-4.283989192
-4.371881848
0.118197738
0.871890144
0.642045868
-0.391754577
-5.630806291
-4.791553947

-4.259484434
-3.313458328
-1.970935166
2.142649753
3.556389447
4.539841445
2.142831001
3.555179769
4.540216955
-3.314096552
-1.970331257
-4.258357121
-1.971901704
-4.260007840
-3.315216442
2.142438977
4.539883033
3.554114480
0.000000000
-1.962926913
-3.094414500
-4.297393828
-3.486061886
-3.418297077
-4.459250377
-2.710609605
-0.687404080
-0.821303866
-0.346157786
0.121134777
-5.410308492
-5.507290207
-6.362625898
-5.270387724
0.798080084
0.098618542
0.899823343
0.333245829
3.751546692
3.609048855
4.762041969
3.041197532
5.737801337
5.817293867
6.671996945
5.666916081
-0.689091313
0.119119213
-0.823507012
-0.347114120
-3.486938643
-3.419060163
-4.460108684
-2.711455870
-5.412165842
-5.272363145
-5.509323968
-6.364365219
0.797929002
0.097934657
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S2.3. Optimized coordinates for (N2)Co(SiMe3)(CNArMe2?); (4)

TTOZOZDOQOTZTOOOOTOOTOOO0O0O0ZR

1.281893058
-0.374679160
-3.420164842
-4.163105243
-3.550905374
-3.668653153

1.064528649

1.676218537

0.500474538

1.753394352
4.970762673

6.030439913

4.689842062

4.406207668
4.729074404

3.957084040

4.629528922

5.699671639

3.753308051

2.660528467

4.119449485

4.144436391

3.342359081

2.796356494

2.895869944

4.374439880
4.611294554

5.699182291

4.382996322

4.323719969

1.615597421

1.353938755

0.682234443

2.151533775

0.000000000
3.012704569
4.844057576
3.950464605
4.366269649
2.473753370
1.925646016
6.216176531
6.579179154
5.259807512
7.105463572
8.166672038
3.136317921
3.107664058
6.622417754
7.306977053
-1.755197045
-2.406070308
-1.719215967

-6.086718799
-6.366864421
-3.766293929
-4.560894983
-3.366758984
-2.970628098
-4.950996148
-4.042348475
-5.048745173
-5.800077263
-1.077233941
-1.323413745
-1.389207153
-1.691052370
3.066909061
2.724558547
4.152195129
2.856578107
3.400812556
3.476519576
2.961975972
4.421790294
-3.523589721
-3.021298997
-4.513391312
-3.659528014
0.539371346
0.420642617
0.983994305
1.259632568
-3.029502164
-4.083707501
-2.460637808
-2.936728650

0.000000000
0.022567201
0.964762165
1.413811284
0.271401871
3.056111653
3.992985593
1.224664426
1.763730723
-0.172083618
0.812463373
1.025926170
1.137403152
0.560432702
0.115877159
-0.227452637
0.163854772
-0.648508921
0.130486022

0.899860884
0.333580517
3.749958378
3.607009717
4.760451351
3.039606112
5.737820535
5.818564575
6.671654606
5.666402935
3.753827811
3.611484698
4.764559708
3.043947106
0.797454983
0.098026456
0.898375797
0.333039921
5.736838422
5.816970806
6.671247022
5.664690435
-0.688262930
0.119849344
-0.823039492
-0.345949817
-3.484366437
-3.415407134
-4.457714492
-2.709086606
-5.412226412
-5.273360888
-5.509044861
-6.364252915

-2.335555673
-0.196644536
1.063766245
2.177581417
-0.077160188
3.168076279
3.086975933
1.158885740
2.029786699
-1.082708717
0.168955502
0.261640115
4.440808152
5.363341380
-0.936038324
-1.706851713
-3.055597610
-2.718947751
-4.153197606
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-2.217019470
1.822553515
1.019402882
0.640564070
0.973314529
2.072421230
0.735355805
1.763393288
0.748557744
0.142041507

-1.486627409

-1.587503076

-0.750635389

-1.948747164
1.411050956
2.496415989

-2.049664239

-1.764566793

-2.780039286

-2.852054382

-3.198720405

-0.580664805

-1.065087565

-3.213168343

-3.853112576

-0.911193763

-3.152769793

-2.688508005

-4.813083044

-5.662643961

-3.238894938

-1.526306140

-3.256540957

-3.197910953

-2.418331492

-3.881679910

-4.419223543

-4.167390782

-4.814906418

-2.481973139

-4.255882828

-4.971113269

-2.550337206

-2.035779039

-3.412290442

-3.457958104

-0.911495116

-1.255078959

-1.641988732
0.515582008
1.524139144

-1.586390978
4.404882655
4.327420878
4.822769317
4.294485233
4.135291580

-3.221058396

-2.523771209

-3.880581339

1.113349045
0.000000000
1.438322164
2.408075656
1.423506853
1.364171319
-1.602027501
-1.761416448
-1.553006046
-2.476122609
-2.620506936
-4.676319255
-4.126698384
-3.916720407
-3.669886301
-3.664627851
-5.994040653
-6.577292857
-4.469273001
-6.558421962
-7.583764045
-3.281588763
-2.967086396
-5.792736845
-6.214241068
-1.578451091
-3.268385371
-3.447490319
-2.181358414
-1.506847073
-3.700179508
2.597663710
3.712696849
2.714187415
3.645578384
0.614360084
-0.328653616
4.771206867
4.816065599
4.641208191
5.747580312
6.559997322
2.147331412
2.410956385
5.677463276
6.441982569
1.578351910
4.363549201
4.050485894
5.259791353
5.659203093
4.654288283
-1.100337371
-0.610075745
-0.955606245
-3.079860773
-4.152750455
0.923567195
3.047933329
1.485468188

-2.765540892
-0.156599452
-3.055317208
-2.719217056
-4.152941157
-2.764417782
-3.055661660
-2.717104891
-4.153176220
-2.767730802
-0.195581182
1.066795044
2.179588778
-0.074810415
3.168175579
3.086364005
1.163437578
2.034854215
-1.079731134
0.174325201
0.268221957
4.441969495
5.364573692
-0.931524943
-1.701887552
-0.156099069
-4.660636762
-5.628603787
-3.319099978
-3.229647074
-2.279634915
-0.195817970
1.066459362
2.180155074
-0.075316373
3.171160969
3.090486755
1.162567318
2.034085760
-1.080754020
0.172843111
0.266359269
4.443081164
5.365312175
-0.933052284
-1.703816467
-0.156264267
-4.661474701
-5.629398572
-3.320017350
-3.230590123
-2.280569608
-4.662049329
-5.630670641
-2.281410532
-3.317705563
-3.226699689
4.362548973
3.374171715
2.075924498
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-0.274944233
-2.084308300
0.048240018
4.607553554
4.728987162
4.180813591
3.902863567
3.227518566
2411549718
0.654688222
0.814451037
-1.375264802
-4.335312612
-4.232173266
-2.647382109
0.000000000
0.000244266
0.000469079
-1.777525458
-2.446865847
-1.265038142
-1.024078290
-4.613322548
-5.230990841
-5.264805652
-3.910775753
-3.206038406
-4.089226545
-2.321071753
-3.177245540
0.276987736
0.387987146
1.262029978
-0.381457705
-3.498051353
-4.240115439
-3.649583449
-3.728416069
0.938502622
1.536520724
0.353906849
1.639454997
3.261881568
2.712487649
2.800995800
4.286682797
4.663630474
5.747806346
4.452654230
4.389773990
1.565870683
1.445187420
0.562223325
2.006695160
4.729248847
3.947791355
4.634716285
5.693449744
4.989777491
6.047601688

5.164044183
4.258239098
4.858456143
-2.345954438
-0.328136684
-2.476188879
0.663697092
2.619193438
2.329944673
-4.104552856
-3.251435554
-3.708820203
-2.818334607
-2.386104462
-3.934146241
0.000000000
0.000197205
0.000325590
4.356967541
5.222531225
4.408012332
4.476720254
1.102566956
0.213899924
1.909872379
0.873887660
-0.044275291
-0.692400722
-0.692699343
0.480672923
5.623556845
4.785042606
6.083766531
6.356585663
3.742343806
4.535415022
3.337663167
2.949281803
4.927300912
4.011639126
5.038589495
5.767199846
3.444546086
2.949952655
4.423809140
3.605082390
-0.636887853
-0.490026952
-1.105339803
-1.350027612
2.801148552
3.889956122
2.358002223
2.515018517
-3.051909508
-2.727431155
-4.135209319
-2.848029544
1.153787707
1.399800244

-2.170818881
-3.539273336
-4.574871292
-2.169628363
-3.541004087
-4.573423963
3.372010062
2.072923011
4.359806688
2.073921492
4.359970118
3.374070159
-2.169876466
-4.574005002
-3.538398482
0.000000000
1.899240859
3.012724973
3.516324830
3.445314525
4.481820545
2.728601124
0.810185633
0.972212797
0.457006212
-0.000688084
5.522315759
5.516438856
5.477191283
6.483755902
-0.839768705
-0.141936709
-0.965940303
-0.359084853
-3.701536366
-3.546073394
-4.707037389
-2.982113692
-5.793596765
-5.895179361
-6.713240508
-5.732733558
0.806729852
-0.003779376
0.968339598
0.453261253
3.514593594
3.442223934
4.480759623
2.727834150
5.519457975
5.512621274
5.475086814
6.481007510
-0.837598960
-0.140154172
-0.962283604
-0.357287524
-3.705451623
-3.549726368
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H 4715793738  1.485878063 -4.711637179
H 4417899246  1.751146264 -2.987315292
C 3.794334566  -3.283095897  -5.790851479
H 2.702247628 -3.344071680 -5.890892236
H 4.181469361 -2.833087927 -6.711442969
H 4.172059487 -4.309760520  -5.729473062
C  -2.881906141 -3.715921062  3.517677182
H  -3.297652416 -4.728095906  3.447619507
H  -3.181132705 -3.296834897  4.483210803
H  -3.362611457 -3.123376128  2.730052505
C 1.351084234  -4.548693287  0.807663445
H 1.197562766  -3.826150844  -0.003369571
H 2429620490 -4.639940961  0.968672271
H 0.976652225 -5.516418347  0.455241942
C 1.646628428  -2.754328855  5.518571799
H 2.649144320 -3.195968656  5.512077400
H 1.766568211 -1.663851154  5.472462050
H 1.178329922  -2.990726645  6.480641004
C  -5.008787615 -2.569237573 -0.838765808
H  -4.337496385 -2.054364754 -0.141140661
H  -5.899269690 -1.945426379 -0.964914741
H  -5.315202940 -3.505607679 -0.357870501
C  -1.494570000 -4.901541826 -3.700623166
H  -1.810876599 -5.940306130 -3.543533307
H  -1.069246390 -4.831952100 -4.706614501
H -0.691734082 -4.704151236 -2.982213823
C  -4736355378 -1.649049585 -5.792670769
H  -4.243358704 -0.672670500 -5.892749420
H  -4.538748065 -2.209927730 -6.712578894
H  -5.814489474 -1.463197611 -5.732890542

Figure 5.11. Geometry optimized structure of (N20)Co(SiMes)(CNAr™*2); (3) with hydrogen atoms omitted
for clarity. (B3LYP/6-31G(d):LANL2DZ)
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Table 5.2. Comparison of calculated and experimental structural parameters for 3.

Parameter Calculated Experimental
d(Co-Si) 2324 A 2.295(1) A
d(Co-N1) 1.963 A 1.964(4) A
d(N1-N2) 1.131 A 1L111(5) A
d(N2-0) 1.203 A 1.209(6) A
d(Co-C1) 1.828 A 1.814(4) A

Figure 5.12. Geometry optimized structure of (N2)Co(SiMes)(CNAr™*?); (4) with hydrogen atoms omitted
for clarity. (B3LYP/6-31G(d):LANL2DZ)
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Table 5.3. Comparison of calculated and experimental structural parameters for 4.

Parameter Calculated Experimental
d(Co-Si) 2336 A 2.286(2) A
d(Co-N1) 1.899 A 1.933(5) A
d(N1-N2) 1.L113A 1.046 A
d(Co-C1) 1.829 A 1.806(3) A

(N,0)Co(SiMe;)(CNAr"es2);

}

Lumo HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4
Co d,; (6.5%) Co dyy., (43.7%) Co d,, (43.7%) Co d, (59.1%) Co d,, (59.1%) Co d,; (38.8%)
N, s (0.5%) p, (0.3%) N, py (0.3%) N, py (0.3%) N, s (1.2%) py (0.9%)

Sip,(16.1%)

(N2)Co(SiMes)(CNAFes2),

4 e

!

LumMo HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4
Co d,, (3.5%) Co d,».,, (44.6%) Co d,, (44.6%) Co d,, (60.2%) Co d,, (60.2%) Co d,, (35.7%)
N, s (0.4%) p; (0.5%) N, px(0.5%) N, py(0.5%) N, s (1.3%) p, (1.5%)

Sip,(16.4%)
Figure 5.13. Calculated molecular orbitals (MOs) of (N20)Co(SiMes)(CNArV*?); (3) and
(N2)Co(SiMe3)(CNArM®?); (4) showing MOs with cobalt d-orbital character. Atomic orbital contributions
(AO%) to the molecular orbitals are listed. The AO% to these MOs reveal the similarity between N>O and
N: binding upon coordination to Co(SiMe3)(CNAr**?); (2).
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Table 5.4. Natural orbitals for chemical valence (NOCV) orbitals of (N20)Co(SiMes)(CNAr"?); (3m).
NOCV1 involves o-donation from the N:O ligand to the metal; NOCV2 and NOCV3 are the two
perpendicular n-backbondings from metal to N2O, in competition with the CNAr®? ligands; and NOCV4
involves (the often overlooked, though significant) backdonation from the metal to the n*-antibonding
orbital of N20O. The NOCY orbitals are in identical order for (N2)Co(SiMes)(CNAr"?); (4m).

Ap
NOCV Bonding | NOCV Antibonding

electron “flow” from
Combination Combination

red—blue regions

ks
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Table 5.5. NOCV analyses of (N20)Co(SiMe3)(CNAr"*?); (3m) and (N2)Co(SiMe3)(CNAr*"?); (4m) showing
N:0 and N: are each better w-acceptors than c-donors. N20 is a weaker donor and a weaker acceptor than
is N2. *stabilization energies for orbital components contributing to overall Eorb.

NOCYV Eigenvalue

Stabilization energy (kcal/mol)*

NOCV1 | NOCV2 | NOCV3 | NOCV4
0.379 0.384 0.374 0.132
3m -15.1 -10.5 -11.6 -4.3
Total 7 -22.1
0.344 0.334 0.296 0.129
4m -12.4 -9.2 -6.7 -3.8
Total © -15.9

Table 5.6. Energy decomposition analyses of (N20)Co(SiMe3)(CNAr"2); (3m) and (N2)Co(SiMe3)(CNArr"2);
(4m) showing N20 binds more weakly than Nz with Eorb significantly lower for N2O. Energies are shown in

kcal/mol.
EPauli Eestat Esteric Eorb Edisp Etot
3m 75.1 -49.5 25.6 -42.9 -5.3 -22.6
4m 70.8 -45.8 25.0 -34.3 -11.5 -20.7

5.6 Spectroscopy Evidence of the O-atom Transfer Reaction

General Procedure: The experiments were performed using crystalline materials of 3 or 3-15N

dissolved in C¢Hg, CsDs or ds-toluene to ensure the purity and reliability of the results.

199



FTIR Spectroscopy study of the O-atom transfer reaction. In the glovebox, a solution of 3
(in C6He) or 3-13N (in Cs¢Ds) was transferred into an airtight IR cell. The cell was then brought
out to the spectrometer to collect the first data point. The second data point was collected on
the same sample after being sat at room-temperature for 12 hours to observe the O-atom transfer

reaction.

100

98

5 |
S %
p I
[$)
% L
= %
£ [, 4
% vNNO = 2262 cm
e !
& gl "vMN=2224cm
= - (N20)CoL3TMS
(N2)CoL3TMS
[ #CNArWes2
0 +ocNaries2

pg o 41
2200 2100 2000 1900

wavenumber (cm-)

Figure 5.14. Overlapped FTIR spectrum (CsHs, KBr windows, 25 C) of the first data point (pure compound
3) in red and the second data point (12 h) in blue showing the formation of 4 and OCNAr™*2,
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100 1y

98 H

96 M

% |-

Transmittance (a.u.)

*v15NNO = 2189 cm1
A vISNN = 2153 cm-1

(15N20)CoL3TMS
| ("®N2)CoL3TMS
SO #CNAries2

+ OCNArMes2

92 -

D I R RN A
2200 2100 2000 1900

Wavenumbers (cm-1)

Figure 5.15. Overlapped FTIR spectrum (CsHs, KBr windows, 25 C) of the first data point (pure compound
3-15N) in blue and the second data point (12 h) in red showing the formation of 4-'>N and OCNAr™*2,

NMR Spectroscopy study of the O-atom transfer reaction. In the glovebox, a solution of 3
(in C¢Ds) or 3-1°N (in C¢Ds) was transferred into a J-young NMR tube. 1,3,5-fert-butylbenzene
was added as internal standard shown at 1.35 ppm. The tube was then brought out to the
spectrometer, with spectrum taken every 20 minutes under 25°C until the concentration of 4

reached constant (around 12 hours).
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Q 3-0-Mes
+ N O
Y,
L
3-p-Mes ' 0h
3-TMS
3-TMS: -0.728 ppm
4-TMS: -0.741 ppm
| L k
4-0-Mes
L-p-Mes
S L 12 h
0705 0715 0T ™ 0785 0755 0765 4-p. Mes
L-0-Mes 4-TMS
I L d -
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75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -10
f1(ppm)

Figure 5.16. Overlapped 'H NMR spectrum (C¢Ds, 25C) of the first data point (pure compound 3-'°N) in
blue and the final data point (12 h) in red showing the formation of 4-'>N and OCNArM2,
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Figure 5.17. Stacked 'H NMR spectrum (C¢Ds, 25 ‘C) of the O-atom transfer reaction of 3.
# *
) A J
—| +
J A =
I e
' I I8
| A U
I A _JU
“ A A
| A _JC
‘1 N AJL
I e U
J A L
| A | G
|,‘ A .
| . U
I I G
‘) 2 J
1‘ It
| I
J A L
J 2 U
] It
f I
i‘i‘ x VI(L
! — | —
i
i A JII&
I X 0
r i
)
T T T T T T T T T T T T T T T T T * Internal Standard
26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 1.1 1.0 # OCNArves2
f1(ppm)
Figure 5.18. Zoomed-in stacked "H NMR spectrum (CsDs, 25 °C) of the O-atom transfer reaction of 3 showing
the growth of OCNArM*? gvertime.
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Figure 5.19. Stacked 'H NMR spectrum (CsDs, 25°C) of the O-atom transfer reaction of 3 with 1 equiv. of

1
1
1
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Figure 5.20. Zoomed-in stacked "H NMR spectrum (CsDs, 25 ‘C) of the O-atom transfer reaction of 3 with 1

equiv. of CNAr™e?,
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3in CGDG
(12 hours, 20min interval)

3 + 1eq. CNAr"es2 jn CyDg
(15 hours, 20min interval)

0725 0.735
11 (ppm)

SiMe; peak location:
-0.728 ppm (0 h) -0.741 ppm (12 h)
Final yield:
4:74%
OCNAr"es2: 78%, (SiMe3),0: 12%

SiMe; peak location:
-0.721 ppm (0 h) -0.741 ppm (15 h)
Final yield:
4:62%
OCNAres2;: NA, (SiMe;),0: 26%

Figure 5.21. Overlapped time-dependent "H NMR spectrum zoomed in at the SiMes peak region. (Left)

Decomposition of 3 itself in CsDs at 25°C over 12 hours. (Right) Decomposition of 3 with 1 equiv. of CNAr

added in Ce¢Ds at 25°C over 15 hours.
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Figure 5.22. Time-dependent SN NMR spectrum taken in C¢Ds with the initial 3-'N concentration at 30mM
showing the disappearance of 3-'°N signals overtime. No apparent signals were shown after 260 minutes.

205



160 min
140 min
138 ppm 120 min(
100 min |
80 min
60 min ]
40 min ]
20 min [
as prepared ]

TIT7 == : =

———— ]
141 140 139 138 137 [ppm]

Figure 5.23. Overlapped time-dependent SN NMR spectrum taken in C¢Ds with the initial 3-°N
concentration at 30mM. The peak shifting feature indicated an exchange between N, (138 ppm) and Ng (246

ppm).
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Figure 5.24. Time-dependent SN NMR spectrum taken in C¢Ds with the initial 3-'N concentration at 45SmM
showing the disappearance of 3-'°N signals overtime. No apparent signals were shown after 300 minutes.
Note that with higher initial concentration, the rate of disappearance is slower.
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Figure 5.25. Time-dependent SN NMR spectrum taken in CsDs with the initial 3-'N concentration at 13mM
showing the disappearance of 3-'°N signals overtime. No apparent signals were shown after 140 minutes.
Note that with lower initial concentration, the rate of disappearance is faster.

NMR Spectroscopy study of the O-atom transfer reaction under the presence of PCys. In
the glovebox, a solution of 3 (in CsDs) and PCys was transferred into a J-young NMR tube. The
tube was then brought out to the spectrometer, with spectrum taken until the concentration of 4
reached constant. PCys was tested to react with N2O(g) to generate OPCys instantly. During this

experiment, we do not see the generation of OPCy; even after 2 hours.
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Figure 5.26. Stacked 'H NMR spectrum (C¢Ds, 25 C) of the decomposition of 3 under the presence of PCys.
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Figure 5.27. Stacked 3'P NMR spectrum (C¢Ds, 25 C) of the decomposition of 3 under the presence of PCys.
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5.7  Catalytic O-atom Transfer from N:0 to Isocyanide

The decomposition of 3 with excess N2O(,) to generate OCNArM®2 and (SiMes):0: In the
glovebox, a solution of 2 (in C¢Ds) was transferred into a J-young NMR tube. The tube was
then brought out to the Schlenk line for N2O(,) addition after one freeze-pump-thaw cycle. The

reaction was then monitored every 24 hours under 25°C until the full conversion to isocyanate.

As prepared
m A J_l’! A L
/L 24h
M y_}l J_ A
48 h

___L,Jl{ _M A ]
72 h

Ll L ~— 1

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -10
f1(ppm)

Figure 5.28. Stacked 'H NMR spectrum (CsDs, 25 °C) of the decomposition of 3 with excess N20(g).
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* OCNArVes2
+ (SiMe;),0

Figure 5.29. Zoomed in stacked 'H NMR spectrum (CsDs, 25 °C) of the decomposition of 3 with excess N2O()
showing the formation of OCNAr™®? and (SiMes):0.

Catalytic O-atom transfer reaction to additionally added CNAr™PP2; [n the glovebox, a
solution of 2 (in C¢Ds) and 5 equiv. of CNAr™PP? was transferred into a J-young NMR tube.
The tube was then brought out to the Schlenk line for N>O(g) addition after one freeze-pump-
thaw cycle. The reaction was then monitored every 24 hours under 25°C until the full

conversion to isocyanate.
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Figure 5.30. Stacked 'H NMR spectrum (C¢Ds, 25°C) showing the catalytic O-atom transfer reaction to
CNAr™ PP ysing 20 mol% of 3 with 1ATM N20(g).

5.8 Calculation of the N2/N2O Equilibrium Binding Constant

General Procedure: The experiments were performed using crystalline materials of 3 with
1,3,5-tri-tert-butylbenzene as internal standard dissolved in 0.7 mL of ds-toluene to ensure the
purity and reliability of the results. The solution was then transferred into a J-young tube and
brought to the Schlenk line. After 1 freeze-pump-thaw cycle, IATM of N>O() was added at
room-temperature. The tube was then transferred to the pre-cooled NMR instrument to

equilibrate for 10 minutes before data collection.
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Keq

——

18°C, dg-toluene

Scheme 5.6. Reaction scheme of N2O and N: binding equilibrium on 2 under 18°C in a ds-toluene solution.

Calculate the N2 and N20 equilibrium binding constant: The equilibrium constant was
calculated using the equation shown below. [3] and [4] were obtained from deconvoluting the
IH NMR spectrum using the program Mnova. (shown in Figure 5.31) [N2O] was estimated as
the solubility of N2O() in toluene under 1 ATM at 18°C (15M) >° with the amount bound to
cobalt ([3]) subtracted. [N2] was calculated as the amount generated by displacement of N>O

which equals to [3]. The equation can be further simplified to the following:

_ [4]INz0] _ [4]1105—3]] .
Keq = TAIOEE Bl ,AG = —RTInKeq

Jf1(ppm)
L

Figure 5.31. 'H NMR spectrum zoomed in at the SiMes peak region. Trace in black is the original spectra
which was then deconvoluted into 3 (shown in blue) and 4 (shown in red) using the program Mnova.
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Table 5.7. Equilibrium constants and Gibbs free energies determination.

Initial concentration of 4 (mM) Kegq AG (kcal/mol)

8.5 mM 466.67 -3.55
8.5 mM 336.00 -3.36
Average 401.34 -3.46

10°C ] -10°C :Z.Z

0 c *0:15

25°C -20°¢ —0:13

r0.12

-30°C lo.11

r0.10

-40°C  -50°C [y

r0.08
r0.07
r0.06
r0.05
r0.04
r0.03
r0.02
r0.01

Complex 3 i to.00
———  Ratio = 3.61 4.65 4.86 4.00 4.97 3.20 2.77 2.01 |
Complex 4 -0.01

Figure 5.32. Temperature-dependent 'H NMR spectrum zoomed in at the SiMes peak region. The ratio of
complexes 3/4 showed a steady decrease upon lowering the temperature, indicates that complex 4 is more
thermodynamically favored.

5.9 Crystallographic Structure Determinations

General. 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 and

213



a Bruker APEX detector. All structures were solved by direct methods with SIR 2004°! or
SHELXS>? and refined by full-matrix least-squares procedures utilizing SHELXL within Olex
2 small-molecule solution, refinement, and analysis software package.> Crystallographic data
collection and refinement information are listed in Table 5.8.

Complex Co(SiMe3)(CNArMe2); (2) has toluene solvent molecule co-crystallized which
exhibited two-site positional disorder on a special positioned. One of the flanking mesityl rings
exhibited two- site positional disorder. Both were fully modeled and refined anisotropically.
Complex (k!-N-N20)Co(SiMe3)(CNArMe2); (3) has one m-terphenyl and one of the flanking
mesityl rings exhibited two-site positional disorder which was fully modeled and refined
anisotropically. The molecule also contained severely disordered solvent molecules of co-
crystallization that could not be successfully modeled, the PLATON routine SQUEEZE>* or
the Olex2 implementation of BYPASS™ was used to account for these disordered components

as a diffuse contribution to the overall scattering without specific atom positions.
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Figure 5.33. Molecular structure of Co(SiMe3)(CNAr®2); (2), with toluene solvent molecule and hydrogen
atoms omitted for clarity. Selected distances (A) and angles (°): Co-C = 1.792(3), Co-Si = 2.249(3), C-N =
1.178(3), C-Co-C = 119.9(2), C-Co-Si = 88.0(1).

Figure 5.34. Molecular structure of (k'-N-N20)Co(SiMe3)(CNArM*2); (3), with benzene, pentane solvent
molecules and hydrogen atoms omitted for clarity. Selected distances (A) and angles (°): Co-C = 1.806(4),
Co-Si = 2.295(1), C-N = 1.190(5), N-N = 1.110(5), N-O = 1.210(5), C-Co-C = 114.9(2), C-Co-Si = 84.6(1), C-
Co-N =95.4(2).
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Figure 5.35. Molecular structure of (m2-C,C-PhCCPh)Co(SiMe3)(CNArM®?), (5), with hydrogen atoms
omitted for clarity. Selected distances (A) and angles (°): Co-C1 = 1.869(2), Co-C1’ = 1.884(2), C1-C1’ =
1.292(3), Co-Si = 2.2506(6), C1-Co-Si = 106.69(6), C1°-Co-Si = 113.62(6).

Table 5.8. Crystallographic Data Collection and Refinement Information.

Name Co(SiMe3) (x'-N-N,0)Co (n?-C,C-PhCCPh)Co
(CNArMe2);(2)  (SiMes)(CNA™M=2); (3)  (SiMe;)(CNArMes2), (5)

Formula C83.25 H90 Co (C83.50 H93 CoN50 Si C67 H69 Co N2 Si
N3 Si

Crystal System Cubic Triclinic Monoclinic

Space Group 1-43d P-1 P12l/c1

a, A 30.635(3) 18.299(2) 17.4976(14)

b, A 30.635(3) 19.688(2) 14.3661(12)

c, A 30.635(3) 21.736(2) 22.9953(18)

a, deg 90 89.935(3) 90

B, deg 90 89.820(3) 105.747(2)

Y, deg 90 89.712(4) 90

v, A3 28750(9) 7830.4(15) 5563.4(8)

Z 16 4 4

Radiation (A, A)  Mo-Kg, 0.71073  Mo-K,, 0.71073 Mo-K,, 0.71073

p(caled.), g/em®  1.127 1.077 1.181

u, mm-! 0.300 0.279 0.372

Temp, K 100 100 100

0 max, deg 25.347 25.821 25.440

data/parameters ~ 4376/263 29514/1910 10269/655

R; 0.0477 0.0747 0.0366

WR> 0.1091 0.1385 0.0867

GOF 1.041 0.893 1.015
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Chapter 6 Solid State Host-Guest Interaction of n-
Hexane with a Coordinatively Unsaturated

Cobalt m-Terphenyl Isocyanide Complex

6.1 Organometallics Host-Guest Interaction with n-Hexane

Earlier in Chapter 5, we have shown that under an argon atmosphere with rigorous
exclusion of adventitious Lewis bases, a C¢Hs solution of n2-PPNCo(CNArM®2); was combined
with excess trimethylchlorosilane TMSCl to afford the coordinatively unsaturated
Co(SiMe3)(CNA™Me2); (1). (Scheme 6.1) Single-crystal X-ray diffraction studies showed a
trigonal monopyramidal geometry in the solid-state with DFT calculations supporting a low-
lying cobalt d,- LUMO suitable for small molecule binding. Besides nitrous oxide, previous
study in our group has shown that a variety of Lewis bases were able to bind as an L-type ligand
to this cobalt center. For example, common organic solvents like Et,O, THF, H,O and DME;
gases like N, CO, NH3 and H; particularly bind in a non-classical mode; elemental sulfur (Ss)

and white phosphorous (Ps4) interesting all coordinate as 2-electron L-type donor ligands. -2
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L-type ligand = Et,0, THF, DME, H,0
N, NH3, CO, Hy, Sg, Py

CISiMes, Ary,
CsHs, 25 °C
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Scheme 6.1. Synthesis of the coordinatively unsaturated Co(SiMe3)(CNAr™*?); (1) and its coordination
chemistry towards L-type ligands.

To our surprise, when crystallizing Co(SiMe3)(CNArMe2); (1) from concentrated n-
hexane/benzene 80:20 v/v solutions at —35 ‘C, afforded two polymorphs of n-hexane containing
Co(SiMe3)(CNAMes2); (1)  cavity-type  inclusion  complexes:  (u-(m*-H,C,-(n-
CoH14)[Co(SiMes)(CNArMes2);]-(n-C¢Hi4)'2(CeHe)  (1A-hexane) and  (p>-(m*-H,C,-(n-
CoHi4)[Co(SiMes)(CNArMes2);]-1(CsHs) (1B-hexane). (Figure 6.1) The structure of polymorph
1A-hexane was determined at 90 K and crystallizes in the space group P-1. The structure for
polymorph 1B-hexane was determined at 100 K and crystallized in the space group P21/n. In
both polymorphs, an n-hexane molecule is encapsulated within the pocket created by the
interlocked m-terphenyl mesityl rings from two Co(SiMe3)(CNArM®2); (1) fragments.
However, after a series of spectroscopy studies including variable-temperature IR and NMR

techniques, we believed that this dimer forms upon crystallization from solution because of
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significant van der Waals (vdW) host-guest interactions (also known as CH/zn interactions)

between the alkane molecule and the flanking mesityl rings of the m-terphenyl framework.?

Figure 6.1. Molecular structures of n-hexane containing Co(SiMes)(CNAr™*2); (1) inclusion complexes. Left:
Polymorph  1A-hexane  (p2-(n*-H,C,-(n-CsHi4)[Co(SiMe3)(CNAr™®2)3]-(n-CsHis)-2(CéHs).  Right:

Polymorph 1B-hexane (n-(n*-H,C,-(1n-CsH14)[Co(SiMe3)(CNArY¢?)3]-1(C¢Hps). To aid in visual clarity, the

enclosed n-hexane moiety is colored orange (carbons) and red (hydrogens). Solvent molecules of co-

crystallization were omitted.!

Indeed, analysis of the metrical parameters for 1A-hexane and 1B-hexane suggest that
a number of C-H/xm interactions are present between the n-hexane moiety and the m-terphenyl
mesityl framework. For example, 1B-hexane contains five C-H:--C contacts ranging from
2.877 A to 3.027 A between n-hexane and the flanking mesityl rings (Figure 6.2) with similar

results obtained for 1A-hexane. For comparison, an average of 2.91 = 0.12 A CH/x interactions
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is found in the recent study of CH/x interactions present in the Cambridge Structural Database
(CSD), slightly less than the sum of the van der Waals radii of hydrogen (rvdW (H) = 1.20 A)
and the facial radii of a phenyl ring (rvdW (phenyl) = 1.85 A).*3 Literature reports indicate that
while C-H/r interactions are weak (1-3 kcal/mol),®® they may play a significant role in the
controlling host-guest interactions.* In this respect, it is important to note that similar host-
guest interactions were observed in c-alkane complexes recently reported by Meyer and Reed,

suggesting that inclusion phenomena may help stabilize solid-state c-alkane interactions.!%!!

Figure 6.2 Molecular structure of (p2-(n*-H,C,-(n-CsHi4)[Co(SiMe3)(CNAr™*2);]-1(Cs¢Hs) 1B-hexane.
Asymmetric unit shown with close contacts (light blue) between the encapsulated n-hexane in orange
(carbon) and red (hydrogen) and the surrounding m-terphenyl framework.!

6.2 Energy Decomposition Analysis on 1-hexane

To further study this solid state “host-guest” interaction, we turned to Energy
Decomposition Analysis (EDA) which allows partitioning of the overall attractive interaction

(Etwotal) between two fragments into its attractive and repulsive components. Shown in Figure
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6.3 and 6.4 are the breakdown components on 1-hexane molecule in different fragmentation.
Model 1m-1 isolate the interaction between hexane molecule and the trimethylsilyl-cobalt (Co-
TMS) fragment, shown in blue. The yellow dotted lines in model 1m-2 present the CH/n
interactions between terphenyl cage and hexane. In model 1m-3, the two fragments are the
“host” (terphenyl-Co-TMS) and “guest” (hexane). All three models show net attractive
interaction through the overall negative value of energy (Eiwwl) with the highest of -33.42
kcal/mol for 1m-3. (Table 6.1) To our interest, the surprisingly large Edispersion €nergy (-46.48
kcal/mol) in 1m-2 that quantifies the London dispersion forces, which is the main contributor
in the attraction in van der Waals forces, support the stabilization of 1-hexane with strong CH/n
interactions. Recent studies form Powers'? also showed the importance of strong dispersion

interactions present in the m-terphenyl framework in stabilizing inorganic complexes.

Figure 6.3. Energy decomposition analyses of 1-hexanne using model with different fragmentation: 1m-1
(Co-TMS + hexane), 1m-2 (terphenyl cage + hexane) and 1m-3 (tephenyl-Co-TMS + hexane).

225



Table 6.1. Energy decomposition analyses of 1m-1, 1m-2 and 1m-3.

Im-1 im-2 Iim-3
Eetectronic -29.9136 -41.4576 -54.924
E o 57.636 68.2608 89.868
E dispersion -8.4648 -46.4808 -52.2672
E olarization -10.3392 -3.2208 -6.1128
Echarge transfer -9.5688 -1.2984 -9.984
E:otal -0.6504 -24.1968 -33.42
Keal/mol|

To understand the significance of this dispersion interaction, we conduct the EDA
calculations on model 1m-1mono, Im-2mono and 1m-3mono that represents half of the cage.
(Figure 6.4) As expected, the Eia decreased in half to only -16.39 kcal/mol for 1m-3mono.
We believe the stabilization energy required for the solid-state formation of these materials is
between -16.39 (1m-3mono) and -33.42 (1m-3) kcal/mol. Note that these “monomers” were

not observed experimentally.

Hnd il w M

Im-1mono Im-2mono Im-3mono

Figure 6.4. Energy decomposition analyses of 1-hexane using model with different fragmentation: 1m-
Imono (monoCo-TMS + hexane), 1m-2mono (mono terphenyl cage + hexane) and 1m-3mono (mono
tephenyl-Co-TMS + hexane).
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Table 6.2. Energy decomposition analyses of 1m-1mono, Im-2mono and 1m-3mono.

Im-1mono 1Im-2mono 1m-3mono

E.jectronic -7.26 -20.7696 -27.4392
E pauli 16.368 34.0776 44.8008
E ispersion -3.0432 -22.9608 -25.8336
E polarization -3.2928 -1.644 -2.9352

E.harge transfer -5.3496 -0.6432 -4.9824

E,o: -2.5776 -11.94 -16.3896

Kcal/mol

Im-5

Figure 6.5. Energy decomposition analyses of 1-hexane using model with different fragmentation: 1m-4
(mono terphenyl cage + mono terphenyl cage) and 1m-5 (mono tephenyl-Co-TMS + methane).

The study on the interaction between two mono “cages” (1m-4) and mono “cage” with
methane (1m-5) are also carried out. (Figure 6.5) Listed Table 6.3, the Edgispersion remains a big
contributor in the attraction forces. However, even though the Eioa1=-7.29 (1m-4) and -11.62
(1m-5) kcal/mol show the overall attraction between fragments; they are not strong enough for
the solid-state formation. This 1is consistent with the crystal structure of free

Co(SiMes3)(CNAMe2); (“cage”) where there is no short contact between two monomers.?
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Table 6.3. Energy decomposition analyses of 1m-4 and 1m-5.

Im-4 Im-5
Eclectronic -5.629 -17.641
Epauii 9.308 29.686
E dispersion -10.722 -15.755
E polarization -0.166 -2.377
E charge transfer --0.082 -5.571
Etor -7.29 -11.62

Kcal/mol

6.3 NMR Study on the Weakly Coordinated Alkylamine Model

While we were able to make the NH3 coordination complex,
(NH3)Co(SiMe3)(CNArMes2)3.2 a weakly coordinated solution stable 1,6-diaminohexane dimer
complex, (u2-N-(N2CeHis)[Co(SiMe3)(CNArMe2)3], (2), was made for the approach to a
solution persisted encapsulated complex. By treating Co(SiMe3)(CNArMe2); (1) with 0.5
equivalent of 1,6-diaminohexane, an immediate color change from hazel green to red was
observed. Single red crystals were grown from a saturated benzene solution and characterized
by x-ray crystallography (Figure 6.6 right). From the solid-state structure compared to 1A-
hexane (Figure 6.6 left), both structures remain similar geometry where two cobalt centers are
facing each other with alkyl chains located inside the m-terphenyl pocket stabilized by the short
contact with C-H/m interactions. Similar to 1A-hexane, there is a crystallographic inversion
center in the midpoint of the alkyl chain. Interestingly, the alkyl chain now remains in a “ladder-
like” shape versus the traditional zigzag form in 1A-hexane. We believe this is due to the

maximization of C-H/r interactions that the complex now contains thirteen C-H---C contacts
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ranging from 2.783 A to 3.096 A between 1,6-diaminohexane and the flanking mesityl rings.
(Figure 6.7) To our benefit, this weakly coordinated alkylamine dimer can serves as a solution

persisted model suitable for the CH/z interactions study using spectroscopy techniques.

Figure 6.6. (Left) Crystal structure of a n-hexane containing Co(SiMe3)(CNAr™*2); inclusion complex, 1A-
hexane. (Right) Crystal structure of (u>-N-(N2CsHis)[Co(SiMe3)(CNAr™2)s]; (2).

Figure 6.7. Molecular structure of (u>-N-(N2CsHis)[Co(SiMe3)(CNArM*2)3]; (2). Asymmetric unit shown
with close contacts (light green) between the encapsulated 1,6-diaminohexane in light blue (nitrogen),
orange (carbon) and red (hydrogen) and the surrounding m-terphenyl framework.
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By creating a solution persistent alkyl chain in the m-terphenyl framework cavities, we
were able to monitor CH/m interactions using variable-temperature NMR (VT-NMR)
techniques. The experiments are done between temperature of 20 °C and -60°C with 10°C
intervals. Shown in Figure 6.8 is the full stacked spectrum of complex 2 in ds-THF. There was
no significant peak number difference between variable temperatures, however; the NH> proton
signals in the encapsulated 1,6-diaminohexane showed a ca. 0.15 ppm upfield shift when
lowering the temperature. (Figure 6.9) The second, third and least protected CH> alkyl protons
showed a ca. 0.12, 0.07 and 0.05 ppm upfield shift, respectively. Similar to the alkyl protons,
the enclosed Si(CHz); trimethylsilyl protons also shifted upfield. Interestingly, the aromatic
protons located on the m-terphenyl “cage” shifted the opposite to the downfield region. To our
excitement, there is no chemical shifts observed for the non-encapsulated alkyl solvent, pentane
in this case.

To summarize, both the alkane CH: signals and the TMS signal that are in the m-
terphenyl cavities shifted upfield, while the CHj signals of the flanking mesityl rings shift
downfield when lowering the temperature. This observation is in consistent with the published
CH/z interaction NMR results where the “guest” protons shifted upfield upon inclusion to the
“host”. 13 We believe that during the temperature decline, the dynamic spinning of the m-
terphenyl rings slow down and outstand the CH/m interaction significant enough to be

determined by NMR.
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Figure 6.9. Overlapped VT-NMR spectra of (u2-N-(N2CsHis)[Co(SiMes)(CNAr™2)3]; (2) in ds-THF zoomed

in at the alkyl region.

231

T
-0.4



More interestingly, an 1-hexylamine enclosed complex can be obtained upon
recrystallization from a 1:1 Co(SiMes)(CNAr™e2); (1) to (CeHi3NH2)Co(SiMes)(CNArMes2);
(3) solution. A mixture of single red and brown crystals was achieved. X-ray crystallography
revealed (CeH13NH2)Co(SiMes)(CNArMes2); (3) as the red material and the brown crystals to be
the 1-hexylamine encapsulated dimer, (CeHi13NH2)[Co(SiMes)(CNArMes2)s], (4). (Figure 2.5)
However, detail solid state CH/m interaction information was not available due to a 180°
positional disorder of the 1-hexylamine molecule. VT-NMR study of the (1) to (3) 1:1 mixture
show both species at room-temperature and no significant new chemical shifts observed when

lowering the temperature.

Figure 6.10. Molecular structure of (CsHi3NH2)[Co(SiMe3)(CNAr™®2):], (4). Showing the encapsulated 1-
hexylamine sitting in the m-terphenyl pocket.

6.4 Concluding Remarks

Despite the N2OCo(SiMe3)(CNArMes2); and other LCo(SiMe3)(CNAMe?); (L = L-type
ligands) complexes mentioned in Chapter 5, a dimeric species, (u*-(n*-H,C-

(CH3(CH2)4CH3))[Co(SiMes)(CNArMes2)s],, with the inclusion of a n-hexane molecule between
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two cobalt centers was obtained. We believed that this dimer forms upon crystallization from
solution due to the significant van der Waals (vdW) host-guest interactions (also known as
CH/m interactions) between the alkane molecule and the flanking mesityl rings of the m-
terphenyl framework. Spectroscopic investigations revealed these c-alkane dimeric complexes
only present in the solid state, supported solely by weak vdW interactions. To further study this
vdW (CH/n) interactions, a weakly coordinated solution stable 1,6-diaminohexane dimer
complex, (u2-N-(N2CeH3)[Co(SiMe3)(CNArMe2)3],, were made and again characterized by x-
ray crystallography. By creating a solution persistent alkyl chain in the m-terphenyl framework
cavities, we were able to monitor CH/z interactions using variable-temperature NMR (VT-
NMR) techniques. We believe that during the temperature decline, the dynamic spinning of the
m-terphenyl rings slow down and outstand the CH/r interaction significant enough to be
determined by NMR. Furthermore, EDA (Energy Decomposition Analysis) calculation was
preformed to support the significance of CH/n interaction through a high percentage

contribution of dispersion energy.
6.5 Synthetic Procedures and Characterization Data

General Considerations. All manipulations were carried out under an atmosphere of Argon(g)
using standard Schlenk and glovebox techniques. 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, benzene-ds and toluene-ds (Cambridge Isotope Laboratories) were dried
with Na/K and Benzophenone followed by distillation; thereafter, 7 freeze-pump-thaw cycles

were executed and the solvents were stored on 4 A molecular sieves for 3 days prior to use.
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Celite 405 (Fisher Scientific) was dried under vacuum (24 h) at a temperature above 250 "C
prior to use. ClISiMes (Sigma-Aldrich) was treated with 7 freeze-pump-thaw cycles and dried
over CaHo> for 3 days prior to use. Hexylamine and 1,6-diaminohexane were purchased from
Sigma-Aldrich, after 7 freeze-pump-thaw cycles the chemicals were store in an Ar filled
glovebox prior to use. The compounds CNArMes2 (n2-PPN)Co(CNArM®2); (1) were prepared
by previously reported methods.!6:!7-18

Solution 'H, *C{'H}, 3'P and '"’N NMR spectra were recorded on a Bruker Avance 300,
a Bruker Avance 800, a Joel ECA 500, or a Varian X-Sens 500 spectrometer. 'H and 3C {'H}
chemical shifts are reported in ppm relative to SiMes ('H and '*C 8§ = 0.0 ppm) with reference
to residual solvent resonances of 7.16 ppm (‘H) and 128.06 ppm (**C) for CsDs. FTIR spectra
were recorded on a Thermo-Nicolet iS10 FTIR spectrometer. 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 of Indianapolis, IN
(USA). Samples for combustion analysis were obtained from the first recrystallized batch of
the reaction mixture. In a typical preparation, the crude, dry reaction mixture was dissolved in
a minimum amount of solvent and stored at —35 °C for several days to produce crystalline
material. This material was then collected, thoroughly dried under vacuum and then packaged
under vacuum for shipment. In most cases, this material was also used for single-crystal X-ray

structure determination.
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Synthesis of (u2-N-(N2C¢His)[Co(SiMe3)(CNArM®?);], (2). Co(SiMes)(CNArMe2); (1) (1
equiv., 0.040 g, 0.034 mmol) was stirred in a hexane/benzene solution (0.3/0.3mL) at room-
temperature. 1,6-diaminohexane (0.5 equiv., 0.002 g, 0.017 mmol) was directly added as a solid
and an instant color change form hazel green to red was observed. The solution was stirred for
30 seconds, filtered and sat at room temperature overnight. Single crystals are grown after 12
hours, washed with pentane/benzene and collected as a red material. Yield: 0.035 g, 0.014
mmol, 85 %. 'H NMR (499.9 MHz, ds-THF, 20C): = 7.23 (t, 6H, p-Ph), 6.94 (d, 24H, m-Ph),
6.87 (s, 24H, m-Mes), 2.20 (s, 36H, p-CH3 Mes), 2.05 (s, 72H, 0-CH3 Mes), 1.24 (m, 4H, CH>),
0.99 (m, 4H, CH>), 0.84 (m, 4H, CH>), -0.17 (m, 4H, NH>), -0.85 (s, 18H, SiMes) ppm. 3C{'H}
NMR (125.7 MHz, ds-THF, 20C): 6 = 186.7 (broad, CNR), 138.7, 138.6, 137.8, 137.5, 137.0,
133.8, 131.4, 131.2, 129.9, 129.8, 129.7, 126.2, 51.1, 37.9, 31.5, 30.8, 22.5, 22.4, 22.3, 21.2
ppm. (The CNR resonance extremely broadened, presumably due to coupling to °Co (I = 7/2,
100 %)). FTIR (THF, KBr windows, 25 C): voy = 1965 (sh), 1957 (sh) and 1907 (vs) cm, also
2174 (m), 2673 (m), 2653 (m), 2531 (m), 1612 (m), 1354 (m), 1329 (m), 1285 (m) cm™!.

Synthesis of (CsHi3NH2)Co(SiMes)(CNArMe2); (3). Co(SiMes3)(CNArMe2); (1) (1 equiv.,
0.020 g, 0.017 mmol) was stirred in a benzene solution (0.6mL) at room-temperature.
Hexylamine (1.1 equiv., 0.0019 g, 0.019 mmol) was directly added and an instant color change
form hazel green to red was observed. The solvent was removed by vacuum and a red solid was
collected. Single crystals are grown from saturated ether solution with a drop of benzene, stored
in the fridge (-35 C) for 2 days. Yield: 0.015 g, 0.011 mmol, 71 %. "H NMR (499.9 MHz, C¢Ds,
20C): = 6.94 (t, 3H, p-Ph), 6.89 (s, 12H, m-Mes), 6.84 (d, 6H, m-Ph), 2.22 (s, 18H, p-CH3

Mes), 2.19 (s, 36H, 0-CHs Mes), 1.57 (m, 2H, CH>), 1.49 (m, 2H, CHb), 1.37 (m, 2H, CHy),
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1.24 (m, 2H, CHa), 1.15 (m, 3H, CH3), -0.06 (m, 2H, NH>), -0.51 (s, 9H, SiMe3) ppm. *C {'H}
NMR (125.7 MHz, CsDs, 20°C): & = 185.1 (broad, CNR), 139.9, 137.8, 137.4, 136.5, 136.3,
134.7, 132.5, 129.9, 129.4, 129.3, 128.8, 124.7, 49.8, 35.6, 34.5, 33.4, 30.3, 27.3, 23.4, 22.8,
21.4,21.3, 20.3, 14.6, 14.3 ppm. (The CNR resonance extremely broadened, presumably due
to coupling to **Co (I = 7/2, 100 %)). FTIR (CsHs, KBr windows, 25 C): vy =2020 (s), 1907
(vs) em’l, also 2961 (m), 2917 (m), 2878 (m), 2850 (m), 1576 (m), 1407 (m), 1038 (m), 852
(m) em!. Anal. Calcd. for CssHooN4CoSi: C, 80.60; H, 7.97; N, 4.48. Found C, 80.47; H, 8.02;
N, 4.76.

Synthesis of (C¢H13NH2)[Co(SiMe3)(CNArMe2);]; (4). Co(SiMes3)(CNArMe2); (1) (1 equiv.,
0.020 g, 0.017 mmol) and (CsHi3NH2)Co(SiMe3)(CNArMe2); (3) (1.1 equiv., 0.024 g, 0.019
mmol) was stirred in a benzene solution (0.6mL) at room-temperature for 20 minutes. The
solvent was then removed by vacuum and a red-brown solid was collected. Single brown
crystals are grown from saturated pentane solution with a drop of benzene, stored in the fridge
(-357C) for 2 days. Yield: 0.008 g, 0.0003 mmol, 20 %. Note that this crystalline material only

existed in the solid state, "H NMR and IR spectroscopy show both starting materials.

6.6 VT-NMR study of the vdW Interaction

General Procedures. In the glovebox, 0.5 mL ds-THF solution was added to single crystals of
(u2-N-(N2C6H13)[Co(SiMe3)(CNArMes2)3], (2) in an NMR tube. The reaction was then injected

into a pre-cooled NMR instrument for variable-temperature measurement.
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Figure 6.11. Stacked VT-NMR spectra of (u>-N-(N2CsHis)[Co(SiMe3)(CNArM®2)3]; (2) in ds-THF.
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Figure 6.12. Stacked VT-NMR spectra of (2) in ds-THF zoomed in at the aromatic proton region.
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Figure 6.13. Stacked VT-NMR spectra of (2) in ds-THF zoomed in at the mesityl proton region.
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Figure 6.14. Stacked VT-NMR spectra of (2) in ds-THF zoomed in at the alkyl proton region.
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Figure 6.15. Stacked VT-NMR spectra of (2) in ds-THF zoomed in at the trimethylsilyl proton region.

6.7 Crystallography Structure Determination

General. 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 and
a Bruker APEX detector. All structures were solved by direct methods with SIR 2004'° or
SHELXS? and refined by full-matrix least-squares procedures utilizing SHELXL within Olex
2 small-molecule solution, refinement, and analysis software package.?! Crystallographic data
collection and refinement information are listed in Table 6.4.

Information on crystallographic disorder. All disordered components were successfully

modeled and refined anisotropically unless otherwise stated.
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The solid-state structure of (u2-N-(N2Ce¢His)[Co(SiMe3)(CNArM®?);], (2)-:2C¢Hg contains
severely disordered solvent molecules of co-crystallization that could not be successfully
modeled. The PLATON routine SQUEEZE* was used to account for these disordered
components as a diffuse contribution to the overall scattering without specific atom positions.
(CsH13NH2)Co(SiMe3)(CNArMe?); (3)-2Et20 exhibits positional disorder of the hexylamine
group over two positions. Each hexylamine group is modeled at 51% and 49% occupancy for
part 1 and part 2 respectively and refined anisotropically. One ether solvent molecule is shown
on a crystallographic inversion center that has a two-site disorder. The PLATON routine
SQUEEZE* was used to account for these disordered components as a diffuse contribution to
the overall scattering without specific atom positions.

(CsH13NH2)[Co(SiMe3)(CNArMes2):], (4) - C¢Hg exhibits positional disorder of the hexylamine
group over two positions. The hexylamine group is set at part -1 due to locating on the

crystallographic inversion center. The molecule is then and refined anisotropically.

Figure 6.16. Molecular structure of (u-N-(N2CsHis)[Co(SiMe3)(CNAr™®2):], (2) with two benzene solvent
molecule and hydrogen atoms omitted.
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Figure 6.17. Molecular structure of (CsHi3NH2)Co(SiMes3)(CNAr™*?); (3) -2Et20 with two ether solvent
molecule and hydrogen atoms omitted.

Figure 6.18. Molecular structure of (CsHisNH2)[Co(SiMe3)(CNArM*2);], (4) with benzene solvent molecule
and hydrogen atoms omitted.
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Table 6.4. Crystallographic Data Collection and Refinement Information.

Name (u2-N- (CsH13NH2)Co(SiMes) (CsH13NH2)[Co
(N2CeHi8)[Co(SiMes)  (CNArMes?);(3) -2Et;O  (SiMes)(CNArMes2)3],
(CNArMe2)31, (2) (4) -CeHe
-2C¢Hs
Formula C198 H220 Co2 N8 Si2  C92H97 Co N4 O2 Si C90 H102.50 Co
N3.50 Si
Crystal System Triclinic Triclinic Triclinic
Space Group P-1 P-1 P-1
a, 14.095(3) 14.4325(8) 14.2279(11)
b, A 14.345(3) 14.5619(8) 15.0872(12)
c, A 21.832(4) 22.1242(12) 19.7544(16)
a, deg 92.280(6) 89.641(2) 102.130(2)
B, deg 94.892(5) 73.443(2) 109.917(2)
vy, deg 90.007(5) 66.184(2) 96.222(2)
V, A3 4394 9(15) 4045.9(4) 3822.4(5)

Z 1 1 2
Radiation (A, A) Mo-K,, 0.71073 Mo-K, 0.71073 Mo-K, 0.71073
p(caled.), g/cm? 1.090 1.130 1.147

u, mm-! 0.255 0.276 0.287
Temp, K 100 100 100
0 max, deg 25.456 25.349 25.350
data/parameters 16196 / 967 14810/ 977 13952 / 864
R; 0.1192 0.0637 0.1353
WwR; 03112 0.1680 0.2055
GOF 1.124 1.021 1.190

6.8 Computational Details

The geometry of the full (dimer) complex with the trapped hexane molecule was
obtained from crystallography. The monomer complex with methane was optimized with the
B3LYP functional®® using the cc-pVDZ basis set,?*?7 taking a single monomer complex and
placing the methane molecule within the cavity as the initial structure for the optimization, since

this structure did not crystallize. Energy decompositions were performed with the 2" generation
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ALMO-EDA method,?®?’ using the QB97M-V functional.’® The basis set used for the ALMO-
EDA calculations included the 6-311G basis set centered on all Si, N, C, and H atoms,>!*? and

the 6-31G basis set centered on each Co atom.?? All electronic structure calculations were

carried out with Q-Chem 5.1.34
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