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ABSTRACT

Transgtion metals are at the core of addressing global energy needs. Functioning as
catalysts, these systems havong demonstraéd competency to promote
thermodynarcaly challenging ractions lowering energeticbarries and facilitating
desired transfomations with applied light or potential Employing infrared visible,
ultraviolet and x-ray spectroscopychemists are affded insight ito the electronic
structuresof transition metalcomgdexes investigatingligand field stengtts and metat

ligand interactions Addition of time-resolved techniqueaffords resolutionof dynamic

processes in molecular species, suckl@sgrontransfer pathways

Chapter 1lreviews the electonic structue and reactivity of homoleptic tungster(0)
arylisocyanides W(CNAr)s to providethe foundatn for much ofthis work.

In Chapter2, application of W(CNAr)s speciesfor one and twephoton photoredox
catalysis are exploredThe two-phobn ab®rption crosssectiors of W(CNAr)s are

remarkablylarge (Us10 = 180EL900 GM) and enablethesephotocatalyst$o operateunder
excitation fromvisible or near infraredight. Photoredox aevity is evaluatedvia base

promoted homolytic aromatic substitution (BHASgaction of thermognamically
challenging substtas In Chapte 3, solventperturbatios enhanceisible lightactivated
BHAS catalysis from W(CNAr)s. Increased solvent dielectric (benzene tol,2-

difluorobenzene) andolvated elecblyte combine tancreaseW(CNAr)s quenchingates
upto one order of ragnitudewith greater cge-escape yields

In Chapter 4, the electronic structureof linear gold(l) arylisocyanide compies
(JAu(CNDipp-R)2]*"; CNDipp = 2,6-diisopropylphenylisocyanideare assigned usj
insights fromUV-visible spectroscopgndtime-depemlent density dndional theay (TD-
DFT) calculationsin Chapter5, the electronic structuid Fgll) and Cdll) quaterpyridine
photo/electrecatalysts forCO, reductionare evaluated usingJV-visible-NIR, *H NMR,
Mossbauerandinfrared specta Assignnent of the absrption transtions aresupported by
TD-DFT calculations.
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1 Spectrosc@y and Reactivity of Tungsten(0) Arylisoganides

1.1 Conspectus

Photoredox catalys utilizes light to drive selective and efficient electron transfer.
Inspired bynature photoredoxsystemshavefound utility in the efficient storgye of
solar energyin the form ofrenewable fueland chemical feedstockBenefiting
from a resurgence dhterest this field hasgrown tremendouslyover the past
decadas transition metadhotacatalystanediatean abundancef syntheticorganic
transfomations with high fidelity. Critical for the further advancement of this
research area is thgiscovery ofearthabundantphotocatalysts that careplace
and/or complement established noble metabased photosensitizers while

maintaining bachmark activityand selectivity.

In this review, we report on one sh promising class of molecules: homoleptic
tungsten(0) complexes supported by monodentate arylisocyanide ligands.
Originally reported by our groug0 years ago, we have recently estiglts
W(CNAr)s asa new family of hight modular photosensitizers witxceptional
photophysical and photochemical properties. Taking advantage of theiivietig
metatto-ligand charge transfer (MLCT) excited states that are remarkably strong
reductants wh E°(W*/*W9 =72 . 2 t o T 8% W(CNArshave new also
found utility as photoredox catalysts. Owing to vésyge one and twephoton
absorption cross sections, catalysis can be driven by both visible aridfreead
excitation. In this review, we discuss tkey design principke that led to the
development othree generations of tungsten(0) photoreductants. Moreover, the

mechanisms of W(CNAgmediated photoredaseactions as well as potential two

photon imaging and 3D printing applications of these veighbtuminophores are
highlighted.



1.2.Introduction

A major goal of 2% century science is solar energy conversibabundant small
moleculesto renewable fuel and chemical feedstock$To make progress in this
areg chemists have exploited the excitedstate properties of transon metal
complexesto mediatedemandingchemicaltransformationgo obtainenergyrich
small moleculesTheseadvancesave foundparallel utility in organic synthesis,
where there igremendousdnterestin catalyzingthermodynamicallychallenging
reactons with visible ligh3# To date Ru and Ir polypyrigll photoreactionsiave
dominated the field, as tltwmplexes of these metdiavelong-lived, redoxactive
electronicexcited state3 However, @spite theséavorable propertieghesenoble
metal photosensitizertiave limited industrialtility due to theircostand adverse

environmental impact

There iswidespreadongang work aimed at identifying earthabundant transition
metal photosensitizersthat exhibit excitedstate redox properties that are
comparable to or better thatheir precious metal counterpartloteworthy
development®ver the past etade include effortey Wengey' > Warnmark!s 2
Herbert?? Milsmann?324 Schelter?® Berkefeld?® ZysmanColman?’ and Meyer®
As many ofthese systems have been the sulgitacentreviews,?® 23 theywill not

bediscussedurther here

In the 1970spne of us (HB.G.) beganresearch orthe electronic structureand
reaction chemistryof homoleptic Group 6 (Cr, Mo, W) hexakis(arylisocyanide)
complexeghat featurdow-lying metatto-ligand charge transfer (MLCTé@xcited
states.In this family, W(CNAry compoundsKigure 1.1) displayed exceptionally
promising photophyesal and photochemicalroperties; yet, despite their potential,

these systems remained relatively unexplored for decades.

In this review, we detail the evolution of tungsten(0) arylisocyanide photoactive

compl exes, with a f ochelastl0 yearotodieecatekey up 6 s

wor |
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design principles for readily tuning photophysical properties and improving outer
sphere electron transfer. After years of being recognized among the most powerful
molecular photoreductants that can be generated witHevigibt, we also disgss

how we established W(CNAyras dual visibleand NIRIlight photoredox catalysts.
Finally, we conclude with a perspective on how this newly established class of
modular, eartrabundant photosensitizers may find use in applicatitors

bioimaging and adtive manufacturing.

Monoarylisocyanides Oligioarylisocyanides
CNPh CNXy CNDipp CNDippAr A " T T T =T .
NC NC NC NC : “"'@
W(CNAr)g : Ph PhPh 1
'
Ar OMe OMe '
' '
! RviRee
Arl I _Ar Ar : OMe OMe
NS c é N 1 PhOMe2 PhOMe3 '
e, | 7 S S J
"W Fused Ring and Alkenyl-Bridged Arylisocyanides

/l\c

~C N A-(2-Pr)- inpCC '
/Né c QN\ CN-1-(2-'Pr)-Naph CNDipp*“*“Ar : Ar: M@ oMe
Ar ”| Ar NC NC ' < >
T 99¢ o
. O o

=a i

1-Naph 9-Phen

It

Ar
Figure 1.1. Scope ohomoleptic tungsten(0) arylisocyanid§ CNAr)s complexes.
1.3. Fundamentals

Molecular photocatalysts can access a number of-dnghgy excited state
configuations upon photon absorption (e.g. MLCT, ligaoemetal charge transfer
(LMCT), spinlip, etc). Becauséhe W(CNAr)s complexes that are the focus of this
chaptempossess MCT excited states, we focus on the fundamentals of this type of
excited state hre. As exploredin the following sections, W(CNA#g coordination
compounds feature very strong absorptions in the visible range with molar
extinction coefficients on the ordef ~1¢ M'! cm'? that correspond to spimnd
symmetryallowed singlet MLCT YMLCT) transitions. Facilitated by spurbit

coupling, this initially populateéMLCT state rapidly funnels down via intersystem



crossing to a lower energy, lotiged triplet MLCT (MLCT) state whichsupports

photoluminescence and photochemical reactidiggcribedthroughout thishapter

TMLCT
A _—— kisc

0 %%§3MLCT

kN
hv | Kk, k,

1Gs

Energy

Figure 1.2. QualitativeJablonski diagrarfor W(CNDipp)s.

Decay of theMLCT state ofelectronically excited *W(CNA#) (*denotes the
lowest energy excited state) can octtupugha numier of interrelated competing
pathways, the most prominent of which are depicted in the Jablonski diagram in
Figure 1.2. In the absence of an exogenous gbencemission of light from
radiative decay (rate constagt of *\W(CNAr)e back to its ground sta(éGS) takes
place with excitedstate lifetimes § of up to 14 ps and photoluminescence
guant um p)y iofeup tb.4 (h @Wegassed room temperaturetisn. The
remaining population of *W(CNAr} can decay unproductively by nonradiative
relaxation (rate constamt) that dissipates the initial emggr gained upon visible

light excitation via thermal avenues. Becaksalepends strongly on factors such

as temperature and solvent polarity, nonradiative relaxation most strongly governs
the exciteestate dynamics of *W(CNAg)

In addition to radiativerad nonradiative decay processes, *W(CNAgn undergo
deactivation via bimolecular reactivity with a quencher subsfrate constanik).
For example, *W(CNA can facilitate excitation energy transfer to substrates such

as anthracene, which may fingeuin the upconversion applicaticidlternatively,
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resulting fromformal transfer of charge from the tungsten metal center onto the
arylisocyanide ligands in th#MLCT state, *W(CNAr} are both stronger oxidants
and reductantwhencompared to their ground states. Comeloi withUon the order

of hundreds of nanoseconds to several microseconds, *W(gldder)primed for

intermolecular singlelectron transfer chemistry.

In order to drive electron transfer, tineaction product [W(SAr)e]*" must be
thermodynamically favorable relative to the excited state species *W(&NArga
first approximation, the excited state redox potential¥ W?° or *W%W'") can be
calculated from the ground state redox couple&vér W) and thezeropoirt
energy Eoo) according to the Latimer diagram showrSchemel.l and the Rhm-
Weller equations (1) and (2). The standard reduction poterE{a/*") or
E°(W]) can be determined by cyclic voltammetry, wHiley can be estimated

from theonset of emission in 77 K steadyate emission spectra.

E°(W**W) = E°(WEO) i Eqgo (D)
E°(*W/W') = E°(WIO]) + Eqo 2)
Schemel.l
E°(W*/*W) [W(c':'Ar)G] E°(*W/W")
Eqyo |i DV

00 '
[W(CNAr)g]* == W(CNAr)s =——= [W(CNAr)g]~
EO(w[+/O]) EO(W[O/—])

Performing this analysis for W(CNAtrjeveals that they possess rich excatate
redwctive chemistry. Combining their reductive power in the ground state of with
the energy gained upon electronic excitation, we findttiragsten arylisocyanides

are powerful photoreductantsat acces®xcitedstate reduction potentials up



E°(W*W©% = 13.0 V vs F€™. Thus they are among the most powerful

photoreductantthat can be generated by visible light excitation.

As illustrated in thisreview, all of the above photophysical and photochemical
properties of tungsten(0) arylisocyanides carnrdadily tuned by judicious design

of highly modular arylisocyanide ligands.
1.4. First Generation: Monoarylisocyanides

Investigation of the ground and exciteestate properties of Group 6
hexakis(arylisocyanide) complexes revealed remarkable photophysitd
photochemical properties of W(CNArpystems, including luminescent, hig
reducing®™MLCT excited states. The use of sterically encumbering isopropyl groups
at the 2,6positions of the diisopropylphenylisocyanide framework was identified as
a key eksign element for complex photostability.

Preliminary Electronic Structure and Reactivity Investigations

Our inaugural 1976 examination of figeneration W(CNAg complexes
manifested as part of a systematic study aimed at evaluating the electromicestruc
of Group 6 hexakis(arylisocyanides). While M(CN&@W = Cr, Mo, W; Ar = Ph,
Dipp) complexesare sterically encumbered analogues/¢€O)s compounds, and
thus possess a qualitatively similar electronic structure, the gredeerating and
“-accepting ability of arylisocyanides endows the former with several ber@fie
notable advantage is that M(CNAgomplexes have lower energy ligabdsed *
orbitals relative to their carbonyl congeners, leading to MLCT transitionsatba
redshifted by ~1.6 eV. This places the lowest energy MLCT absorption in the
visibler egi on and affords i nhen65@001tp385H00g ment ed
Mt cm'Y) ripe for photochemistry experimerifs.

Because of the significdgptgreater ligand field splitting imparted by arylisocyanide

ligands, M(CNAr} complexes also possess higher energy Avetsgéd d* orbitals,

(



and consequently, morphotostable MLCT excited states. This difference is
reflected in the liganghhotosubstitution mechanisms operative for M(E@rsus
M(CNArns (M = Mo, W) coordination cmpounds; whereas M(C®}ypically
undergo a dissociative substitution process whertgmjrenic excitation promotes
dissociation of a carbonyl ligand to generai@ empty coordination site,
photosubstitution of M(CNAg)is more consistent with a bimoleaulexcited state
pathway. For example, irradiation of Mo(CNAgnd W(CNAr} in neat pyidine

(Py) solution affords M(CNAEg[Py) species witltorrespondig photosubstitution
quant um vy pgeof OS5 arfd®.011 for Ar = Ph that decrease substantially to
0.022 and 0.0003 when Ar = Dipp (equation 3). With incorporation of isopropyl
groups,the increased steric hinderance protects the positively charged metal center
in the 3MLCT excited state from quenching via direct nucleophilic attack.
Il nt er e 4=i023fbr Cr(CNArR (Ar = Ph, Dipp) suggest these complexes
follow the dissociative uhstitution trend, as might be expected on the basis of the

weaker ligand field associatedth first row transition metals.

hv (436 nm)

W(CNAr), ———» W(CNAr)sPy + CNAr 3)
Py

hv (436 nm)
W(CNPh); ——— [W(CNPh)4(CD)]"
CHCl, “)

hv (436 nm)
W(CNDipp)s ——— [W(CNDipp),]* (5)
CHClL4

Irradiationstudies in degassed chloroform solution further demonstrated the ability
of sterically enambeing CNDipp ligands to shield the tungsten center from
nucleophilic attack. In this instance, irradiation of W(CNRids found to lead to

the formaton of the ne two-electron oxidized, severpordinate product



[W(CNPhX(CI)]*, which features irreveitde structural changes undesired in
photosensitizer and photoredox applicati@tgation 4)In turn, similar irradiation
of W(CNDipp) only yielded theoneelectro oxidation product [W(CNDipp)*
(equation 5) Thus, these results illustrate that stesmaumbrance of the metal
center through incorporation oftho sterics on the arylisocyanide ligand is a vital
design element to preserve in subsequent W(CN@epheations, with an aim

towards targeted outsphere reactivity.
Tungsten(0) Arylisocyanides Powerful Photoreductants

Despite the great, early promise exhibited by W(CNAaomplexes, this family of
photosensitizers remained relatively unexplored for sévdecades. With a
resurgence of interest inedeloping earttabundant photosensitizersnda the
emergence of photoredox catalysis as a crucial branch of organic synthesis, we
revisited W(CNAry complexes, studying their photophysical and photochemical

properties in greater detail.

For this investigabn, comparative studies of W(CNDipmnd WCNXy)s (Xy =

xylyl; 2,6-dimethylphenyl) further highlighted the importance of utilizing sterically
encumbering arylisocyanides. Whereas the isopropyl groups of @N&ipr a ce
planar orientation ofrans arylisocyanide” -systems, the smallesrtho methy
substituents of W(CNXyy allow trans CNXy ligands to adopt nearly orthogonal
configurations. As a result of the greater conjugation across the octahedral
molecular axes in the former, the lowest energy MLabBorption mamum of
W(CNDippso c cUras=4656 am ( U *M?!ondlwhereasltttat of
W(CNXy)si S ceniner 88 1lanmalfNitced)¥. 3 x 10

The emssion spectra of W(CNDippand WCNXy)sa r e i d enm 58D ong, | (&
indicating that ligand orientation does not influede.CT excitedstate energies.

Ho we v ®LCT) idfgur-fold longer in W(CNDipp) (73 ns) than in W(CNXy)

(17 ns)when dissolvedn degassed THIt room tenperature This demonsates



9

that steric encumbrance about the metal center by CNDipp ligands better inhibit
SMLCT deactivation from metadolvent interactions, consistent with previous
irradiation studies in pyridinevide supa). Presenting a high molar absorjiy
long-lived 3MLCT emission lifetime, and robust photostability, W(CNDippps
therefore a prime candidate for visible ligitdtivated single electron transfer

chemistry.

Table 11. Ground and Excite®tate Reduction dientials of W(CNAr)s
Complexed

W(CNAI) 6 E(WE/0hb Eoo® E(WH*W 0)b
W(CNDipp)s i0.72 2.28 13.00
W(CNDippPh} i0.68' 2.12 12.80
W(CNDippPI?Med)q i0.65 2.15 12.80
W(CNDippPI?Me?)q i0.65 2.14 i2.79
W(CNDippPHMs i0.67 2.08 12.75
W(CN-1-(2-'Pr)}-Naph)s i0.47 2.02 12.49
W(CNDipp~PhoMe)q i0.4Z 2.01 12.43
W(CNDipp““Ph)s i0.39 1.99 12.38
W(CNDipp©C©-1-Naph}) i0.37 1.94 i2.31
W(CNDipp©©-9-Pheny i0.36° 1.93 12.29
W(CNDipp““PH™MN)s i0.3¢° 1.89 i2.19

aTable reproduced from from Refi2. PV vs Fé’0. °n eV. 9Measurements
performed in HCl2 with 0.5 M ['BwN][PFs] supporting electrolyte.
*Measurements performed in THF with 0.1 MyuN][PFe] supporting electrolyte.

From electrochemical and emission measurements, the estéds reduction

potertial of W(CNDipp) was estimatedot be E°(W*/*W°% 8.0 Vi vs R,

making it one of the most powerful photoreductdinés can be generated by visible

' ight excitation. | nt er esgati0.3ey fonelectrche spi t e a
transfer (ET) from *W(CNDipp) to anthracendanth; E°(anti%Y'l) = 12.47 vs

Fc*0Tin glymd, transient absorption measurements instead redehé formation

of the triplet excited state of anthracefanth) via diffusiorcontrolled excitation
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energy transfer (EET), a process that is also thermodynamically faww | era ( G
10.5 eV). Hypothesizing that the predominance of EET over ET wasl fresn
diffusional limitations of cage escape events, addition of 0.1 M4NB[PFe]
electrolyte was used to bias the ET pathway. In doing so, diffesiotmolled kq =

1.0 x 16° M s1) stoichiometric photoreduction of anthracene, benzophenone, and
cobaltocenium was achieved. The determination that exsited charge separation

can be tuned by addition of a solvated electrolyte is also an important factor that
enablel W(CNAr)s--mediated photoredox catalysisde infra).

1.5. Second Generation: Tungsten Oligioarylisocyanides

Having established from structural variation of monoarylisocyanides the
importance of sterically shieldingrtho isopropyl groups on the photosility and

ground and exciteestate properties of W(CNDipg)we then performed electronic
modifications of the CNDipp ligand framework. Appending aryl grqugns to the

isocyanide functionality gave rise to a second generation of tungsten(0)
oligoarylisocyanides WCNDIippAr)s possessing greatly enhanced photojays

and phot ochemical A pfoup @or @.4 &nd micrasetand udi ng
USMLCT), all whilst maintaining highly reducing excited states VEf§W*/*W°)

< 712.790Vv vs Fc

Enhanced Photophysical and Photochemical Properties

To introduce a diversenge of substituents at thepdsition of the CNDipp ligand
framework, we developed a highly modular synthetic route for the preparation of
2,6-diisopropylarylisocyanide derivatives. The syntheses of these ligands proceed
via a comma N-formyl-4-halo-2,6-diisopropylaniline intermediate. Using this
methodology, we prepared the oligoarylisocyanides CNDippPh and CNDippPh
bearing radially extended biphenyl or terphenyl aromatic systems, respectively
(Figure 1.1).3” Oligoarylisocyanides CNDippPHN®? and CNDippPAve® were
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decorated with methoxy substituents to artpa greater solubiyi in organic

solvents.

Maintaining the photostable W(CNDipgrimary coordination sphere enabled us
to delineate the effect of CNAr electronic modification on the properties of ensuing
W/(CNDippAr)s complexes. As for W(CNDipp) the trans CNDipp " -systemsof
W(CNDippAr)s are nearly coplanar. In accordance with their exteratethatic
systems the latter display both reghifted and more intense absorption profiles,
with the most highly conjugated system W(CNDipPRhdisplaying the largest
bathochromic dft of the lowest energy MLCT absorption maximum. An
augmentation ofhaxfor W(CNDippAr) complexedy 30 60% reflectsan increase

in orbital overlap between the grourathd exciteestate wavefunctions.

In a similar fashion, within the same solvent themission maxima of
W(CNDippAr)s complexes areredshifted by 10001500 cm'! relative to
W(CNDipp). Consistent with emission from 3MLCT excited state, their
luminescence profiles are highly solvent dependent, with the greatest stabilization
and distortions occurring in more polar solvents. This solsependent emission

shift correlates with the number of ligand aryl groups, withdegree ofmax red
shifting from toluene to THF solvent increasing in the ortd(CNDipp) <
W(CNDipp™s < W(CNDippPiMs (60 cmi® < 230 cm® < 650 cmi). The larger

shifts in highly conjugate®V(CNDippAr)s species reflect increased excisdte

dipolesthat are btter stabilized in polar media.
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Table 1.2. Excited State Decayarameterfor W(CNAr)s Complexe$

Touene THF

W(CNAr) 6 G tp k®  kn® B tp K Kn®
W(CNDipp)s | 0.12 0.03 21'?65" 81'%6X 0.08 001 11-‘35" 11-967X
W(CNDippPhy | 1.73 041 52 541 132 021 LY O
W(CNDippP") | 1.83 041 %5 2% 156 025 L2 O
W(CNDippPIP"®s | 1.65 042 %5 32| 120 021 L% 00
W(CNDippPs | 153 044 5% 31 035 007 L% %L
W(Cm;ﬁ'ipr} 383 025 %% 45| 215 o011 %3 AL
W(CNDippEPHMe) | 1.82 0.78 41'?)5" 11'(2)5" 1.45 0.55 31'%;‘ 31-%)5"
W(CNDipg*Phy | 1.75 0.37 55 55| 080 016 53 Lo
W(Cmgri)ﬂ;cc'l' 145 030 5%° 43| 022 005 5L 43
W(C';Eéﬁ’gcc'g' 124 026 55 %% 015 003 %5 L
W(CNDipp°°PHN)s | 0.36 0.23 6i:c’u)5x Ziéﬁx 0.008 0.01 7].-%; 1i?68x

Table reproduced from Ref2. °In ps. ¢ In s?.

In addition to their more favorable optical properties, W(CNDippAxxhibit
photoluminescence quantum yields and exedtade lifetimes one order of

magnitude larger thad/(CNDipp) (Table 1.2). For ingance, in degassed room

temperature toluene solution W(CNDippéspecies havép,d 0. 4 and U & 1.'!
1.8 Os, campared8 aonduaoU = O0sDet@rmi@sondfor W( CNDI
the radiative ) and nonradiativekf;) decay rate constants reveals tvaile the

former values are similar for W(CNAy knr of oligoarylisocyanide conipxes were

roughly one order of magnitude smaller than YW(CNDipp), indicating that

longer lifetimes and brighter luminescence arises from slower nonradiative decay.



13

In ageement with the greater distortiodLCT stabilization observed in steady

state luminescence spectra, *W(CNDippArgxcitedstate lifetimes diminish in

more polar THF. Such solvents effects are most pronounced for MelDhle
W(CNDippPI?Me23g with ofdpr= 0. 01/ 0. 02 and U = 94/210
While k; remain relatively costant in each solverk, vary by up to two orders of

magnitude. Thus, nonradiative decay processes govern the estatiedlynamics

of *W(CNAr)e. In line with this, *\W(CNA)e are significantly longer lived at 77 K

in toluene and -MeTHF glasses, exhibiting average luminescent lifetimes 6f 5.1

6.1 ps and 81210.9 s, respectively.

Building on these promising properties, the exegtte reduction potentials of
W(CNDippAr)s conplexes were evaluated. While W(CNAr)groundstate
potentialsE° (W) remain largely unperturbed by aryl substitution, varying from
i0.72 (Ar = Dipp) tai 0.65 V (Ar = CNDippPPMe23), the zerepoint energiesHoo)

of oligoarylisocyanide complexeseaedshiftedby ~0.1i 0.2 eV. These effects are
consistent with extension of the arylsystems in W(CNDippAg) having the
greatest effect on thiLCT energies via lowering the energy of the ligdrased
“* LUMO (over W-based HOMO), as also reflected e tredshifted absorption
and emission profilesvide supry. Gratifyingly, W(CNDippAr} display all the
aforementioned benefits while retaining highly reducing exstates with
EEWPrWO < T 2. 0% VvV vs Fc

Single electron transfer to benzophenoBB)([E°(BP Y1) =12.30 V vsFd*?]

and acetophenone (APEYAP [T]l) =250 V] substrates were accessibligh
W(CNAr)s (Ar = Dipp, DippPM®?) in THF solvent. In both cases, oxidative
qgquenching of *W(CNDipp was faster than for functionalized
*W(CNDippPtVe?s. However, the slower reactivity of oligoarylisocyanide
systems may serve advantageous for targeted photoredox applications; while
bimolecular quenchingf *W(CNDippPP®9s (kg = 2.1 x 16 M'? cm'}) is
attenuated by two orders of magnitueéative to*W(CNDipp)s (kg ~ = 2.2 x 16

I
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M'tcm'1), ~7 times higher concentration of AP substrate is required to quench 50%
of the former. Nevertheless, the ability of *W(CNAR) reduce alkyhryl ketones,

a substrate outside the potential range oftedrically-excited *[Ru(bpy}]?* and
*[fac-Ir(ppy)s], highlights the advantages of our tungsten arylisocyanide

photoreductants.
Two-Photon Absorption

In addition to the enhancement of the photophysical and photochemical properties
detailed above, the usef oligoarylisocyanides endowed W(CNDippAr)
complexes with exceptional twghoton absorption (TPA) properties. That is, as an
alternative to the use of oqdoton of visible light to reach the lofiged, strongly
luminescent, and highly reducidBILCT excited state*W(CNAr)e can instead be
generated by simultaneous absorption (which differs from a consecutiveyistep
absorption mechanism) of two photons of roughly half the energy. This effectively
shifts the excitation wavelength for W(CNAmto thenearinfrared (NIR) spectral
region, whose lower energy and greater depth penetration, combined with the
temporal and spatial resolution afforded by TPA, are highly advantageous for
applications such twphoton biological imaging, photodynamicetapy, ad

photoredox catalysis.

To quantify the proclivity of W(CNA#g to undergo twephoton excitation, we

measured the twp h ot on absorption (TPA) €ross sec
complexes via the twphoton Iluminescence (or twahoton excitation

fluorexence) method, using fluorescein as a reference dye. Whereas in degasse

room temperature-ReTHF solution W(CNDippy) does not display twphoton

induced emission after fmilsed 812 nm excitation (from a Nd:YAG laser),

luminescence is observed followings-dulsed 810 nm excitation (from a

Ti:sapphire laser) of a similarly dassed toluene solution. This is likely due to the

faster nonradiative decay and lower photoluminescence quantum vyield of
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W(CNDipp) in more polar 2Me T H Fp. £ @01, kyr = 1.3 x 16 s in THF)

ver sus tpo=l 002 kne= 8.0 & 16 1), rather than differences in the

excitation sourcé® Importantly, *W(CNDipp} (and *W(CNDippAr)) emission

spectra obtained following onghoton and twgphoton excitation are virtually

identical, confirming the same lotiged 3MLCT photoreductant is generated in

both cases. A TshA 2B0s6&6MseGMi enGoépperti Ma)
=10°cm* s phobn' * moleculét) was thus determined for W(CNDip)

Analogous measurements on tungsten(0) oligoarylisocyanides reveal that
W(CNDippArs (Ar = Ph, PRMe2 piPMes pihy  n o g188e s 000 2000 GM

that are comparable in-MeTHF/toluene solution and iegendent of the laser

excitation sourcéTable 2.4.%8 These cross sections dagger than that of parent

W(CNDipp)s, as well as orders of magnitude greater than those of [Ru[®py)

(di2 = 7 GM)® and facIr(ppy)s ( ddo = 20 GMY° at similar wavelengths.

Interestingly, determination of 800000 nm extended TPA spectra of

W(CNDippAr)s (Ar = Ph, PRM2 PHN reveal a blueshift relative to the
correspondingorp hot on absorption sppremtmagma suggest.i

and TPA coss sections are likely to be significantly larger at shorter wavelengths.

The exceptional TPA cross sections of tungsten(®oalylisocyanides, which

rival those of the best organic and inorganic chromophores, can be attributed to a
number of importanTPA design elements. Of key importance are the strong one
photon absorption cross seMtitcmdnemrtheext i nct i
TPA band, centrosymmetric geometries, and extendednjugation of these
complexes enabled in large part bg tse of arylisocyanide ligands. As described
above, the bulky isopropyl groups of CNDippAr favor an approximately coplanar
orientation oftrans CNDipp aromatic systems in both solution and the solid state,
resulting in maximized conjugation across the¢hoctahedral molecular axes. The
ensuing centrosymmetric geometry also promotes -foidedegeneracy of the
MLCT excitedstates. Finally, the degree of conjugation can be readily tuned by
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installation of extended-systems moietiepara to the isocyanideln particular,

addition of one phenyl ring (or alkyrgryl unit in third generation W(CNAg,)vide

infra) to W(CNDippysi gni fi cantly enhances U. Given t
conjugation across W(CNAy)shft both the one and twephoton absorpbin

spectra, singp o i nt me a s dghodenotaliow ®r aalitect Gomparison of

Umax in the series. Therefore, future work is aimed at collecting extended TPA

spectra of all three generations of W(CNAcpmpkxes to better understand the

interplay d t he above factors on the correspond
design principles for this family of photosensistizers. Moreover, these results

establish *W(CNArg among the most powerful photoreductants that ban

generated by both visibland NIR exdtation, making them an attractive dual

platform for photoredox applicatioffgide infra).

Geometric Influence onExcited StateDynamics

Geometric insights to W(CNAg)(Ar = Ph, Xy, Dipp,and DippPHMe? excited
staesareelucidatedrom computationainvestigationand timeresolved vibrational
spectroscopy.Optimized geometriesvere calculated using density functional
theory andtime dependentT(D-DFT) calculations incorporating bottrelativistic
effects and sphorbit couplingto model theexcited stateabsorption spectra’he
evaluatedoptimized geometryof W(CNAr)s speciesvere found to reproducine

bonding parametexsf crystallographictructures'

Three high-intensity MLCT transitions were calculatedin the UV-visible
absorption spectrunof W(CNAr)s, matching experimental observationTrans
ligard aryl groups were rotated the optimized structur® lend insight into the
geometric dependence of feeeéctronic transitionsFrom these TEDFT analyses,
the middle transition(380-420 nn) is assigned toorthogondly oriented trans
ligands wherasthe higherenergy 800-320 nn) andlower energy 450550 nm)
featurescorrespond tdransitions originating frontoplanartrans ligands. These



calculations lend insight that experimental absorption spectnaepresent a
superposition of these conformers in solution, stabileeditherthe coplaar or

orthogonal orientation throudigandsteric effects

Time-resolvel infrared spectroscopy(TRIR) affords characterization of the
*W(CNAr)e excited stateas shifts in the ligandv(C=N) stretch Nanosecond
timescalemeasuremestobservetwo excited state absorption featuresa(1880
and 2020 cm) and a significant grouhstate bleacfeature(c.a.1950 cm'), which
results from splitting in the octahedrall1, stretching modeThe TRIR decay
lifetimes (60 ns) align well with the excited stateemission lifetimes (75 ns)
indicaing thata single structural conformer is geatedin the excited mtewhose
torsionalexchange outpaces the excited state dedagsevibrational peakshifts
are a&signed taharge transfeirom tungsten tarylisocyanide liganth the MLCT

excited state
1.6. Third Generation: FusedRing and Alkenyl-Bridged Arylisocyanides

After evaluating the synthetic modularity W/(CNAr)s species, w extenctd the
conjugated’ -systemof arylisocyanide ligandsith enforcedstructural rigidityto
target tailoredMLCT excited state lifetimeand E(W*/*W°) phobredoxpotentials
The influence of theseextended aromatic systerna excited state reactivitgnd

catalysisareassessed
Extending " -SystemConjugation

Our combinedinsighs from experiment and calculatioiiustrate that SMLCT
energiegely onligand " -systemaromaticity To extendthesesyntheticinsights we
introduced intraligand structural rigidity via alkenytbridged functionalitiesto
reenforce "* orbital delocalizationand incorporatenaphthyl substituents to

investigateorthogonal functionalizeon. The alkenytbridged arylioscyanideare
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notatechereinasW(CNDipp©CAr)s and the naphthydubstituted species s$(CN-
1-(2-'Pr)}-Naph} (Figure 1.1).42

Matching previous insights inoligioarylisocyanids, the aryl disopropyl
functionalizationorients trans ligandsto be coplanarabout the metal centdo
optimize aromaticity and®MLCT absorption intensitiesThis etended ligand
conjugation further red-shifts the absorption maximamax from W(CNDipp)s
(21500 cm') > W(CNDippAr) (20100 cm) > W(CNDipg=“Ar)s (18900 cmt) in
toluene The addition of naphthyl substituentsnables orthogonal ligand
conjugation, withen absorption maximum of YCN-1-(2-'Pr)}-Naph) at 19600 crmt

in toluere.

Matching theseabsorption shifts, the emission spectra originating fAMhCT
statesred-shift with extended ligand aromaticity. The emission maxana shift
from W(CNDipps (17300 cm) > W(CNDippArs (16100 cm?) >
W(CNDipp©©Ar)s (15300 crt) in toluene.This enission shift isincreasesn polar
THF solventfor extended ligand systes with anadditionalred-shift of 375 cmtin
W(CNDippAr)s and aredshift of 570 cm' in W(CNDipp©©Ar)s. These insights
reveal thatthe conjugated system®bserve enhamed excited state dipole

stabilization in polar solvemnvironments

Emission lifetimesfrom 3MLCT are comparablebetween W(CNDippAr)s and
W(CNDipp“©Ar)s, ranging 0.B1.7 es in toluene These emissionlifetimes are
outlived by the orthogonaW(CN-1-(2-'Pr)-Naph} species which representshe
longestexcitedstate lifetime forour library of W(CNAr)s speciesat 3.83¢s. These
excited state emission lifetimesely heavily on solvent polarity,indicating a
reliance of excited state distortionsn solvent environmentThe excited state
lifetimes shorten15-77% for W(CNDippAr} species and shorten -28% for
W(CNDipp“©Ar)s when the solvent is exchanged for polar THIRe excitedstate

decay lifetimesare governed by nonradiative decegtes k) which increasein
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polar solvents(10-60% increasefrom toluene to THF: The photoluminescence
quantum yields foW(CNDippt©Ar)s depend on thé -accepting ability of the
secondary aryl group, observing a decrdaseAr = 1-Naph, 9Phen, and PR
substituents {(p. = 0.23-0.30) and accessing much larger valt@sAr = PrPMe
substituent r. = 0.78). These valuegary more significantlythan those for
W(CNDippAr)s (b pL = 0.41-0.44)

With theseproposedexcited state shiftsthe excited state reduction potergialf
W(CNDipp“CAr)s were evaluated to compare withuropreedent work. The
electrochenically reversibleWr ! couples are less negativethe alkenybridged
ligands rangingE® = 10.47t0 10.30V vs Fé"® in W(CNDipp*©Ar)s. This feature
shifts cathodicallywith a decreasen electroawithdrawing characteof the distal
aromatic systeml'he Eoo energiespan a small range @f93 to 2.0%eV. Resulting
from these constituent properties, the excited stateduoetion potentials for
W(CNDipp“CAr)s species spaB(W*/*W?% =12.19t012.43V vs F¢"%. Alongside
these spees, W(CN-1-(2-'Pr)}-Naph} was evaluated t&W*/*W° =72.49 V vs
Fd*, corresponding to thanodi@lly shifted E°(W) =047 V vs Fé". The
modulartunability of thesesystemshighlights their utility for directed applications

in organic synthesis.
Photoredox Catalysisfor Synthetic Chemidry

After three generationsf insight tuning the excited state properties of W(CNAr)
complexes we explored application of these species for targeted applications in
synthetic organic chemistry. W(CNArYAr = Dipp, DippP¥Me3 DippPIPMe?,
DippPH", Dipp*“PHMe) were irradiated with 1-(2-iodobenzylpyrrole (IBP)
andor 1-(2-bromobenzyBpyrrole (BBP) in ds-benzeneto generatehe cyclized
5H-pyrrolo[2,1-alisoindol product via basepromoted homolytic aromatic
substitution(BHAS) catalysisin presence okxcess 2,2,6;6etramethylpyidine.

Thesesubstrates were selectedgeneralizablehallenging substrates for synthetic
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organic transformationsyith IBP [E® (PhI%1) =§2.64 V vs FE™] and BBP[E°
(Ph-Brlo1) =2.84 V vs FE'], Turnover numbers up tb7 for Ar = DippPHMe?)
illustrate that these species ammpetentatalyticphotoredox agentamenable to
activation withvisible light (445 nm)rradiation(Table 2.2). The quenching rates
(kg) of *W(CNAr)e by IBP/BBPwere interrogatedusing SterrVVolmer quenching

kinetics to evaluate diffusiodimited reactivity(Table 2.3).3°

We proposed that cage escéipeted ou overallphotoredox activityFigure 3.1).
Adapting insights from ouprior work mediating EET versus Ef the reaction
solvent (d-benzeng was &changed for P-difluorobenzne (DFB) and solvated
electrolyte["BusN][PFe] was added to enhance charge separatidw/(CNDipp)s.
This work demonstrated that the overall reactiopeld was enhanced inDFB
solvent conditions, increasingrdm 11 TON to 17 TON after-fr irradiation
(Table 3.3). Luminescence was rapidly querchin ou reaction conditions that
employeda sdvatedelectrolyte whichterminatedour gimary reaction mechanism
(<5 min). SterrVolmer amalyses were used to assigre quenching rate of this
reaction evaluatinga five-fold increasavhen theds-berzene solvet (kg = 6.2x 10’
M? s1) is exchangedfor DFB (k; = 3.1 x 1¢® M? s?), and an additiona
enhancement refleay an order-of-magniude enhancementith the addition 6
0.2 M ["BwN][PFe] (kg = 6.4 x 10° M s1). Theseinsightsillustrate that rate
limiting charge separatiortan be improved with increasingly polar solvent

conditions
Two-Photon Absorption and Reactivity

Motivated bythesemodularphotophysical propertiesve evaluate the TPA cross
sectiors of W(CNDipp““Ar)s complexesat 810 nm(Table 2.4). The TPA valuesf
W(CNDIipp©CAr)s speciesareexceptionally higtover therange 8061000 nm, with
TPA crosssections(lisig measuredetween480 1100 GM.*® The luminescence

spectra of all W(CNAr)s complexes weradentical upn onephoton and twe
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photon (810 nm) irradiation itoluene indicatingrelaxation from the san@ILCT

statewhich could beadaptedo drive excited state reactivity.

Informed by these TPA absorption measurements we evaluated whether
W/(CNAr)s complexescould mediatetwo-photon photoredox catalysigpon NIR
irradiation We preparedthe BHAS reaction conditions with IBP substrate
optimized for onghoton reactivityand studiedW(CNAr)s, Ar = Dipp and
DippPPMe3 under 810 nm irradiatior{Table 2.5). After 12h of irradiation
W(CNDipp) afforded 56% conversion (TON = 5) and W(CNDippBH)s
afforded 33% onversion (TON = 3)indicating photccatalysisupon 810 nm fs
pulsel irradiation3® This demonstratesuccessful utility of NIRrradiation todrive

excited state reduction ohallengingsubstrates.
Catalyst Deactivation

Despite the impressive reducing power thése catalysts, thmodest catalyst
turnover values remain one focal area for improventemtancing catalyst stability
relies on identifying anéhhibiting thesepossilbe deactivation pathwaysve have
identified that he primary deactivation product for these complexes in benzene
solvent is a WACNAr)s oxidative addition produciaccessedia adversemetat
centered substitutiofl Our subsequent wfies in 1,2difluorobenzene solvent
indicating modestactivity of this previous deactivation producat polar solvent
conditions®

1.7.  Summary and Outlook

In summation we reflect upon theesearch advancements from our group that
afford earthabundant photosensitizers with photocatalytic properties that
outperform commercialnoblemetal photosensitizerfiagnostic elements about
thesecomplexes thaenabletheir high competency as photosensitizars long-

lived SMLCT excited statdifetimes, robust photostabilitgnd exceptionally high



22

molar extinction coefficients. Through synthetic modulation, we demonstrated ease
of accessing a aically encumbered metal center to shield from solvent
deactivation ligand functionalization taed-shift the lowest*MLCT energy and
elongation otheMLCT excited state lifetime fgshotochemicahpplications.

Multiphotonic reactivity is alevelopingfrontier for inorganic chemistryandthis

work representsone thrust in a new focus of catalysts designed famodular
synthetic and photophysical studies. Design principles that guided our studies for
two-photon absorptioninclude exceptionally high orghoton absorption cross
sections excited state centrosymmetry,and longlived 3MLCT excited state
lifetimes Of note these arenany ofthe samaldesign principlesnotivate single

photonphotachemistry.

Efforts in two-photonsensitizatiorreflect an arearipe for continued development.
Interest in twephoton photoredoxchemistry stems from the simultaneous and
divergent goals to drive thermodynamically challenging reactions while applying
steadily lower photon energies. Visidight absorbing photocataligsmediate a
limited scopeof excitedstate redox potentiglshus the simultaneous absorption of
two or more photons (with fixed energies of 300 kJHfaberves to circumvent
this and drive increasinglchallenging reactions while maintaining high substrate
selectivity. We remain optimistic that neafrared irradiation is useful to drive
photoredox chemistry in colored substrates, whassorption profilesobstruct

sensitization of visibkight photsensitizers.

Identifying photosensitizers withlarge twoephoton absorption crosssections
empowergliversefunctionalityin bioimaging, photodynamic therapy, and additive
manufacturingapplications.Long irradiation wavelengths affordinimal scattering

and deep penetration depth, useful for penetrative bioimaging with confocal or
epifluorescence microscopy.Also utilizing this penetrative irradiation,

photodynamic therapy harnesses lifgitlocalizedoxygen sensitizatioto supply



targetedcell death Finally, with the popularization of 3D printingwo-photon
polymerizationand lithographyenableapplicationsin additive manufacturindo

fabricatehighly detailed objects
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2 Photoredox Catalysis Medated by Tungsten(0)

Arylisocyanides

Reprinted with penission fromJ. Am. Chem. So2021, 143, 46, 1938919398
Copyright 2021American Chemical Society.

2.1. Abstract

W(CNAr)s (CNAr = arylisocyanide) photoreductantatalyze basepromoted
homolytic apmatic substitution (BHAS) of 1-(2-iodobenzyljpyrrole in

deuterated benzendModerate to high efficienciesorrelate wth W(CNAr)e

excitedstate reduction potemts upon onephoton 445nm excitation, with10

mol % loading ofthe most powerful photoredarits W(CNDippg (CNDipp =

2,6-diisopropyphenylsocyania) and W(CNDippPAMe3)s (CNDippPIPMe3 = 4-

(3,4,5trimethoxypheyl)-2,6-diisopropyphenylsocyanide) affording neaty

comgete conversion. SternVolmer quenching experimentsndicatel that

catalysisis triggered bysubstrateeductivedehalogenationTaking advantage of
the large twephoton absorptioifTPA) cross sectns d W(CNAr)s complexes
we found that phaocatalysis ca be driven with femtosecongpulsed 810-nm

excitation For both one and twephoton excitatbn, photocatalysis as
terminated by the fonation of sevemoordinate W-diiodo [WI2(CNAr)s]

complexes. Notally, we discovered that W(CNDipp)can k& regeneratedoy

chemical reduction of W(CNDipp) with excess ligand present in solution.

2.2. Introduction

Owingin part tolow reorganization emgiesfor electron transfers fromelatively
long-lived metatto-ligand darge transfer (MLCT) excited staf RU'
polypyridines, cyclometalated I¥ 2-phenylpyridine (ppy), andtheir derivatives



have beenwidely employedin photaedox catalytic cycle§2 Complexes of
earthabundant metals, most notabhCu' Udiiminesphosphineg zr"V
bis(pyrroll)pyridines®> Cd" guandinatgs)}amidds)® and WY' Schiff base
dioxos’ alsohave showmreatpromise as redox photosensitizers.

Previous Work: Mo® and Re' tris(diisocyanide) visible light photocatalysts This Work: W(CNAr), one-photon visible and two-photon NIR photocatalysts
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Figure 2.1. [M(CNRArsNC)]" (refs. 15,19 and W(CNAr} homoleptic

arylisocyanide potocaalysts.

In work over many years, wehave demonstratedtha homoleptic tungsten(0)
arylisocyanide (Figure 2.1) are stronger photoreductants than

aforementionedRu' and Ir'"" complexes and, notably, W(CNAr)s complexes
possess intenseisible absorptons (., max 10% 10° M'* cm'Y) attributable to
transitions to MLCT excited states wiif (W*/*W©° =i 2.2 toi 3.0 V vs F&"
(* denotes the lowest energyLCT excited state; Fc = ferrocerf&}? With

microsecondlifetimes (J and large photoluminescencgiartum yields @pL),
these *W(CNAr)s reagentsefficiently reduce thermodynamicallychallenging

substrates, including anthracaad acetophenorté

Of direct relevanceto our work Wenger and cavorkers havenvestigatedCr°
and Md tris(diisocyanide) M(CNRArsNC); (R = Me, '‘Bu; Figure 2.1); these
complexes have remarkably robust, longlived excited stateswith formal
potentials[E°> (Cr*/*Cr% =172.43 V vsFd*" andE° (Mo*/*Mo% & 72.6 V vs

the
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Fd*] more negative than thasf fac*Ir(ppy)s (E°(Ir**/*1r¥*) = i2.1 V vs
Fd*0) 1315 Notably Mo(CNRArsNC); complexes photocatalyze the
rearrangement of acyl cyclopropanes to-d@}g/drofurans (R = Me) aawell as
intramolecular baspromoted homolytic aromatic substitution (BHAS) of aryl
iodides (R =Bu), reactonsthat are out of the potential rangefaé-*Ir(ppy)s. It
also is of interest that the photaatalytic performance of isoelectronic
[Re(CN'®ArsNC)s]* (Figure 2.1) for dehalogenation of halobenzengsimilar to
that of fac-* Ir(ppy)s.°

In light of thee findings, we decided tdry our W(CNAr)k complexesas
photoreductants in BHAS catalytic cycles. While W(CNAg) and
Mo(CNRArsNC)s possess comparable grodrahd exciteestate propertiegTable

2.1), employing monodentate arylisocyanidesmed as potgially problematic,
given thatsevencoordinate M arylisocyanides such as [MX(CRHe¢]* (M = Mo,

W; X = Cl, 1) are products of M(CRhs oxidation!”1® Furthermore, Wenger and
co-workers noted that deactivation via formation of higher coordinate congplexe
likely was responsible for the lower efficiencies of Mol&ArsNC)s versus
Mo(CN®UArsNC); in photoredox catalysis, with the less sterically shielded
complex beingmore susceptible to nucleophilic attack on the 'Menter by the

iodide generated upsulstrae reductive dehalogenatidn.

That said severalobservations suggested that W(CNAcpmplexes might be
competentphotoredox catalyst€One was thaphotosubstitution quantum yields
(ep9 for CNAr displacement upon 43@n irradiation of W(CNAr in neat
pyridine solution decreased greatly upon incregsthe ligand sterics from
phenylisocyanide (Ar = Phsps = 0.011) to 2,&iisopropylphenylisocyanide
(CNDipp, rs= 0.003), indicatinghat associative pyridine substitution occurs in
the *W(CNAr) reactiont”!® Additionally, although 436éym irradiation 6
W(CNPh} in CHCk solution afforded the W sevencoordinate product
[WCI(CNPh)]*, similar irradiation of W(CNDipp) instead yielded the six-
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coordinate cation [W(CNDipg)".1"8 Taken together, these findings indicate that
the use of bulky 2:fsopropytsubstitutedmonodentate arylisocyaniddiely

would provide enough steric protection to enable effidd#hAS photocatalysis

In prior work we demonstrated that three W(CNAphotoreductants exhibit

extremely large twgphoton absorptiof TPA) cr os s *GM).mithens (0 >1(
context of photadox catalysis, nedanfrared (NIR) twephoton excitation can be

used to generate reactiVé(CNAr)s MLCT excited states without compéu

absorption or photoreactivity by the substrate. Also of great interest is the
emerging technology of twphota photochemistry in nanrcto microscale 3D

printing, whereinmultiphotontriggered freeradicalpolymerization creates cross

linked polymeric materials witlextremely high spatial resolutior (00 nm).

However, acurrent challenge for thadvancement of thield is discovery of

new photointiators with large TPA cressctions’!? Herein we rep r t |l arge 0
values for eight additional W(CNAy)photoreductants and demonstrate their
capacityto generate organic radicals upon #plooton ultrafast laser excitation.

Of note, W(CNAr} complexes are capable of driving both gquton visible and

two-phoon NIR BHAS photoredox catalysis.

2.3. Resuls and Discussion

W(CNAr) s One-Photon Photoredox Catalyss. In addition to the parent
complex, W(CNDipps, five representativephotoreductantfrom two subsequent
generations of W(CNAg) compounds were investigaed. From the
oligoarylisocyanide sers&e we elected to explore W(CNDippP¥?s and
W(CNDippPI?M®3s, as the methoxy substituents impart greater solubility in a
variety of solventsWe alsostudied W(CNDippPH)s to seehow a more radially
extended aromati system affects reactivityAnd finally, we included
W(CNDipp*“PHMe)s and W(CN1-(2-'Pr)-Naph) in our investigationas theyare

very strong photoreductantsith among thdongestexcitedstate lifetimesof all



W(CNAr)s complexes Relevant properties ahe W(CNAr)s photocatalystsare

set out inTable 2.1.

Previously reported groundstate electrochemical data for alW(CNAr)e
complexesin this studywere collectedunder slightly different conditiond-or
consistency incomparisos of groundstate W® and exciteestate W/*W°
formal potentials, weacquiredcyclic voltammograra (CVs) for W(CNDipp)e,
W(CNDippPI?Me3)6, and W(CNDippPH)s under conditions analogous to those
for W(CNDippc“PHMe)s and W(CN-1-(2-'Pr)}-Naph}. The full CVs of these
complexes areypical of W(CNArx communds'?'®2 with reversible W
couples exhibiting scanrate dependense indicating diffusion-controlled
proceses The revised groundstate and excitedtate formal potentialsare in
Table 2.1. BecauseE® (W0 valuesrange from 70.42 t070.56 V vs Fé"0,
strong sacrificial reductastwvould be neededor regeneraion of W(CNAr)s in
somephotocatalytic cyclesFor that reasonye chose to explore BHASrganic
reactions as theysimplify photoredoxcycles by obviating theneed for sacrifial
reductang.

As a starting point, we exminedthe intramolecularphotoreaction of BHAS
substratel-(2-iodobenzyl)pyrrole (50 mM) in the presence ofa. 5 mol %
W(CNAr)s and 2 equivalentgequiv) of 2,2,6,6tetramethylpiperidine (TMPjn
CeDs (Table 2.2). Under similar conditions, Mo(CNRArsNC); efficiently
cdalyzedthe reactioruponirradiation at470 nm (14 W) for 1 I{Table 2.2, entry
12).1> Compared to this benchmark45-nm irradiation (6 W) of the parent
complex W(CNDippj for 1 h afforded 62% conversion to the cyclized product
(by *H NMR spectroscopyTable 2.2, entry 2. This conversion corresponds to a
turnover number (TON) of1l demonstrating that W(CNDipgpls a photoctalyst
for the BHAS reaction. A colorless crystalline idpl identified as 2,2,6;6
tetramethylpiperidinium iodide [HTMP][l], precipitated from solution within
seconds of commencing irradiation. Afteshlirradiation, W(CNDippy was no

34



longer present in threaction mixture, as confirmed By NMR and UM visible
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spectroscopic data. Accordingly, sample luminescence and further conversion

were not observed &inger irradiationtimes Eigure 2.2). Instead, fre€CNDipp

and a new set of isopropyl resonances corresponding to a diamagnetic

deactivation prduct (ide irfra) appeared in thtH NMR spectrunt?

Table 2.1. Properties of W(CNAr)s and Mo(CN®UAr sNC)z Photocatalyst$

Photocatalyst

W(CNDipp)s°

e

Smax

465

W(CNDippPHPMed 495

W(CNDippPK")¢

W(CN-1-(2-Pr)
Naph)*©

506

509

W(CNDipp°°PHMe)¢ 518

Mo(CN®UArsNC)? 400

o
f
L«L, ma eéxce

9.5 x
104
1.3 x
10°
1.6 x
100
5.7x%
10
1.6 x
10°
3.0x
104

445

445

445

445

445

470

) f o
U, e, U tp

8.0 X
104
6.7 X
10
7.5 X%
104
4.6 X
10
5.7 X
10
2.7 X
104

0.12 0.03

1.83 0.41

1.53 0.44

3.83 0.25

1.82 0.78

1.29 0.20

EO
(W[+/0]) h

10.56
10.53
10.52
10.47
10.42

10.46

EO
(W+/*W O)h

i2.84
12.68
i2.60
12.49
i2.43

12.7

Collected from deaerated room temperature toluene solutidata from ref10.

Data from ref.12. “Data from ref15 (dmax, o, Whax asn ewer estimated from

the plot inFigure 2.2 of this referenceU we i g h)tmend

™M™t cm'l s,

performed in tetrahydrofuran (THF) with 0.1 MBuN][PFs] supporting

electrolyte

s the

aver age

hv vs Fé™. Groundstate electrochemical measurements



Table 22. OnePhoton Photoredox Catalysis Mediated by W(CNAr)s
Complexe$
@/\/ W(CNAn)g (ca. Y mol %) 4 |
2 - D
2,2,6,6-TMP (ca. 2 equiv)
CsDe, RT, N,
50 mM hy (445 nm, 6 W)

Entry W(CNAr) 6 X Y lIrrad Time (h)
1 W(CNDipp) | 25 1 28
2 W(CNDipp)s | 5 1 62
3 W(CNDipp)k | 10 4 98
4 W(CNDipp) Br 10 12 14
5 W(CNDippPIP¥eds | 25 1 42
6 W(CNDippP#¥eds | 5 4 85
7 W(CNDippP®Veds | 10 4 98
8 W(CNDippPI¥eds | 5 4 88
9 W(CNDippPHE"s | 5 12 84
10  W(CN-1-(2-PryNaphy | 5 12 42
11  W(CNDipp‘PHMe)s | 5 12 24
12 MO(CN®BUArsNC):? | 5 1 100
13 fac-Ir(ppy)s®® | 5 1 4
14 W(CNAr6 | 5 c 0
15 None I 0 4 0

aReactions performed inYoung NMR tubes. Irradiation with a higsower blue
diode laser.Reported results are from single run experimefiubstrate
conwersion calculated by relative integration of thé NMR benzylic resonances
of the product and starting materidSample stored in the dark at room
temperaturgRT) for 4 h.%Data from ref.15. Irradiation with a 470 nm LED

operating at 14 W?SSimilar corversion observed when irradiated at 405 nm

instead of 470 nm

Conversion (%)° TON

11
11
8
1
15
16
9
17
15
7
4
20

OO
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We next explored the photoredox activities of second and third generation

W(CNAr)s complexes.

photoreductant, W(CNDippPH3)s was able to drive #1BHAS reaction to 85%
completion (TON = 16) after-A irradiation Table 2.2, entry §. We found that
W(CNDippPIPMe?g, which has virtually identical groundand excitedstate
properties as W(BDippPHMe3)6,10 catalyzed the reaction with similar efficignc

Interestingly, despite being a slightiveaker
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(Table 2.2, entry §. As occurs during W(CNDipp)photocatalysis, [HTMP][I]
precipitated upon progression of the reaction, W(CNDi¥##)es complexes
were no longer present aftefhdirradiation, anddeactiation products appeared
(isopropy! resonansattributable to such products were observed inthBMR

spectrum)

In contrast to biarylisocyanide photocatalyslg5nm irradiationof a BHAS
reaction containing ca. 5 mol %/(CNDippPH"s for 4 h only reache 53%
conversion (TON = 9Figure 2.2). However, after 1zh irradiation,conversiorto
productwas about the samas thatfor W(CNDippPtPMe?3s (Figure 2.2; Table
2.2, entry 9). Following this trendeactions withphotoreductant§V(CN-1-(2-
'Pry-Naph) and W(CNDipg““PH°®)¢ reacted 28% (TON =5) and 13% (TON =
2) conversion after-# irradiation Figure 2.2); the yields increaskto 42% (TON

= 7; Table 2.2, entry 10) and 24% (TON = 4; entry 11) after 12 h. Importantly,
W(CNDippPHMs, W(CN-1-(2-'Pr-Naph}, and W(CNDippyPHMe)s were still
presentat the 12h irradiation point (as determined Byt NMR, UVi vis, and the
luminescence fo photoredox samples) suggesting that photocatalyst

decomposition did not limit conversion.

100
90 -
30 - ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
70 - g
60 -
50 :
0 & e e e
0 1 2 3 4 5 6 7 8 9 10 11 12
Irradiation Time (h)

Conversion (%)

Figure 2.2. Time profiles of the BHAS photoredox reaction catalyzed by
W(CNAr)es employing onephoton 445nm excitation. Dtted anddashedlines

which areprovided as guides for the eye gnigpresentca. 5 and 10 mol %
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W(CNAr)s photocatalyst loading, respectivel@olor/markercode: W(CNDippg
(orange solid circld, W(CNDippfh®Meds  (green solid squarg
W(CNDippPPMe?¢ (browr; diamond, W(CNDippPHE"s (blug triangle, W(CN-
1-(2-'Pry-Naph} (red open circl¢, W(CNDippg~“PHMe)s (gray, open squade

Although theirefficiencies were somewhat lower than tfatMo(CN®B'ArsNC)s
at a similar catalyst loading, all investigated W(CNAcCpmplexes were active
photoredox catalysts. Owing in part to more negative exsii@e potentials, they
performed better thafac-Ir(ppy) (Table 2.2, entry 13)!° We emphasize that
monitoring sistrate solutions in the absence of W(CNAg) light confimed
that both components were essential for photocatalyaldd 2.2, entries 14 and
15).

Given the favorable results obtained wit(@NDipp) and W(CNDippPRMe3)s,

we investigated the effect gbhotocatalyst loading on reaction conversion.
Decreasing the YCNAr)s loading by half reduced the conversion by half, albeit
with comparable TONs (CNDipprable 2.2, entry 1; CNDippPH"e3 entry 5).24
Alternatively, doubling the loading to ca. 10 mol %oaffled near quantitative
substrate conversion (CNDipp: 98%able 2.2, entry 3; CNDippPRAe2 98%,
entry 7). Consistent with the high vyield achieved with ca. 5 ol
W(CNDippPI?M3s, a substandil amount of photocatalyst was present tbly
NMR spectroscopyupon reaction termination.

Encouraged by the above results witf{2-iodobenzyl)pyrrole, we turned our
attention to the analogous bromo substratel-(2-bromobenzyBpyrrole.
Subjectingthis substrate tophotoredox catalysis conditiongith ca. 10 mol %
W(CNDipp) loading yielded 14% conversion after 1R irradiation(Table 2.2,
entry 4) For comparison, Mo(CN®UArsNC);, a ca. 100 mV weaker
photoreductanonly reached’% conversion aftergth irradiation!® Theseresuls

areconsistent withreductive dbealogenation by *W(CNA# as the initial stepn



the photdrivenBHAS reaction(vide infrg, asaryl bromides are more difficult to
reduce than aryliodides. Moreover there was a substantialanount of
W(CNDipp)s remaining afterl2-h irradiation, indicatig that performancewas

notlimited by catalystdecomposition.

To gain further insight intathe above trendsamong conversion efficiency,
irradiation time, and E° (W**W9, we conducted SterrVolmer quenching
experiments using W(CNDipp3, W(CNDippPIPMe)g, and W(CN-1-(2-'Pr)-

Naph} as representative complexeg\though we previously collected
photophysical and photochemical data for W(CNAm toluene and THF

solution we performed SterNolmer experiments in benzene solutidéo mimic

the photoredox catalys conditions as closelgs possible andminimize side

reactions withintermediatearyl radicas. As the steadystate absorption and
luminescencepectraof W(CNDipp), W(CNDippPMe3)s, andW(CN-1-(2-'Pr)-

Naph} in benzeneand tolueneare nearly identical we anticipate the excited

state dynamicsvould also be verysimilar in the two solventsindeed,transient
absorption (TA)spectra shoed that *W(CNAr)s reagentswere generatedin

benzene saotion following excitation,and data obtained from timeesoled

luminescence decayand TA bleach recoveries(*W(CNDipp)k: 116 ns;
*W(CNDippPHMed)q: 1.76¢s; *W(CN-1-(2-'Pr-Naph): 3.65¢s) confirmedthat
the lifetimeswerecomparabléo thosen toluere solution(Table 2.1).

Substrate 1-(2-iodobenzyBpyrrole quenched the Iluminescense of
*W(CNDipp)s, *W(CNDippPHMe3)g, and W(CN-1-(2-'Pr-Naph} with varying
rateconstantsky) 6.2x 107, 1.3x 107, and 2.2 10° M'? s'! (Table 2.3). Notably
thee kg values are in line with electrontransfer driving forces (giG°er) for
reduction of théodoarenesubstratgapproximated ag° (PH 1) ~i2.64 V vs
Fd*/°l for iodobenzeng® Table 2.3). In photoreactions in solutions with 50 mM
quencher, thdonger lifetimes of *W(CNDippPH#'%s and *W(CN-1-(2-'Pr)-
Naph)} acountfor relatively high initialquenching yield$«g; Table 2.3).
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We also found thafl-(2-bromobenzyBpyrrole quenckd the luminescence of

*W(CNDipp)s in benzene solutiarkg (8.6 x 16 M'! s'1) was nearly amrder of
magnitude smaller than that for 1-(2-iodobenzyljpyrrole as expectedor a
reaction wih lower driving foce [*W(CNDipp)s: E° (W*/*W°) =17284 V vs
Fd*/%l: aryl bromide substratapproximated a&° (PH Bri®1) ~12.84 V vs F&0

for bromobenzen® Table 2.3)]. Unsurprisingly, « for the bromo substrateas

muchlower thanthat for1-(2-iodobenzylpyrrole (Table 2.3).

The W(CNAr)} versiono f
BHAS photoredox catalysis is shownHkigure 2.3. Following 445nm excitation
of W(CNAr)s, *W(CNAr)s rapidly reducedhe subsate.The quenching retion

generatd [W(CNAr)e]™ along with halide and the corresponding organic aryl

Wenger 0s

MoECH Bt Ar N C)smrediated r

radical. After intramolecular cyclization of the latter, which likely ocedwery

rapidly, reduction of [W(CNA#®g" by the pyrrolebased radical generated the
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starting W photocatalyst. In the final step, deprotonation of the tricyclic organic
cation by TMP vyielded # cyclized product and [FHTMP][X], closing the

productive cycleThe consumption of W(CNAg)during turnoer suggests that a

decomposition reaction compdteith reduction of [W(CNAr]" by the pyrrole

based radical. Moreover, conversion efficiesaid not trackwith ¢, indicaing

thatthere wereadditional loss pathways

Table 2.3. SternVolmer Quenching Constants and Reaction Driving Forceés

W(CNAr)g

Quencher

ko?

g’

Conversion®

E° (Ph-XI%Nte  Eo (WHrwWO)f

h
AG®gt

W(CNDipp)g

W(CNDipp)s

W(CNDippPhCMe3)

W(CN-1-(2-Pr)-Naph)g

CUD
CLD
CLD
CLD

6.2 x 107

8.6 x 10°

1.3x 107

2.2x 108

0.27

0.05

0.54

0.30

62%

3%°

59%

13%

-2.64

-2.84

-2.64

-2.64

-2.84

-2.84

—2.68

—2.49

-0.20

-0.04

+0.15
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aSternVVolmer quenching experiments performed in deaerated room temperature
benzene solution8M'! s'L. CInitial quenchingyields for a substrate concentration

of 50 mM.%After 1-h irradiation (445 nm, 6 W) of photoredox reactions with ca. 5
mol % W(CNAr) loading ¢ca. 10 mol % W(CNDipp)loading.'V vs F¢"l,
9Reduction potentials for iodobenzene and bromobenzene repoled SCE in

ref. 25 were converted to V vs P& using the approximatiog® (Fd*®) = +0.4

V vs SCEeV.

back reaction
1 hv

n

N

W(CNAN), + xf

Figure 2.3. Proposed mchanism of BHAS photoredox catalysis benzene
solution mediated by W(CNAg) complexes (adapted from ref5). Prodictive
catalysis pathways are shown as black arrows; unproductiveréaction and
deactivation pathways are indicated with red arrdsectrontransfer quenching of
*W(CNAr)6 involves formation of a precursor complex (equilibrium conskgnt
followed by concerted electron transfer ané>Cbond cleavage (rate constamt).
The observed quenching rate constak§ isK* ket lon-pair separatiofrom solvent
cages (blue ellipsesy unfavorable in benzenenly the neutral organic radicel
likely to escpe the solvent cage after quenching
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Given that groungtate W(CNAR™®! formal potentials range frorm0.42 toi
0.56 V vs FE'Y, theqiG°er values associated with reduction of [W(CNéj)by

the intermediate tricyclic organic radical also will varnadieg to different rates
of W(CNAr)s regeneration, which in turn likely account for different rates of
photocatalyst deactivation via nucleophilic attack of [W(CNRrpy the halide

anion lberated in the reductive dehalogenation stege(infra).

The BHAS reactions photocatalyzed by W(CNAcpmplexes are consistent with
our amended version of Wenger 6s mechani sm.
conditions Figure 2.2), two differences are appent among the W(CNAy)
complexes: (i) conversion rates terml decrease as the *W(CNArYyeducing
power decreases; and (ii) conversion yields are highly variable. The in{izal 1
iodobenzyl)pyrrole quenching yields for W(CNDipg)W(CNDippPMe3s, and
W(CN-1-(2-'Pr}-Naph} are> 25% and bear no relationship toneersion rates.
Slow conversion in the presence of efficient quenching is a hallmark of
competition between backeaction andcage escapeafter quenching Back
reactionis unexpectedsince reduction of aryl iodides is believed to involve
concerted electrotransfer and © bond cleavagé& Of relevance here, however,

is the report bySawant that less than uniroductformationquantum yields for
concerted CX bond clemage can occur during phototriggered reductioharyl
halide substrate®. Competition between backeaction and cagescapeafter
guenchingcan rationalizeour observatiorthat slower conversion rates correlate

with higher backreaction driving forcegincreasinge® (W),

Low cageescape efficiency likely is responsible foettwentyfold reduction in
product conversion with-(2-bromobenzyBpyrrole compared to the aryl iodide.
A factor of 5.5was expected on the basis af. In contrast toaryl iodides,
reduction ofaryl chlorides and bromides thoughtto proceed via a twetep
mechanism with an intermediate radical anférit is likely, then, that the large

reductionin product conversion with tharyl bromde substrateis due to less
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efficient quenchingcoupled withrapid back reaction between [W(CNAg)* and

[Ari Br]®"1 prior to radicalescape from the solvent cage.

The variations in conversion efficiencies ad{CNAr)s consumption during
catalysis indicate that 8W(CNAr)e]* decomposition pathway competes with
productive rection between the cation and the intermediate aryl dacal.
W(CNDipp) reaches limiting 62% conversion afudl W° consumptiorafter 1 h
(or less)of irradiation, indicative of a highadical cageescape yieldand rapid
[W(CNDipp)]* demmpositon. Doubling the W(CNDipp) loading leads to
higher conversion drause more time is required taeplete the W(CNDipp)
complex. W(GnnjkNDippPHe9s, W(CNDippPHMe?)e, and W(CNDippPH)e
achieve higher conversions (80%) than W(CNDipp) albeit more slowly,
consistent withdiminishedradical cageescape yields afterugnching, but more
favorable compdton betweerfW(CNAr)s]" decomposition and reducti. Low
radical cageescape efficiency after quenching slows photocatalysis W{tBN-
1-(2-'Pr}-Naph) and W(CNDipfy°PHMe)s to the point that limiting conversion is
notreachedafter 12 h of irradiation.

Two-Photon Photoredox Catalysis. All investigated W(CNAr)e complexes
displayed photoluminescence upon femtoseqmiiged 80-nm excitation and
*W(CNAr)s emission spectra ohieed following one or two-photon excitation
were virtually identical Figure 2.4), confirming that the same lodiyed excited
triplet GMLCT) photoreductantvas generated in both cases. larthyl THF
solution, W(CNDippP#Me?3)s and W(CNDippPR)s exhibited very large two
photon absorption crosed o n's [ 12006 GM(10GMG= 10°° cn* s photott
moleculél)] upon excitatiorat 812 nn?® We have extended this work to include
TPA cross sections for all three generations of W(ChAaomplexes in toluene
solution(810-nm excitation:Table 2.4). As U vauesfor [Ru(bpyy]** ( bpy -= 2, 26
bipyridine; Us1i2 = 7 GMY° and fac-Ir(ppy)s (Usoo = 20 GMY’ are orders of

magnitude smalleat similar wavelengthsyur scalable tungsten complexes have
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the potential to displace ruthenium and iridium photosensitizensvo-photon

biological imaging, photodynamihérapy, and photoredox catalysis applications

(vide infrg).
1.2
_ 1 Ly l‘-_
F f.1 0\ \
= ]
=08 I / :
> ) A \
£ N
§o06 T A
E A . \ \
c ! . 3
'ﬁ 0.4 ! I \ -
£ X NN
wi 1 .
0.2 ] / ~ ~
o N T
, — B
0—-vw‘-q-‘.--"/‘-..-‘-..wr..-‘-—r. Tw"--'-:-"u--w'w'"'u
500 550 600 650 700 750 800 850 900
Wavelength (nm)
1.2 + LI
= ' ,"‘“' I I :
_E ’ \’ " |
Sos FIR T VR |
= H ! S 1
£ F Sy Y I
506 PR ‘
E ! Y-
- A \\‘ M [
“ 1 .
£ X S\ [ &
E I NN ]
0.2 - "-\"'-\ _‘_""J
KA ST t
750 800 850 900

0 et pman s

500 550 600 650 700

Wavelength (nm)

Figure 2.4. Stacked iminescence spectra collected upmrephoton (top) and
two-photon (810 nmbotton) excitation of W(CNDippg (orange solid trace,
W(CNDippPIMed; (green dotted track W(CNDippPH"s (blue dashed trage
W(CNDippt“PHMe)s (gray, dotteddashed trade and W(CN1-(2-'Pr)}-Naph}

(red double dottedlashed tragein room temperature toluene solutidfor the
bottom spectrahesignal at 810 nm corresponds to scattered excitation light from

the femtosecong@ulsed Ti:Sapphire laser.

Table 2.4. Two-Photon Absorption (TPA) Cross Sections of W(CNArg

Complexe$
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W(CNAI) 6 Us10 (GM)
W(CNDipp)e 230+ 14
W(CNDippPh} 1000 + 220
W(CNDippPHMe9¢ 1100 + 130
W(CNDippPIPMe3)s 970 +96
W(CNDippPH™s 1900 + 280
W(CNDipp“cPHPMe)s 1100 + 70
W(CNDipp““Ph) 1100 * 160
W(CNDippt®-1-Naph} 1100 + 180
W(CNDipp©©-9-Phen} 1100 + 160
W(CNDipp““PHMNs 480 + 50
W(CN-1-(2-'Pry-Naph)y 180 + 40

aCollectedfrom complexes in deaerated room temperature toluene solfgion
pulsed 816hm excitation Ti:Sapphire las@r the Us10 values arean average of

three measurements.

In our exploration of twgphoton BHAS photocatalysis, we employed conditions
that were optimal for onphoton reactions namely ca. 10 mol % loading of
W(CNDipp) or W(CNDippPK3s. We found that both amplexes catalyzed
BHAS of 1-(2-iodobenzylpyrrole uponfs-pulsed 80-nm irradiation, with 56%
(TON = 5) and 33% (TON =3) conversion observed for W(CNDipppand
W(CNDippPPMe3)s after 12h irradiationin CsDe solution respectively(Table
2.5). Owing to differences in laser power and tpboton crosssectis, the
W(CNDippPIPMed)s excitation rate was 1.7 times that for W(CNDippJhe
higher W(CNDipp3 conversion efficiency with a nearly twfold lower excitation

rate is consistent withlower cageesca yieldfor W(CNDippPIPMe3)s.
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Table 2.5. Two-Photon NIR Photoredox Catalysis Mediated by W(CNDipp
and W(CNDippPh®Me3)s Complexes$

W(CNAr)g (ca. 10 mol %) 4 |
- N
O 2,2,6,6-TMP (ca. 2 equiv)

CeDs, RT, N,
50 mM hv (810 nm)
W/(CNAr) 6 Irrad Time (h)  Conversion (%)° TON
W(CNDipp)s 12 56 5
W(CNDippPIPMe3)g 12 33 3

3rradiation with a fspulsedTi:Sapphire laser®Substrate conversion calculated
by relative integration of théH NMR benzylic resonances of the product and

starting material

In related work, Rovis and emorkers reported th&ds' polypyridinesfunction as
NIR photoredox catalysf&® Interestingly,the reactiveDs' MLCT statescan be
generatedvia onephotonSy Y Ti NIR excitation. It also is worth noting that
photaedoxX® and photoisomerizatidhreactionscan be triggered biyiplet fusion

NIR-to-visible upconversion.

WI2(CNAr)s Deactivation Products. We observed that W(CNAg)complexes
were consumedduring catalytic potoredox reactions involving haloaryl
substratesConcomitantlynew sets of diamagnetic isopropyl resonaraggseared

in tH NMR specta. While one set of resances was assignable to uncomplexed
CNAr, we suspectedhat the other set belonged @0 unchaged CsDs-soluble
tungstercomplex We therefore set out ®ynthesizeand characterizene or more
deactivation products and establish whether such speciesl cewdnter

photocatalytic cycle

On pursuing the aforementioned products, we found thi@ichiometric

photoreductionof iodobenzendy *W(CNDipp)s in room temperature benzene
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solution proceeded over the course of several heuth loss of sample
luminesence to yield a new diamagnetic tungsten arylisocyanide complex
(Scheme2.1). Of relevancds that theUVi vis and*H NMR specta of this new
compoundmatched those acquired at the terminatioM@CNDipp)s-mediated
photoredox catalysis Following crystalization by slow evaporation of a
concentrated benzene solutimevencoadinate WH(CNDipp) was isolated in
95% yield(XRD structure Figure 2.5).

The geometry of WI>(CNDipp) in the solid state approximates a capped
octahedron, where one CNDipp serveshe capping ligand to the tris(CNDipp)
face, and the uncapped face is occupied by the remaining CNDipp and two iodide
ligands In this regard, its structure is analogous tat HfaWIl,(CO)(CNBu)4,?
wherein the carbonyl ligand caps thes(CNBu) face of the octahedron.
Interestingly, as in W(CO)(CNBu)4, the weakly bound isocyanide (based on its
relatively long W C bond) in WH(CNDipp) resides in the uncapped face. It is
worth noting that while the related compounds M@N-p-tolyl)s (X = ClI, Br)
have been reportetf,complexes of the compitien MX2(CNR) (M = Mo, W; X

= halide; R = alkyl or aryl) have seldom bespectroscopically ostructurally
characterized* Sevencoordinate M (M = Mo, W) homoleptic isocyanides
[M(CNR)7][X] 2,>® mixed halde-isocyanides [MX(CNRJ[X], 1>®N* and
mixed halideisocyanidecarbonyls MX%(CO).(CNR), (y = 2 4)*"¥ are more
common. The WI and W C bond lengths in W(CNDipp) fall within the range

observed for structurally characterized coordination camg@e of this latter type.

Scheme?2.1. Synthesis ofWI 2(CNAr)s Complexes

CNAr AMNC  cnar

I
AI’NC,,."‘ | .“‘,.CNAI‘ excess ©/ Lo, | / WCNAr

W > I

-~ | Nenar hv (Blue LED, 40 W) 1 > enar
CeHe, RT, Ny

Ar = Dipp or DippPh©Me3

ArNC’

CNAr CNAr
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Figure 2.5. Structure of crystalline W(CNDipp) with thermal ellipsoids set at
50% probability. Isopropyl groups are presented as wireframes and hydrogen

atomsomitted for clariy. Atom color code: W, teal; I, purple; N, blue; C, gray.

In room temperature ¢Ds solution, WIz(CNDipp) displayed a single set ofH
and®*C NMR resonances for the CNDipp ligands, suggesting that theaisioies
exchange rapidly on the NMR timescaf&ch fluxionality is typical of related
sevencoordinate (halide)isocyanide M" complexes (M = Mo, W).3*
WI2(CNDipp)s also exhibieda broad, intensg(CN) stretchcentered at 2050 ¢m
1 intermediate between that ofincomplexed CNDipp (2114 cm?) and
W(CNDipp) (1938 cm'?), consistent withattenuated -backdonationfrom the
W! center Although WI>(CNDipp)s absorbs fairly strongly in the region 300
500 nm (., max10* M'* cm'?), the complexdid not luminescevhen excitedat
445 nm, as expected from the observed lossA{CNAr)s luminescenceluring

photoredox catalysis

As with W(CNDipp), photoreduction of iodobenzene Hyw(CNDippPHMe3)g in
benzene aution formed a produc({~95% isolated yieldwith UVivis and *H
NMR spectroscopisignatureseminiscent of tbseobservedn the corresponding
postphotoredox catalysis re@on mixtures. Despite numerousattempts, single
crystalsof the productsuitabe for XRD analysis could not kgrown However,
becauseit shares similar *H/*°C NMR, UVivis, IR, and CV data with
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WI2(CNDipp), we suggest thatthis new complexis WIz(CNDippPHMe3)s
(Scheme2.1).

CVs of WI(CNDipp) displayed quasieversible oxidation rad irreversible
reduction waves &t0.07 andi 2.31 V vsFd*, respectively Figure 2.6), with
relative integration revealing that twice the amahchargewas passed in the
latter. We therefore assign these aselctron WF*2*1 and 2electron WA redox
events. In this regard, the electrochemical behawdnrors that of related
[M(CNPHh)7]?>* (M = Mo, W) and [Mol(CNPh)]* complexes®23 Of interest is
that oxidation and reduction of WOCNDipp)y occurred at more negative
potentials, in line wh replacement of unchargédaccepting arylisocyanides by
anionic iodide ligands to yield an overall neutral complex. Extrapolation of
[M(CNPHh)7?" and [Mol(CNPhX]* formal potentialsalso indicatel that E°

(WEB*2*) andEp ¢ (W20 will be similar tothose experimentally determined for

WI2(CNDipps.

{

Figure 2.6. Cyclic voltammograms of W(CNDipp)s at a scan rate of 100 mVs
in THF with 0.1 M [BusN][PFs] supporting electrolyte (vs F&)). Cycles 1 and 2

Potential (V, vs Fcl*/%)

(lower CVs) are depicted as solid blackdagiotted red traces, respectively.

Scanning cathodically from éiWI2(CNDipp) W??*! feature produced oxidation
waves in the return scan that could not be reliably assidfigdré 2.6, bottom).
At more negative potentials, an irreversible cathodic eaen8.3 V (vs F&)
attributable to CNDipfbased reduction wasobserved The C\s of
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WI2(CNDippPHMe3)s are analogout those of WA(CNDipp), displaying quasi
reversible W*2*1 and irreversible W7 features ati0.06 and i2.35 V,

respectively

Attempts to regeneral®(CNDipp)s from WI2(CNDipp) electrochemically were
unsuccessful? as CVs of WH(CNDipp) collected in the presence of a@ss
CNDipp (up to51 equiv) did not reveal a wetlefined W(CNDipp)*"® wave
upon scanning cathodically of theeversible WP couple. However, Na(Hg)
reduction of W4(CNDipp), followed by addition of CNDipp, regenerated
W(CNDipp) (supported byVivis and*H NMR dat3.

2.4. Conclusion

In summary, W(CNAr)s complexes catalyze -@-iodoberzyl)-pyrrole BHAS
upon either onghoton (visible) or twephoton excitation, with the latter
representing a unique approach MR photoredox catalysisOur proposed
photochemical modeF{gure 2.3) suggests thahe rate of catalysis is slowed by
charge recmbination within the solvent cagepowing to limited ionpair
separation in low dielectric solventQ@verall catalytic turnover is limited by
deactivation pathways, among them the production ob(®WAr)s. Such
pathways could be disfavored byore polar salents or theaddtion of salts’ to
promote escape ¢#(CNAr)g]* from iodide in the solvent cagEinally, owing to
exceptional TPA cross sections and exci#te reduction potentials, W(CNAr)
complexes might define an important new class of photoinitiators for 3D

lithography applications.
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3 Photoredox Catalysis Mediated by Tungsten(0)

Arylisocyanides in 1,2Difluorobenzene

Reprinted with permission frommorg. Chem2022 61, 19, 72517255
Copyright2022American Chemical Society.

3.1. Abstract

We have studiethe photochemical cyclizatioof 1-(2-iodobeanzyl)-pyrrole (IBP)
and X(2-bromobenzybpyrrole (BBP)to 5H-pyrrolo[2,1-a]isoindol catalyzed yb
W(CNDipp) (CNDipp = 2,6diisopropylphenylisocyanideh 1,2-difluorobenzene
(DFB). Irradiation @45 nm) of W(CNDipp) (5 mol%9 in DFB solutionconvered
78% of IBP (50 mM)to productafter1 h (16 turnovers)Addition of tetran-butyl
ammoniumhexafluorophosphate (TBARBF(0.2 M) to the DFB solution led to
rapid photoinduced disappearance of W(CNDjqit, remarkably, did not inhibit
photochemical cyétation of IBP, indicatingthat IBP cyclization was driven by a

nonluminescent photocatalyst.
3.2.Introd uction

A goal of renewable energy science is replacement of rare metal (Ru, Rh, Ir, Pt)
photosensitizers and catalysts with ones containing onlyh-ahtndnt
elements!!” To achievethis goal, we have synthesized and fully characterized
tungsten(0) arylisocyanides whosmetatto-ligand chargdransfer (MLCT)
excited states(*'W(CNAr)e) are exceptiomlly strong photoreductants(E °
(W*WO% =172.2 to13.0 V vs FE).1822 We have shown that [*W(CNA4)
complexes reduce challenging subssatuch as anthracene amcktophenon®

and that thie intense visible absorption features and synthetic modularity make
them attractive candidates fone andtwo-photonphotaedox catalysig?



Basepromoted homolytic aromatic substitution (BHASY transformations
provide a convenient test of photored@activity.?® In prior work we examired
the photehemical conversion ofl-(2-iodobenzyl)pyrrole (IBP) and Z(2-
bromobenzyBpyrrole (BBP) to 5H-pyrrolo[2,1-a]isoindol catalyzed by
W(CNAr)s in CeDs solution (Figure 3.1).24 With W(CNDipp) (CNDipp = 2,6
diisopropylphenylisocyanide) at 5 mol #ading 1 h of irradiation §W diode
laser,445 nm) afforded 62% conversion the cyclized product, corresponding to
a turnover number (TON) of 1llLonger irradiationtimes did not increase
turnovers '*H NMR, UV-visible absorption anduminescencespectraconfirmed
the conversion oW(CNDipp) into photochemically unreactivé/I2(CNDipp)s.
Our proposed mechanism for W(CNArgatalyzed IDP or BBP cyclization
included two critical unproductive pathways stemming from tight ion pairs

benzene solutiofFigure 3.1).

x@/ N, O

(CNA)g + :
back * H
reaction W(CNAng .

X deactivation } *Ket ,\_/\l \

Yo WX2 (CNAr)5 + %2 CNAr @ N

+ %2 W(CNAr)g o

[W (CNAr 6]+ o+ [W(CNA,
‘/cage
CNAr6]+ x° + escape

+TMP
[H TMP][X]
Figure 3.1. Mechansm for BHAS photoredox catalysimmediatedby W(CNAr)s

in benzene solutiorRed arrows indicate unproductive pathw&abbreviations
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include X = Br, I; TMP =2,2,6,6tetramethylpiperidine; concerted electron

transferket ; andequilibrium constank. lon pairing represented by dashed lines.

We suggested thatrmore polar solvenand/or the addition of electrolytould
favor ionpair separation andimit the unproductive pathways in BHAS
photocatalysis with W(CNAg?* We selected1,2-difluorobenzeng(DFB, ( =
13.38%") as solventandtetran-butyl ammonium hex&iorophosphate (TBARJF

andtetran-butyl ammoniumodide (TBAI) as electrolytsto test this hypothesis
3.3. Resuts and Discussion

The first step in the photocatalytic process is eleetramsfer(ET) quenching of
*W(CNDipp)s by IBP or BBP. The spedf rate (kohsg Of *W(CNDipp)s
luminescence decayn DFB solutions varies linearly with IDB or BBP
concentration. The secommder rate constants extracted from the kinefigs
Table 3.1) revealthat DFB producesubstantial increases in quahing ratedor
both the iode and bromearomaticsubstratesTable 3.1). Addition of TBAI (0.2
M) and TBAPFs (0.2 M) leads tofurther rate enhancemenihese observations
are consistent with increased reaction driving force, owing to stabilization of the
ET productsn the more polar solvent environmeiiite larger ET rate constants
in DFB also produce substantial increases in yields of quenching psddabte
3.1).

Table3.1. Luminescence&QuenchingKinetics of W(CNDipp)s 2

CLD

Solvent X [Electrolyte] kg (MT1g )b U q(%)°

Benzene I - 6.2 x 10 26
DFB | - 3.1x16 49
DFB I 0.2 M TBAI 3.5x 16 51
DFB | 0.2 MTBAPFs 6.4 x 16 66

Benzene Br - 8.6 x 16 5
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DFB Br - 70x 10 19
DFB Br 0.2 M TBAPFK 8.1x 10/ 20

#Quenching experiments performed in deaerated spkitad room temperature.
PFrom the slopes okobsd VS. [substratelplots. ‘Quenching yield with 50 mM

substrate.

We then examined thehotochemical cyclization reactions of IDB and BBP
catalyzed by W(CNDipp)in DFB solution.All reactions were performed itne
presence of IBRr BBP (50 mM) and a Zold excess (100 mM) of 2,2,6,6
tetramethylpiperiding(TMP) to scavenge protenproducedin the cyclization
reaction.Quantitative product analyses were performed usinddN®l NMR in
DFB.?® The method was tested by comparing photolysis yields evaluategHin C
and GDs. Both solvents afforded virtually identical conversion yields and TON
values Table 3.2).

Table 3.2. W(CNDipp)y Photoedox in GHs and GDe. To evaluate the
effectiveness of measuring substrate alkane peaks in deuterated versus protonated
solvents, the sameeaction mixture was prepared ir-lienzee and benzene
solvents. Integration of the methylene feature presented comparable conversions in

bothphotoredox reactions, as determinedyNMR.

W(CNDipp)g (5 mol%) / I
CLD N
2,2,6, 6 TMP (2 equiv)
50 mM hv 445 nm, 6 w)
Entry Solvent[X]  Time (min) Con(\é/i)rsmn TON
1 CsDs 5 34 v
2 CeDs 30 62 9
4 CeDe 120 67 10
° CoHo 60 66 11



7 CeHs 120 66 11

Table 3.3. Photoredox Catalysis of -(R-indobenzyljpyrrole Conversion to
Cyclized Product
(CNDipp)g (5 mol%) / |
CUDT—=
2 2,6,6-TMP (2 equiv)
X (Y TBAPFg), RT, N
50 mM hv (445 nm, 6 W)

SObEmt [ HEreis Irrad. Time (min) Conversian (%) TON

(X) (Y)

CesDs - 5 34 7
CsDs - 60 62 11
DFB - 5 62 13
DFB - 60 78 16
DFB - 120 81 17
DFB 0.2 M TBAI 5 68 9
DFB 0.2 M TBAI 60 83 10
DFB 0.2 M TBAI 120 87 11
DFB 0.2 MTBAPFKs 5 44 8
DFB 0.2 MTBAPFs 60 67 13
DFB 0.2 M TBAPK 120 74 14

The most siking difference between W(CNDippratalyzed IBP cyclization in
DFB and GDs is the conversion rateProduct quantification fromtH NMR
afforded comparable reactivity in DFB after 5 min to that gDd&after th
irradiation (Table3.3). Although directkinetics comparisons are difficult, owing
to variations in excitation condition#he reactionsclearly proceed much more
rapidly in DFB than in GDs. A likely explanation for this observation is that the
morepolars o | v e n b= 13.B&, B ble noz 8.268) fawdrs cage escape of
the ET quenching products, thereby inhibiting tineproductiveback reactionAs
with reactions conducted i€sDe, the luminescencgFigure 3.2), UV-visible
(Figure 3.16 and 3.17), and!H NMR signaturesof W(CNDipp) disappeared
after 1-h irradiationin DFB. At lower loadings, however, the catalyst remained
activefor more than 120 minHigure 3.3).
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Figure 3.2. Luminescence spectra of 5 mol% @WDipp) catalyst, 2 equivalents
TMP, and 50 mM IBP in DFB (left). Same conditions with added 0.2BWHFs

(right).

We also eamired the effect of dissolved electrolyten W(CNDipp)s
photoreactionsin DFB solution The presence offBAI/TBAPFs (0.2 M)
produced a modest reduction in the rate W{CNDipp)-catalyzed IBP
photocyclization (Table 1).More remarkable, however, was the loss of
W(CNDipp)k luminescence after just 10 miof irradiation Figure 3.2),
indicating that IBPcyclization in TBAPF was driven by a nonluminescent
photocatalystUV-visible spectra antH NMR confirm the rapidlisappearancef
W(CNDipp)s from solution.
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Figure 3.3. Catalyst loading dependence sfibstrate conversion to cyclized
product: W(CNDippg photocatalyst with, 100 mM TMP, and 50 mM IBPDFB
solution (left). Percent conversion values with additiof.2fM TBAPFs (right).

The highmolar extinctioncoefficient of W(CNDipp)s ( 4dsbnm= ~55,000 M cm?,
Figure 3.10) prohibitedpenetratiorof light into the bulk ofthe reaction mixture
as demonstrated by precipitation of-JMIP][I] on the entrance surface of the
sample tube. At 5 mol% loading, >95% of the excitation gasabsorbed in the
first 10 em of sample.lt seemed likely that lowering the catalyst loading would

involve more of the sample in catalysisdlead tohigherTON values.

Lowercatalystioadings (42, 1, and 0.5 mol%lMad little impact on irradiationga
DFB. Conversion to substrate ceased aft& i of irradiation(Figure 3.3) with
TONSs in the range of 182. With 0.2 M TBAPFs in DFB, howeverconversiorno
product was initially slower, butontinued tancrease roughly linearly with time
after 2 h of irracation (Figure 3.3). Moreover, lower catalyst loadings produced
higher TON valuesafter 2h irradiation at 0.5 mol% catalyst loaditige TON
was 51;after 24 hthe TON was 179corresponding to 89% substrate conversion.

Table 34. Photoredox Catalysis ol-(2-bromobenzyBpyrrole Conversion to

W(CNDipp)s (5 mol%) 74 |
’3 N
2,2,6,6-TMP (2 equiv)

DFB ( XTBAPFS ), RT, N,

Cyclized Product

50 mM hv (445 nm, 6 W)
[TBAPF6] Irrad . Time (h) Conversion (%) TON
- 1 6.0 15
- 2 9.0 1.9
- 24 16.8 3.5
0.2M 1 8.4 15
0.2M 2 12.4 2.2

0.2M 24 27.7 5.0

64
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We extended our work in DFB/TBARBolutions to inaidethe BBP substrateln
our prior studywe found thata.10 mol% W(CNDippg loading in GDe afforded
14% substrateconversion (1.2 TON) aftek2-h irradiation?* Experiments in DFB
with ca. 5 mol% catalyst loadinggave 6% nvasion (15 TON) after th
irradiation,and16.8% conversion (& TON) after24-h irradiation Uponaddition
of 0.2M TBAPFe, we found8.4% conversion (b TON) after1-h irradiation and
27.7% conversion§.0 TON) after24-h irradiation. In both studiedV(CNDipp)s
luminescencepersistedafter 1-h irradiation, indicatinggreatly reducecatalyst

degradation

300 4
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— 0 min hv

— 5min hv

— 10 min hv
— 20 min hv
— 30 min hv
—— 40 min hv
50 min hv
60 min hv

250 —

200 —

150

100 —

Luminescent Intensity / a.u.

50 —

\ \ T T i
500 550 600 650 700 750 800
Wavelength / nm

Figure 3.4. Luminescence spectra acquired during irradiation of W(CNDRjpp)
TMP and 1(2-bromobenzybpyrrole substte in DFB.

200 —
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100 —
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Figure 3.5. Luminescencespectra acquired during irradiation of W(CNDigp)
TMP and 1(2-bromobenyl)-pyrrole substrate in DFB with 0.2 M TBARF

Nonlumirescent Photocatalyst

The nonluminescent species formed in irradiations of W(CNDBIipppPFB with
0.2 M TBAPFs appeas tobe an efficient photocatalyst for the BHAS reactilon.
prior work, we identified WI>(CNDipp)y as the deactivaibn product of
photacatalysis in GDe. This sevencoordinateW(ll) complex or a related six
coordinateW(Il) species [WI(CNDipp)s]*, could be a photocatalyst in DFB.
Irradiation of [WI(CNDipp}]l in DFB with IBP (50 mM) led to rapid (5 min)
formation of WE(CNDipp)s, the liberation of CNDipp, and only trace product
formation Eigure 3.6), thereby eliminating the sigoordinate W(Il) complexas a
candidate for the nonluminescent photcatalystterA 1-h irradiation of
WI2(CNDipp)s with IBP in DFB however,we found4% conversionto cyclized
product (1 TON) and the conversiowas12% (3 TON) after :h irradiationwith
0.2 M TBAPF in solution Although Wk(CNDipp) appears to catalyze IBP
cyclization, the activity ismarkedly lower than that of the species formed by
irradiation of W(CNDippg in DFB with TBAPF.

We propose that this nonluminescent spedils(CNDipp)y can engage in
photocatalys though irradiative ¢ss of f This radical combines with the
substrateiodine to generate 2] and subsequentlythe substatecyclizes. This
radical initiation pathway wouldensibly be facilitated in solvent conditions of

higher dielectric and in the @serte of electrolyte.
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Figure 3.6. 'H NMR spectra (methine resonances) of.@NDipp) (left) and
[WI(CNDipp)e]l (right) after irradiation with i(2-iodobenzyl)pyrrole in DFB

solution.
34.Conclusion

We have shown thatibstrate conversion to cyclidgrduct was enhanced when
W(CNDipp)-mediated photoredox catalysis of BHAS reactiorsswin in a
solvent (DFB) more polathan benzeneAlthough the reaction wasomewhat
slower withaddition of 0.2 M TBAPE;, catalytic actity continued well beyond

TON value of 20, reachingl79 TON after24-h irradiationin DFB solution.There

is another advantage of employing DFB as the BHAS reaction solvent, namely,
that photogneration ofWI>(CNDipp) does not terminate catalysis, itriling

contrast to the outcoeninbenzene.
3.5. Experimental Methods

General Considerations
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All manipulations were conductadsing standard Schlenk or glovebox techniques
under inert atmosphere {Nor Ar). Solvents are deoxygenated and dried by
sparging with N gas and subsequent pagethroughan activated alumina column

on the solvent purification system by SG Water USA, LLC. {Nalogenated
solvents were tested with sodium benzophenone ketyl in tetrahydrofuran (THF) to
confirm absence of oxygen and water.ueated solvents wergurchased fron
Cambridge Isotope Laboratories, Indggassedand dried over activated 3 A

molecular sieves.

W(CNDipp)e, 1-(2-iodobenzyljpyrrole,  1-(2-bromobenzybpyrrole,  and
WI(CNDipp), were prepared according to literatureethods? 2,2,6,6
Tetramethylpiperidine (TMPyvas purified by vacuum distillationdegassedsing
freezepumpthaw (three cycles)and dried over activated 3 A molecular sieves
lodine (k) was submed prior to introdudbn into the glovebox. Tetran-butyl
ammoniumhexafluorophosphat€rBAPFs, O 9 9 ) @nétetran-butyl ammonium
iodide (TBAI, 98%) were used as received from SigAddrich. All other reagents
were purchased from commercial vendors and used without furthecgiiori

NMR Spectroscopy

NMR measurements were performed at room teatpee, obtained using a Varian
400 MHz spectrometetH and**C chemical shifts were report@dppm relative to
tetranethylsilane, using residual proton ahi€ resonances from solveas an

internal standard.

NMR spectra obtained in proteo solvents wgenerated using th&H proton
gradient shim in the aromatic region of the associated specBpecttra were
subsequently processed using signal suppression in MestRe&\ipyaessedta
6.93 ppm) Peak features were referenced usaalglition of tetramethisilane in

samples of 12ifluorobenzene
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IR Spectroscopy

IR spectra were obtained using a ThermoFisher iD5 ATR spectromeieaigon

filled glovebox.
UV-Visible Spectroscopy

UV-Visible absorption measurements were performed under. anibsphere at
room temperature using a Cary 50 Wiible spectrophotomet. Samples were
prepared in anhydrous, degassed solvents using the niitbgeglovebox, placed
in the cell of a 1 cm patlength fused quartz cuvette (Starna Cells), and isolated
from atmosphee by a highvacuum Teflon vale (Kontes). All samples werstored

in the dark before measurement and were referenced to a blank solvent background.
Luminescence Spectroscopy

Steadystae and timeresolveduminescence measurements were carried out in the
Beckman Institute Laser Resource Center (BILRC) at Caltact, performed
under an N atmosphere at room temperature. Samples were prepared using
anhydrous, degassed solvents insidexof\-filled glovebo« and placed into J.
Young NMR tubes. All samplesexe stored in the dark before measurement.

Steady State

Steady state emission spectra were recorded on a modified Jobin Yvon Spe
Fluorolog3-11. Sample excitation employed a xenon lamp with wavelength
selection using a monochroroat Luminescence wasollected at 90° to the
excitation direction and directed by a bifurcated optical fiber bundle to two Ocean
Optics QEPro CCD sprometers spanning 300 to 930 nm. Spectra were corrected

for instrument response.

Time Resolved
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To collect timeresolved measaments, laser excitation was provided by 8 ns
pulses from a €witched Nd:YAG laser operating at 10 Hz (Speéthgsics
QuantaRay PRO series). The second harmonic was used to ps8&dem hser
pulses.

After colinear transmission through the sampte, scattered excitation light was
rejected using short and long pass filters. Probe wavelengths were selected for
detection by a double monochromator (Instruments SALDHwith 1 mm sts. All
instruments and electronics were controlled by software writte LabVIEW

(National InstrumentsAlso, see reference 3.

Time-resolved Stervolmer measurements were performed in 1 cm quartAtesve

with automated stirring. Luminescence decagds vere fit to a single exponential.

Initial quenching yieldsd(q) were calculated according to the equation

_ 1
9= 1
1
HETYA )

where (§ is the lifetime of *W(CNDipp) in reaeratedsolutions of 1,2
difluorobenzeneky is the bimolecular quenching constant from the corresponding
SternVolmer plot, and [Q] is the initial quencher(@-iodobenzyl)-pyrrole or 1(2-
bronobenzyBpyrrole). Initial quenching yields were calculated at 50 mM substrate

concentration to reflect BAS  photoredox catalytic  conditions.
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3.5.1. Synthetic Details and Characterization Data

[WI(CNDipp) ¢]l. A solution of WCNDipp)s (1.0 equiv, 0.0157 g, 0.0120 mmol)

in benzene (2 mL) is preparen a 20 mL scintillation vial. To this, a solution ef |

(1.1 equiv, 0.0017 g, 0.0135 mmol) dissolved in 1 mL benzene is added via pipette.
This solution is allowed to stir for 1 bo in the dark, generating an orange
microcrystalline powder with cleaupernatant. The powder is collected using a
celiteplugged filter pipette and washed with three 1 mL benzene washes. The
product is triturated with a minimal volume of THF, generatingoarge residue

under reduced pressure in 64.5% yiel®1Q1 g).

Elem Anal. For [WI(CNDippj]l A 6 ( %) found (calcéd): C, 62
6.77 (6.64); N, 5.64 (5.13).

Figure 3.7. *H NMR spectrum of [WI(CNDippjl. Trace benzenat ti ( p p=m)
7.31.
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3.41 (br g, 12H, ACH-2(CHy)), 7.377.35 (d, 6H, Ar CHCH-CH), 7.487.44 (i,
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Figure 3.8. ®C{H} NMR spectrum (101 MHz,&THF) of [WI(CNDipp)s]!.
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Figure 3.9. ATR-IR spectrum of [WI(CNDippgj!l, deposited as a thin film from
THF.
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35.2. UV-Visible Spectra
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Figure 3.10.B e e r 6 s ofWAOMDippl absorbancen 1,2-difluorobenzene.
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Figure 3.11. Molar absorption spé&mm of W(CNDipp) in 1,2-difluorobenzene.

Spectumis identical to priomeasuremenis THF®, tolueneand benzerfé,
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Figure 312.B e e r 0 s oflWdkM@NDOipp)sabsorbancen 1,2-difluorobenzene.
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Figure 3.13. Molar absorption spectrunf WI>(CNDipp) in 1,2difluorobenzne.
Spectrunis identical to priomeasurements benzeneand THF,
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Figure 3.14.B e e r 0 s ofl[VAI(®NDipp)gl absorbancen 1,2difluorobenzene.
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Figure 3.15. Molar absorption spectruof [WI(CNDipp)e]l in 1,2

difluorobenzene.
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Figure 3.16. Absorbancespectraacquiredduringirradiationof W(CNDipp) (5
mol%), TMP (2 equiv) and %(2-iodobenzyl)pyrrole substrate (50 mM) in DFB.
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Figure 3.17. Absorbancespectra acquireduringirradiationof W(CNDipp) (5
mol%), TMP (2 equiv) and1-(2-ioddbenzyl}pyrrole substrate (50 mM) in DFB
with 0.2M TBAPFs.

Il

Figure 3.18 W(CNDipp) (5 mol%), TMP (2 equiv)and X(2-iodobenzylpyrrole
substrate (50 mM) reactions in benzene (left), DFB (cemted) DFB with 0.2M
TBAPFs (right) after 1 hour of irradiatio.
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LuminescenceSpectroscopy
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Figure 3.19. Luminescencspectra acquireduring irradiation of W(CNDipp)
TMP, and }(2-iodobenzyljpyrrole substrate in DFE).2M TBAI).
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Figure 3.20. Luminescencspectra acquireduring iradigion of 3 mM
W(CNDipp) in DFB. This concentratin is representative of 5 mol®é(CNDipp)e
BHAS photoredox conditions.
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Figure 3.21 Luminescencspectra acquireduring irradiation o8 mM
W(CNDipp) in DFB (0.2M TBAPFs). This concentration is reprgaive of 5
mol% W(CNDipp) BHAS photoredox conditions.
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Figure 3.22. Luminescencspectra acquireduring irradiation o8 mM
W(CNDipp) with TMP in DFB. This concentration is representative of 5 mol%
W/(CNDipp) BHAS photoredox conditions.
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Figure 3.23. Luminescencspectra acquireduring irradiation oBmM
W(CNDipp)s with TMP in DFB (0.2M TBAPFs). This concentration is
representative of 5 mol%/(CNDipp)k BHAS photoredox conditions.
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Figure 3.24. Luminescence (620 nnaecgy following laser excitation (532 nr8,

ns) of W(CNDipp) in DFB.

Fit to a singleexponential functionU= 63 ns
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Figure 3.25. Change in absorbanspectrunof W(CNDipp) in 1,2-

difluorobenzene upod32 nmsamplarradiation.
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Figure 3.26. Luminescace (620 nm) decay following laser excitation (532 nm, 8
ns) of W(CNDipp3 in DFB with TBAPFs. Fit to asingleexponential functionJ=
62 ns
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Figure 3.27. Change in absorbanspectrunof W(CNDipp) in difluorobenzene
with 0.2M TBAPF upon532 nm sepleirradiation.



3.5.3. Stern-Volmer Quenching Experiments
1-(2-lodobenzybpyrrole Quenching of YZNDipp) in 1,2Difluorobenzene

Solution

82

Table 35. SternVolmer Analysis of 1(2-iodobenzyljpyrrole Quenching of

W(CNDipp)s in 1,2-Difluorobenzee

Entry

[W(CNDipp) ¢] Solvent [TMP]

(1M) (mM)
12 Toluene
2 3.4 Benzene
3 9.2 DFB ---
4 9.2 DFB 98.9
5 9.2 DFB ---
6 9.2 DFB ---
7 9.2 DFB ---
8 9.2 DFB ---

aData fromref. 20° Data fromref. 25

Figure 328 Pl o't

T/T

20+ [y'=0.01956 x + 0.9807
R®=0.97

1.0-Je”

SOl &t i ®32fswEA0 NM:

[1-2-
iodobenzy)- Lifetime
pyrrole] (ns)
(mM)
122
116
63
65
12.5 51
25.0 43
37.5 39
50.0 31

T T T T T
0 10 20 30 40
[1-(2-lodobenzyl)-pyrrole] (mM)

1
50

o/ dJflersué @(2-iodobenzyhpyrrole concentration for

W(CNDipp). From the slope of the linear fit, thémolecular querfung constant
was determined to bg=3.1 x 1§ M1s?,
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Figure 3.29. Luminescence (620 nm) decay followitager exdiation (532 nm8
ng of W(CNDipp)k in DFB with 100 mM TMP. Fit to a singleexponential
function, U= 65 ns.
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Figure 3.30. Luminescace (620 nm) decay following laser excitation (532 nm, 8
ns) of W(CNDippg in DFB in the presence of IBP substraéachtrace isfit to a
singleexponentiafunction
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1-(2-lodobenzybpyrrole  Quenching of W(CNDipp)in 1,2Difluorobenzee
Solutionwith 0.2M TBAPF

Table 3.6. SternVolmer Analysis of 1(2-iodobenzyl)pyrrole Quenching of
W(CNDipp) in 1,2-Difluorobenzene dotion with 0.2M TBAPF ( &= 532 nm,
dobs= 620 Nm).

[1-2-
[W(CNDipp) ¢ [TMP]  iodobenzyl) Lifetime
Entry (M) Solvent (MM) pyrrole] (ns)
(mM)
12 Toluene 122
2° 3.4 Benzene 116
DFB (0.2M
3 94 TBAPF) 62
DFB (0.2M
4 9.4 TBAPF) 98.9 66
DFB (0.2M
5 9.4 TBAPF) 12,5 47
DFB (0.2M
6 94 TBAPF) 25.0 33
DFB (0.2M
7 9.4 TBAPF) 37.5 26
DFB (0.2M
8 94 TBAPF) 50.0 22

aDatafrom ref.20° Data from ref. 8, obsa580 nm

30+ [y =0.039836 x + 0.91681 .
R*=0.99 ’

2.5+

.
1.0 e,
°

T T T T T 1
0 10 20 30 40 50
[1-(2-iodobenzyl)-pyrrole) / mM

Figure 331 P 1 ot o diflersus @2-iodobenzylpyrrde concentration for
W(CNDipp) with 0.2M TBAPFs. From the slope of thlinear fit, the bimolecular
quenching constant was determined tdore6.4x 168 M-1s?.



W(CNDipp)s in DFB
with 0.2M TBAPFg
10 — = Experimental
== Fit(T=66ns)

Luminescence /a.u.
(=]
|

.

T T T T T T 1
-100 0 100 200 300 400 500
Time / ns

Figure 3.32 Luminescence (620 nm) decay following laser excitation (5328 1m,
ns) of W(CNDipp)e in DFB (0.2 M TBAPFs) with 100 mM TMP.Fit to a single
exponental function U= 66 ns.
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Figure 3.33. Luminescence (620 nm) decay following laser excitation (53281m,
ns) of W(CNDipp) in DFB (0.2M TBAPE) in the presence of IBP substrate. Each
trace is fit to asingleexponential function.
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1-(2-Bromobenzytpyrrole Quenchingof W(CNDippy in 1,2Difluorobenzene

Solution

Table 3.7. SternVolmer Analysis of 1(2-bromobenzybpyrrole Quenching of

W(CNDippkin1,2Di f | uor oben zen & 32edn b0 nnepn (&
[1-2-

Entry [W(C(DII\D/I')DD) o Solvent [z-rr,:/ll\/Fl))] bromobenzyl} L'f?rfg'e
pyrrole] (mM)
1 9.4 DFB 65
2 9.4 DFB 98.9 65
3 94 DFB 25.0 58
4 9.4 DFB 50.0 56
5 9.4 DFB 1000 45
6 94 DFB 150.0 39

y =0.0045459 x + 0.98527
R*=0.99

To/T

.
1.0 e
T T | T T T T T
0 20 40 60 80 100 120 140
[1-(2-bromobenzyl)-pyrrole)] / mM

Figure 3.34. Ploto f o/ (U Wsusvi@-bromobenzybpyrroleconcentratiorfor

W(CNDipp)in DFB. From the slope of the linear fit, the bimolecular quenching

constant was determined tokye= 7.0x 10’ M1s™,
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Figure 3.35. Luminescence (620 nm) decay following lasertation (532nm, 8

ng of W(CNDipp) in DFBin the preence of B substrate. Each trace is fit to a
singleexponential functionin the figure[S] = 1-(2-bromobenzybpyrrole

1-(2-Bromobenzytpyrrole Quenching of W(CNDipp) in 1,2Difluorobenzene
Soutionwith 0.2M TBAPF

Table 3.8. SternVolmer Analysis of 1(2-bromobenzyBpyrrole Quenching of
W(CNDipp) in 1,2Difluorobenzene solutiomwith 0.2M TBAPF ( &= 532 nm,
dobs= 620 NmM).

[1-2-

Entry [\N(C(NI\D/Il)pp) o Solvent [;Fnl:/II\I;)] bromobenzyl)- Llf(erflsr)ne
H pyrrole] (mM)
1 8.6 DFB - - 63
2 8.6 DFB 98.9 63
3 8.6 DFB 25.0 56
4 8.6 DFB 50.0 55
5 8.6 DFB 100.0 45
6 8.6 DFB 150.0 35
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y = 0.0050873 x + 0.96361 ,
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Figure 336.P1 oto O  y¢-@bremolsenyl)-pyrroleconcentration for
W(CNDipp)in DFB with 0.2 M TBAPFs. From the slog of the linear fit, lte
bimolecular quenchingonstant was determined tokse= 8.1x 10" M1s?,

1.0 4
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Figure 3.37. Time dependent luminescence measurements foND{iah)s in
DFB (0.2M TBAPFs) upon 532 nm excitation, 620 nm proBad spectra are fit
to one exponentialn the figure,[S] = 1-(2-bromobenzyhpyrrole.

88



89

1-(2-lodabenzyl)pyrrole  Quenching of W(CNDipg) in 1,2-Difluorobenzene

Solution with 0.2M TBA

Table 3.9. SternVolmer analysis of A2-iodobenzy)-pyrrole Quenching of
W(CNDipp)s in 1,2-Difluorobenzene solutowith 0.2 MTBA (&= 53 2sn'm, &
=650 nm).

[1-2-
[W(CNDipp) ¢ [TMP] iodobenzyl}  Lifetime
Entry (M) Solvent (mM) pyrrole] (ns)
(mM)
12 Toluene 122
2 3.4 Benzene 116
3 6.0 DFB (0.2M TBAI) 59
4 6.0 DFB (0.2M TBAI) 98.9 59
5 6.0 DFB (0.2M TBAI) 6.3 54
6 6.0 DFB (0.2M TBAI) 12.5 49
7 6.0 DFB (0.2M TBAI) 25.0 41
8 6.0 DFB (0.2M TBAI) 37.5 30
9 6.0 DFB (0.2M TBAI) 50.0 26
R*=0.98 g
16 y = 0.020487 x + 0.96153
g 147 ‘e

.
1.0-e,”
.

T | T T
0 10 20 30
[1-(2-iodobenzyl)-pyrrole] / mM

Figure 338.P | o to Wdrsus(i@iodobenzyhpyrrole concentratin for
W(CNDipp) in DFB with 0.2 M TBAI. From the slope of the linear fit, the

bimolecular quenching constant was detieed to beg = 3.5x 10 M1s?,
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4  SYNTHESES AND STRUCTURES OF GOLD(l) ARYLISOCYANIDES

41. Abstract

We have synthesized and characterized seven [Au(GNAgpmpounds with
expanded “-aryl netwoks (Ar = DippPHMe3  DippPH'%2  DippPR""2
CNDippPHHP"2  Dipp®“PHMe, Dipp““PHN, and Dippy®-1-naph). Electronic

structures and absorption spectra of the complexes are reported.
4.2. Introduction

Transition metal complexes are functionally dverse platformsfor energy
conversio, optical imaging and photoredoxcatalyss, owed to their tunable
spectroscopic and photophysical propertie&old complexegorm a special class
where aurophilic (Au't Auf) interactios®’ drive aggregabn, forming
supramolecular nanowireand other extendedstructure$®® The spectroscopic
properties ofgold(l) complexesdependon both solvent ligationand aurophilic
interactins®1%1315 Many havebeenusal to treat rheumatoid arthritf$*’ and

cancef#2% and some regulatblood glucose level$:

Here we report the synthesasdspectroscopiproperties of twecoordinateAu(l)
arylisocyanidesrepresenting an extension of our body of work \WQCNATr)s
complexe$*3® We foundthat the brightly luminescentW(0) moleculesexhibit
exceptionally large onphoton andwo-photon absorption crosections, making
them candidate for optical imaging applicationd*?* Perhapsnot surprisingly, as
Au(l) arylisocyanides are coordinatively unsaturated,y thexhibit striking

solvatochromispectroscopibehavior
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4.3. Results and Discussion

Synthess. All ligandswere synthesizedby literature method$:?®> Compounds
[Au(CNDippPHMe3),] (BF) (1a), [Au(CNDippPH'©?);](BF4) (1b),
[Au(CNDippPH""",](BF4) (10), [Au(CNDippPR'HP",](OTf)3 (1d),
[AU(CNDIppC“PHMe),](BFs) (28), [Au(CNDippC“PHN),](BFs) (2b), and
[Au(CNDipp©®-1-nafh)] (BFs) (2¢) areshown in Scheme4.1. The intermediate in
the syntheseof these compoundsxceptfor 1d) was[Au(MeCN).](BF4), denoted
precursor(P), preparedby onepot silversalt metathesis and liganekchange
involving Me-SAUCI, AgBFR, and excessacetonirile. Following filtration to
remove AgCl, a solution of arylisoayige (in either acetonitrileDCM, or an
acetonitrile/DCM mixture) was added to the filtrate containing affording
complexeslalc, 2a and2c. In the synthesis dlb, the filtrate was @deddropwise
to a sdution of the arylisocyanid® disfavor sideeactionsExceptfor 1d, solvent
was removedn vacuqQ andthen the Au(l) complexewere washed with diethyl
ether. Yields were generallydhi (~75-95%) for thetwo-step synthess. To prepare
1d, 1c was dissolvedn a DCM solutioncontainingexcesdriflic acid, displacing
[BF4]" to yield a triflate salt.
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[Au(CNDipp-Ar)y] *
P

R AgBF,, CHiCN Au*_eN:_j) BF.~
/S—AuC\ —_— . 5
H:C AgClis) Au=N Ar

CNDipp-Ar,CHCN/CH,Cly
P — =" [Au(CNDipp-Ar);]BF,

OCH;

OHTF
Ar- OCH;4 . Q 1u Q
§_©7N02
HOTY, CHoCl
e —— 2% 14q

2a 2b 2c

%%Qfocm §—©7:GN = O

Schemed.1. Synthesis and structuresgwld(l) isocyanideda1d and2a-2c.

For proteirboundcomplexes, concentrated solutionss(thM) of 1a, 1c, and2ain
acdonitrile were added to ~5 mL of aqueous beviserum albmin (BSA)
containing solutions (50 uM BSA, 0.1 M phosphate buffer, pH =A¢gtonitrile
was added (~1.5 mL) tothis mixtue to lubilize the complex well before protein
deraturation.The mixtue was syringenjectedinto a 30 kDa MWCO cdnfuge
filter runat 3000 RPMhree timesandthenwastedwith aqueous 0.1 M phosphate
buffer between each filtration step. After the firidtk ation step,the remaining
protein/complex esidue was reliluted with 0.1 M phosphate buffer solution and

collecied for spetroscopic experiments.

Crystal Structures. The geometricparameters of structures reported in this study
are set outin Table 4.1. Except for 1d, single crystalsof all complexes were
obtainedvia diethyl ether vapor diffusion into either acetmité or DCM. Images

of these sucturesare depictedin Figure 4.1. Generally complexes adopted a

linear geometry with CAui C bond anglesloseto 180° (angingl75179°).Aui C



bond Engths weraninimally peaturbed throughsubstitution ofCNDipp ligands,
lengthening 1.96 to 1.98 in thalowing order:2c <lb<1lc<?2a<2b<la Steric
bulk was responsible fdarge dihedral angles betem opwsite diisopropylphenyl
groups £40-70°) in structuresla, 1b, &, and 2c. Interestingly, dihedral angle
betweenopposing diisopropylphenyl gupsin 1c and 2b weremuch lower (~12
17°). For each complexvith alkynyl-bridged ligands4a-2c), the armnatic group
was independently locked into aaphr conformation with @ihedral angle of
nearly zero across each alky@@-10°). For complexeda1c, aromatic network
were less planarwith larger dihedral agles (~33-42°). Nevertheless, geometric
optimizatiors indicated thatthe moleculeswould ad@t a planar geometryin

solution.

Table 4.1. Structuraldata forfAu(CNAr)2]* Complexes

Intraligand Interligand
Cation d(AuT C)avg dNIC)ay ~ (CTAUIC) Dihedral Dihedral
() () ) [ Ar(1 e[ Dipp
(2)]avg (°) PP(2)]avg (°)
la 1.975(3) 1.148(3) 175.66(19) 42.640 59.5%
1b 1.965(2) 1.146(3) 179.10(9) 33.260 78.92
1c 1.968(4) 1.142(4) 176.6(2) 33.611 16.956
2a 1.9694(19) 1.140(2) 178.82(10) 4.229 72.863
2b 1.971(4) 1.140(6) 174.2(3) 10.65 11.8445

2c 1.961(2) 1.398(2) 178.31(9) 10.626 43.479

97



Figure 4.1. Structures ofgold(l) arylisocyanidefAu(CNAr)2]* crystals (1ai 2¢).
Counterions and solvent metules were removed for claritfhe 1b crystal was

twinned (the unit cell contains two moleculesne molecule was removed for

clarity).

Absorption Spectra

UV-vis absaoption spectra were obtained for all complexes in DGMution at
room temperatureluminescencespectra werecollectedin DCM both at room
temperature and 7K (al spectoscopicdataaregivenin Table 4.2). A sydem at
~300340 nmin theabsaption spectaof 1a-1d (Figure 4.2) likely is attributable to
intraligand transitins. An additioral peak at 413 nrim the spectrum ofd can be
assignedto n Y ° *transitiors in the tertiary aminegroups In support of this
asignment,the 413nm peakdisappearedupon protonation of the amirsg(1c to
1d). Though triflic acid wa in mohr excess, resigl absoption features in the
~380470 nm egionsuggestd an equilibrium betweeric and 1d, albeit one that
highly favors the quaternary aminéorm. Absoiption spectra ér 2a-2c exhibited
peakghat can be assignedttee same transitiores inla-1d.
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Figure 4.2. UV-vis absorption spectreof gold(l) arnfisocyanides at room
temperature(a) [Au(CNDippPIPM®);] (BF4) (1a), [Au(CNDippPH'%?);](BF4) (1b),
[Au(CNDippPH"®);](BFs)  (10; [Au(CNDippPR'H™3;1(OTf)s  (1d) (b)
[AU(CNDIipp““PHPMe);|(BFs)  (28),  [Au(CNDipp““PHMN3(BFs)  (2Db),
[Au(CNDipp©c-1-Naph)z] (BF4) (20). All specis are4.37 uM in DCM

Solvatochromic Behavior Absorption spectrafor 1c (2184 and 4.37 pM)in
acetamitrile (ACN), dichloromethane (DCWM tetrahydrofuan (THF), and toluene
solutionsare shown inFigure 4.3. The pasitions of &sorptionmaximain DCM
andtoluenedid not depend ofic concentrationHowever,spectain bothACN and
THF exhibitedred shifts upon increasind.c concentratios. This effect was leger

for 1cin ACN. Most solutionexhibitedtwo primary absiption features although
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an additional peakt 298 nm wasobservedor 1c at lower concentratiorigs ACN.
The concentrdon-dependent spectrachangesin ACN can be attributed to

molecular aggmgationdriven byaurophilic interactions

In addition to conentrationdependent absptions, 1c also exhibited
solvatochromic behaviom ACN, DCM, THF, and tluene Figure 4.3). The
higher wavelength esoption band exhibited very pronouned solvatochronsm,
consistent with am Y ~ *assignment\ide suprj With DCM as exception,
increases in absorption energy occurred Wwitlteases irsolvent polarity® in the
order: (DCM <) toluene < THF < ACN. Notabijyg298 nm featuredid not display

solvatotiromic behavio

—4.37 yM in ACN
= =4.37 yM in DCM
=4 37 pM in THF
«ee++4 37 uM in Toluene

Absorbance (AU)
o o
w n

o
[N

600

Wavelength (nm)

Figure 4.3. Overlay of Au(CNDippPH""?),(BF4) (1¢) UV-vis absoption spectran
ACN, DCM, THF, and toluenat room temperature

Absorption Spectra of Protein Complexes As expected from their
solvatochromicbehavior in organic solventda, 1c, and2a exhibited shifts in
absoption spectrawhen bound toBSA in aqueous sotion. Importantly, these
complexes may find use in bioliegl imagingor in drug delivery inaqueousnedia

using cyclodextrif? as carrier.
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4.4. Experimental Section

General Considerations. All manipulaions were conducted usingstandard
Schlenk or gloveboxtechniques under inert atmospherez)(N Solvents are
deoxygenated and drie¢ Bparging with N gas ad passage through an activated
alumna column on the solvent purification system by SG Water USAC.
Dichloromethaned> and acetonitrileds were obtaied from Cambridge Isotope
Laboratories, Inc., degassed following a frepaap-thaw Schlenk procedurand
dried over 3A molecular sieve.

Chloro(dimethylsulfide)gold(l)and silver tetrafluoroboratenvere obtaired from
Sigma Aldrid. Sodium phosphate monobasic was obtained from Fisher Scientific.
Sodium phsphate dibasic was obtad from Mallinckrodt. Amicon Ultrd5 30

kDa nominal molecular weight limit (NMWL) centrifuge &lts were otained from
Merck Millipore. Water used thrghout experiments was purified using a
Barnstead Epure filtration systemA Beckman GSR refrigeragd centrifuge was

also utilizedn some cases.

Spectroscopy UV-vis absorption specatfor complexesvere collectedn custom
1-cm patlength quartz cuvess underan N2 atmospher@n a Cary 50 spectrometer.
All samples were prepared with dry, degassddests in @ No-filled glovebox
isolated fromthe atmosphere using higlacuum Teflon valvesln the reported
spectra ofall complexes a previously obtairgk blank spectim was subtracted

automatically.

Infrared (IR) specrwere obtained from solid powdeof precursor CNAr and Au
complexmateriat using aBruker Alpha Platinum ATRpectrometer in a glovebox
with a Nb atmosphere

Nuclear magnetic resonanc®\MR) spectra were obtained etom temperature

using a Varian 400 MHz spectrometéd NMR chemicalshifts arereportedin
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parts per miion (ppm) relative to tetramethylsilanasing solvent response as an

internal reference.

X-ray Crystallography. Low-temperadure diffraction dataf-and nsscans)or the
structures of all compoundsere collected on &ruker AXS KAPPA APEX I
diffractometer coupled to aPHOTON 100 CMOS detector with graphite
monochromated M&a radiation ( =0.71073 A or a Bruker AXS D8/ENTURE
KAPPA diffractometer coupled to a PHOTON Il CPAD detector with Ko
radiation ( = 0.71073A) or CuKa radiation ( = 1.54178 A)rom an ES micre
source The structureweresolved by direct methods using SHEL3X@&nd refired
againstF? on all data by fulimatrix least squags with SHELXI-2017%? using
established refinement technigigsAll non-hydrogen atoms were refined
anisotropicdy. All hydrogen atoms were included in the model at geometrically
calculated positins and refined using a riding model. Thetiopicdisplacement
parametrs of all hydrogen atoms were fixed to 1.2 timesUWhealue of the atoms
they are linked to (1.5inhes for methyl groups)Unless otherwise notedll
disordered atoms werefined with the help of similarity restraints oreth,2 ard
1,3-distances andisplacement parameters as well as enhanced rigid bond restraints
for anisotropic displacement paraters.In generalfor all complexesthe highest
electron density maxima ewe located near the Au atoms.
[Au(CNDippPMe3);](BF,) crystllized in the orthorlembic space groufPna2;
with one molecule in the asymmetric unit along with one molecule of agé&nit
[BF4]' wasdisordered over two positionpAu(CNDippPH°?);](BFs) crystallized

in the triclinic space group-1 with two molecués in the asymmetric unithe
crystal was nomerohedrally twinnedTwo independent orientation matrices for
the unit cell wee determied using the program CELL_NQW¥and data redtion
was performed with SAINF® with full account of twinning. The program
TWINABS®¢ was usedor absorption correction and scaljrigalso wa usedo set

up the HKLF5 format file for structure refinement. The twin ratio was refined.
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[Au(CNDippPR""),](BFs) crystallized in the monoclinic space gup P2/n with
half a molecule in the asymmetric unit along with a molecule of acetonithieh
was disordered over two positiongu(CNDippS“PHMe),](BF4) crystallized in the
monoclinic space grougC2/c with half a molecule in the asymmetric unit
[Au(CNDipp“PHN);](BF4) crystallized in the orthorhombic space groufuldd
with half a molecule in the asynatmic unit along with acetonitrile and diethyl
ether.One of the isompyl groups was disordered over two postjand ame of
the [BF4]' anionswas disordegd with diethyl etherAcetonitrile and diethyl ether
were refined with the help of direct distarrestraints on th€i C, G’ O, and GN
distances (1.54(4) A, 1.43(4) And 1.15(4) A, respectively)[Au(CNDipp©®-1-
naph}](BFs) crystallized in the monoclinic spacgroupP2:/n with one molecule in

the asymmetric unit.
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Figure 4.4. 'H NMR of Au(CNDippPhOMe)2(BFs) (1a). *H NMR (400 MHz,
CD.Clo): Ui 7.58 (s, 4H), 6.2 (s, 4H), 3.9 (s, 12H), 3.78 (s, 6H), 3407 3.33 (m,
4H), 139(d, J = 6.9 Hz,24H).
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Figure 45. '"H NMR of Au(CNDippPhNQ)2(BF4) (1b). *H NMR (400 MHz,
CD2Cly): 118.22 (d,J = 9.2 Hz,4H), 7.82 (d,J = 9.2 Hz,4H), 7.56 (s4H), 3.32i
3.22 (m,4H), 1.26 (dJ = 6.8 Hz, 2H).

O O T N = O~ o [0
Mmoo~ M
MmMmH MmO Mmomnomom i |
—_——

P

J

T T T T T T
76 75 74 73 72 741
Chemical Shift (ppm)

o~ S
O. ~
o\ —

T T T T T T T T T T T T T T T T T T T T i T T T T T T
115 11.0 105 100 95 9.0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -1.0 -L5
Chemical Shift (ppm)

Figure 4.6. *H NMR of Au(CNDippPhNPh)2(BFs) (10). 'H NMR (400 MHz,
CD.Cly): 1 7.51 (d,J = 8.9Hz, 8H), 733 (t, J = 7.4Hz, 8H), 7.16i 7.09 (m, 16H),
3.377 3.20 (m, 4H), 141(d, = 6.7 Hz, 24H).
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Figure 4.7. *H NMR of Au(CNDippCCPhOM(BF,) (28). 'H NMR (400 MHz,
CD.Clo): 11 7.52 (d,J = 8.6 Hz,4H), 7.45 (s4H), 6.93 (d,J = 8.6 Hz,4H), 3.8 (s,
6H), 3.2 3.25 (m, 4H), 1.37 (d, J= 6.7 Hz, 2H).
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Figure 4.8. *H NMR of Au(CNDippCCPhCNu(BF2) (2b). *H NMR (400 MHz,
CD.Cl): U1 7.80 (d, J = 8.7 Hz,4H), 773 (d, J = 8.7 Hz,4H), 758 (s, 4H), 3.39i
3.30 (m, 4H), 135(d, J = 6.9 Hz, 24H).
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Figure 4.9. H NMR of Au(CNDippCG1-Naph2(BFs) (20). *H NMR (400 MHz,
CD.Clo): 11 8.43(d, J = 88 Hz, 2H), 7.94 (1,J = 6.2 Hz,4H), 7.84 (dd,J = 3.2, 1.2
Hz, 2H), 7.67 (dtd,J = 1.3, 1.4 Hz2H), 7.60 (dtd, J = 1.3,2.2 Hz,6H), 7.53 (sds;)
= 1.1 Hz,2H), 3407 3.30(m, 4H), 1.41 (d,J = 6.9 Hz,24H).

Table 4.2. Absorption data for1ald and 2&c in DCM: absorptionat room
temperatureluminescencat room temperaturand 77K.

Species oAbsorpti on o
dabs// nm (U// x 10* dm® molt cmr?)
la ~310 €houlde}, 336(3.45)
1b 317 (4.52)
1c 298 (7.76), 413 (51)
1d 301 (8.28), ~315shoulde}, ~380 ghoulde}, 463 (0.69)
2a 254 (3.34), 274 (3.09), 283.02), ~325ghoulde}, ~350
(shouldey}, 368 (5.2)
2b ~295 shoutler), 313 (10.17), 327 (106), ~350 ¢houlde}
e 277 (3.35), 297 (4.14), 314 (4.09), 350 (5.25), 359 (5.3t

483 (0.41), 596 (0.29)
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TFDFT Calculations. Equilibrium geometries of all complexes were
optimized from sigle crystal datalexcept for1ld, which was optimized after
simulated protonation dfc). Ligand dihedral anglesvere more planan TDDFT
optimized geometries than those in single crystaicures. Solvent molecules
were not included in the calculationsjt counterionsvere included alorgide the
metal, requisite for convergencehe calculateclectronic structure fota, along
with selected absorption and emission transitions, angrshioFigure 4.12(results
for other complexes were similar). The HOMS® primarily ligand *, and the
LUMO is ligand “*. According to TDDFT, the main absorption appears upon
excitation to a singlet Y “* (LLL/LMCT) state.

In the TDDFT model, the other majabsorption feture can be assigned to
transitions to singlet and piiet excited st@s(typically ~8595% for the singlet and
~60-90% for the triplet) from &26s (HOMO-10 for 1a in Figure 4.12 to the
LUMO. Although there is substantial mixing of singbetd triplet MLCT states
there is little evidence MLCT emission,as lifetimesfor most complexes were
short (< 20 ns). Our observation of decreased MLCT emission intensity at low
temperature (77 K) is consistent with delayed fluorescence. Note, howlester
decreasd MLCT transition oscillator strengths also were iigtd in calcuhtions
performed onla and 1b structures with perpendicularly oriented ligands. Ligand
steric bulk could have caused the complexes to adopt a less planar conformation at
low temperature,saobserved in all single crystal structures (main Fegtire 4.1).

Thetre is greatly reduced delocalization in both HOMO and LUMO forodytlane
arylisocyanide ligands, which also could account for lower oscillator strengths.

Input Parameters

Calculationswere performed using ORCA® version 5.0 on the Reigk High
Performance Computing Centesupported by the Resnick Sustainability Institute at

Caltech. Representativaputs for density functional theory (DFT) optimization
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calculations are provided ithis document undeRepresentatve Input Files.
Startng geometes for structural optimizatins use the coordinates from single
crystal structural analysigOptimization calculations were carried out using a
BP86%4! exchange functionalAll calcuations were performed to consider the
relativistic effect umg the scalr relativistic DouglaKroll-Hess (DKH)
Hamiltonian. The segmented ailectron relativistially contracted (SARC) basis
set (SARGDKH-TZVPP) was used to describe Auwhile the basis seDKH-
def2SVP was employed on land atomsOne [BF4]' counterionproximal to the
Au site was necessary for structural coneerg.The structure oid was generated

throughmodellingprotonation of crystallographitc and subsequnt ogimization.

For TDDFT calculations, functionals BP§6%), B3LYP (20%), PBE0(25%) and
CAM-B3LYP (33%)were used to explore the influence of HardFeek exchange
on resulting spectral fitCalculations were employed lisg the conductelike
polarizate continuum (CPCM) nbe | , e mpd 90§ dietedric enstant for
dichloromethané® UV-Vis spectra visualizations werengeated using QMForge,
employing a 3000 crh FWHM thermal broadeningMolecular orbitals are

visualizedin Avogadrowith ac=0.20 isosuface value.
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Representative Input Files
Geometry Optimization

I BP86 def2SVP def2] RIJCOSX Opt TightSCF KDIISSOSCF SlowConv LargePrint
printbasis

I defgrid3

%basis

NewGTO Au "def2TZVPP" end
end

%scf

MaxIter 12000

end

%pal

nprocs 16

erd

%maxcorel2000

*xyz 01

input_coordinates

*

TDDFT

! PBEO DKH DKHdef2SVP SARC/J RIJCOSX Tigh€F CPCM(CH2CI2) KDIIS
SOSCF LargePrint printbasis
I defgrid3

Yorel

picturechange true

end

%basis

NewGTO Au "SARGDKH-TZVPP" end
end

%scf

MaxIter 12000

end

Ypal

nprocs 16

end

Y%tadft

nroots 30

maxdim 5

tda true

DOSOC True

triplets true

end

%maxcore 12000

*xyz01

input_coordinates



Optimized Geometries

[Au(CNDippPHMe3),](BF4) (1a)

Au -0.03274083837015 -0.34865493762062 -1.76407274454952

C
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190875566718401 -0.0538056@7P46 -1.84640365046864
3.06954826869920  0.137348875/0 -1.76123538948897
4.41569321755585  0.33181575266943.52435867272284
5.24727299139275  0.77399476689952.59417351446586
4.6687553007713  0.98754698750634 -3.99136739795916
3.61475498544749 31577699885825 -3.85807341960242
4.63917473697139-0.34707261238850 -4.77217743962879
5.66885007223038 -0.7267370608088 -4.93843085945830
4159878998567 -0.21013535004757 -5.76356012058312
4.0759660684285 -1.13171949292392 -4.22832483528034
5.38586623080348  2.0835832138957#8.79711083527838
5.44246574854102  3107125%79526 -4.235452753256
4.84168115984184  2.27638811942008.74384905592657
6.41926373186913  1.787806290532365.07409105354110
6.60411933141608  0.97343276422578.30743747744993
7.26465298043959 1.35032479723417 -3.1007®39782943
7.14439938306034  0.75504054393123.0164721649523
8.58687973353225  0.98521596910900.74%53856178115
9.55184537461459  0.73664368364435.74883343063530
9.2306691190816  0.328880211782 -2.71565998593097
10.92047991510341  0.94590543369491.49068467357224
11.92017675043322  0.6910504@0X -2.38614843656105
11.57585612701939  0.16765673945288.65803950805976
11.064165767223 -0.81731451414641 -3.57510696702300
12.52679066062752 0B 83627932 -4.20622497125369
10.92360274709526  0.86325203474624.23309399502721
11.34905429039473  1.42531541330016.22384962883253
12.6676B67092191  1.58712142716513 .08545885640870
13.3665348803190  2.63236254904072-0.59361094144155
13.40934558690491  2.45714314216762.68916923657793
14.39515152042304 2.62@05171005 -0.186160852020D
12.89779344693722  3.62230634694 -0.39647865278944
10.37470672439310  1.68462585148631  0.77897543733068
10.86582617436974  2.16070872853213  1.95463328288664
9.959158364825  2.40358934B952 3.01758221606225
9.2115814061388 3.18719169064663 2845161848528
10.56853097998705  2.75837168610467  3.86957153522363
9.41780514501246  1.47945501687538  3.32109688475209
9.00937236632425 1.452001%213418  0.52016520516506
8.25772524061059  1.68467659B&1 1.28494349154458
6.27248223505867  0.32071916245330  0.00944213877262
6.68272886902250  0.12303395968325  1.009509885
4.9041681430711 0.09704537172081 -0.2026173043757
3.98073661677498 -0.4239728313837  0.88944353862878
2.97413706565229  0.01707982784023  0.72989547582386
3.81926770177672-1.95927509818263 0.77196442997879
3.5002@24235899 -2.2680689149072 -0.24469751893353
3.0400071483443 -2.29149988820416  1.48482709559880
4.77508019433958 -2.47779229814790  0.99809189008166
4.40337914495349-0.0323080481676  2.313880015206
3.58730886655432 -0.31454445449170  3.00668520367210
4.57012129926778  1.06031137033246  2.40896689287405
5.32626502624520 -0.55662080928359  2.64253462216454
-1.97288100827003 -0.64190929372447 -1.650157/5670016
-3.11940983581653 -0.83359611332781 -1.45310344®351
-4.43313362754393 -1.04171894147148 -1.08314421402740
-5.37992384009678 -1.41514707611982 -2.08132881698556
-4.95858513784754 -154313359B8193 -3.54343328232429
-3.89921227725072 -1.8810153996240 -3.54595663951503
-5.76855361772411 -2.58602545309166 -4.33148390314071
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-5.77146192674986 -3.57291403251426 -3.8264362874933
-5.332617411B2050 -2.72076139575172 -5.34216809642650
-6.82354096428881 -2.27214998453223 -4.47495225836768
-5.00196287051264 -0.16300681532031 -4.23997116007763
-6.04010627557921  0.22857837621974.27019353488%H
-4.63396582490900 -0.23959064151328 -5.28399879658921
-4.3%62353440601  0.585269761192123.71348329982643
-6.69924674398779 -1.62920316682253 -1.66084908314926
-7.44574080726333 -1.95375775271852 -2.3991788B026365
-7.09378925860245 -1.49081703437102 -0.3076580840988
-8.50078929398775 -1.73461267036030  0.10420499609784
-9.56733985532455 -1.4162882163133 -0.76746805408479
-9.34911276980541 -0.95036(87180B -1.73895004203353
-10.90208213787408 -1.65107990582923 -0.38085037288164
-11.98888583281939 -1.37073391621185 -1.15159613748500
-11.7815628810512 -0.78596463340743 -2.4250196562098
-11.2759257615546  0.20345837147943 -2.35189052808275
-12.78485743313729 -0.64264810267038 -2.86802962032881
-11.18280917854264 -1.44415901647090 -3.09528760871 7D

-11.19260830528400 -2.2015950910847  0.897041228637
-12.49671202703714 -2.35097689826105  1.26965352480061
-12.97714691374838 -3.69072591863643  1.39805826152728
-12.89121915932999 -4.24235606322776 0.43517010642110
-14.04675403354%1 -3.6145941124812 167207477144253
-12.43603549893085 -4.24860815719969  21@085287223
-10.11717240203333 -2.52014690218162  1.76922697527428
-10.48058003654475 -3.04485539955340  2.97530220553071
-9.46527247270004 -3.34(B8MB9604190  3.92203888990025
-8.76356889014706 -4.12102@68M368  3.55102008635025
-9.98220324510951 -3.72174203648719  4.82219084102259
-8.88137836334981 -2.43413527868561 4494193875587
-8.78%88163268B0 -2.28581798836068  1.37435460340031
-7.9576056973128 -2.56278755855976 .08896189719006
-6.11176284281966 -1.12312864763510  0.64184249271962
-6.40862396904106 -0.9877887351819  1.691294245%94
-4.77277156256360 -0.88878089504936  0.29624696256045
-3.73178747979716 -0.4381847994135 1.31067260338393
-2.75144292620472 -0.86662782254326  1.01320617125075

-3.57492119024225 1.1017000984@0 1.27562773604373

-3.36743664544335  1.47592830077563

-2.7200514088119  1.38768128814755

-4.49699175997721  1.60348739233190

-3.99696954383182 -0.9222288326482

085264684
1.91839320873051
1.63840035798357
2.74440971805515

-4.87524890368969 -0.4225450083271  3.20682056228641

-3.10780336346729 -0.68421878751800
-4.15758985468660 -2.01916756899492
0.15@9552037025 -0.45631633774397
-0.75998847865113 0.16274038231672
1.16016273698717 -1.12484852198049

3.35992476829563

2.78632235525
1.70541394132143
2.5a@8£36888426
2.42145609596581

-0.53549960517095 -1.39060391591853 0.859999365131D

075323204975849  0.53139627696907

[Au(CNDippPhN°?);](BFs) (1b)
-0.011515826 0.690323356  1.447683464
1.952068348  0.698008327  1.425293670
3.105273557 H¥3075171  1.2117809

-1.96744803 0570160292 1.271843916

-3.12489097 0.392819810  1.395031897
4410587591 0.332564285  0.823896609
5461955313 1.023686745  1.492575092
5.154735263 2.0346826 2.59464288
4.224426729  1.690970908  3.097401015

4860781061  3.424043278 .982388381
5.758880383 3.824178970 1.467501890
4570464337  4.144857966 72036860

Au

@]

N
C
N
C
C
C
H
C
H
H

0.84853210255435
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4.08002311 3.38453367

1.240651713

6.248703819  2.12247849 3.672053357

6.492770766 1.127264604  4.095051392
5.909356380 2.772269051  4.503707197
7.186209746 .567870998  3.2788431
6.77012496 0.761231298  1.062429173
7.606826B1 1.254331351 1.576764678
7.046124685 -0.146083372  0.012797542

8.446271169 -0.401594221 -0.417268187

9.412805134  0.6867422 -0.40466163
9.117643006  1.651613611-0.102081687
10.732360603  0.4025424000.807644261

11.490300530  1.1973998380.814458358

11.092428561 -0.886319046
12.93134589 -1.14289271
13.280469702 -0.19457726

12.773748438 -2.286520886
10.166555767 -1.939181284
10.497876738 -2.933614035
8.849817745 -1.689947473
8.12598754 -2.518240696
5.966849481 -0.805511991
6.168700091 -1.489103003
4.630701360 -0.595910148
3.477149491 -1.345596710
2.580505046 -0.691542450
3.712171363 -1.703819087
4.014593522 -0.820100474
2762262585 -2.09172711

4.484247771 -2.49260859

-1.226619561
-1.652971383
-1.611941187
-2.018214406
-1.253784591
-1.581084488
-0.850656869
-0.844434491
-0.616954537
-1.453510410
-0.23944629
-0.88994398
-0.866166300
-2.366319521
-2.964889954
-2.783008529
-2.494650574

3.130024780 -2.611716488 -0.068915590
3.970114081 -3.337867217 -0.091247207
2.226339819 -3.084617870 -0.49862792

2.909%99393 -2.375208423
-4.46574923 0.163692542
-5.012951628 -1.094812707
-4.122859299 -2.197901401
-3.303058444 -1.699301649
-3.474160542 -2.991158162
-2.927084066 -2.334913861
-2.761725859 -3.740926206
-4.251950908 -3.534090336
-4.846194329 -3.13061872

-4.117931479 -3.82754749

0.991241496
624515360
1.239290580
0.678055182
0.11642009
1.8388888
2.545087502
1.437575559
215874318
-0.307921824
-0.769265842

-5.344738742
-5.610632039
-6.381894763
-6.830D0846
-7.1896@149
-8.637231960
-9.409387893
-8.938458918
-10.773131827
-11.388726747
-11.373188699
-12.821108530
-13316731367
-13.430336672
-10.643406295
-11.154794786
-9.281124518
-8.69635005
-6.5948%359
-7.222880875
-5.234169602

-2.569279785 -1.124498891

-3.757510732
-1.288539963
-2.257639726
-0.296403567
-0.538665024
-1.286639242

0.196931239
14787181

1.214494074
2.075317107
2.311217726
1.386761193

-1.669814295 0.46933380
-1.516243449  1.6003230
-2.083348935  0.889236813

-0.994421560  2.755402724
-1.234027383 .989115000
-0.75732242  4.012608924
-1.89330@29 2143370654
-0.252492570  3.695388953

0.125708203  4.590752669

-0.028321984  3.4660574
0.527698351  4.214440531
0.930294176  2.448125903

1.714765570
1.197068380

2.892880915
2.235877970
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C
H
C
H
H
H
C
H
H
H
B
E
E
E
E

-4.580541631 298898519 2.68575553
-3.765892103  2.7200286381.96166978
-5.536705588  3.703025601  2.675159780
-6.316732856  3.620438597  3.460567762
-6.044789129  3.826526459 .696877244
-4970824545 4.6326%264 2.885657394
-3.925126481 2.30908177 4.075580953
-3.403284120  3.239436600  4.379444684
-3.184502425  1.486157911  4.088878077
-4.698733962 2.085377782  4.8366966
-0.303815948 -1.398641985 -1.096016575
0.370D2661 -0.133437338 -1.212862577
-1.684765249 -1.200022875 -1.325381589
-0.129947744 -1.858760228  0.248898085
0.250212109 -2.314088752 -1.99008995

[Au(CNDippPh'"",](BFs) (1¢)
Au -0.20431953094603 0.46622146350901 1.22232200445131

C

OTIOIOIOIOIOOIOIOIOIOIOOZOIOIOONOIOIIIOIIIOIOOOZ

-2.14895614335614  0.41119268923127  0.94320817523112
-3.29575702252629  0.26447008952548.70885939733563
-4.6045257072050 -0.03539125309 0.38768530278102
-4.9155908259172 -1.38363188482261  0.03065139773655
-3.84419104005265 -2.46411182956857  0.05917017023398
-2.88057433729744 -2.00363089235342 -0.2449938435283
-3.65003830631369 -2.9086/21410515  1.502139288748
-3.45664494706979 -2.17007860742428  2.22301479076024
-2.77424981723738 -3.66798427485890  1.51966533833232
-4.5509984614683 -3.5399088857839 1.84949077708935
-4.09734965836 -3.6275639981775 -0.91261490611275
-4.94951116435554 -4.26451395546387 -0.60417683534294
-3.18616868100212 -4.26310300387732 -0.92972884375246
-4.27956155359® -3.27036404732668 -1.9460383242886
-6.25009994302842 -1.6505881487504 -0.30727398883174
-6.50980896150175 -2.67046758871523 -0.62349115980291
-7.25762604306561 -0.65609245222658 -0.29176952126992
-8.6573276988154 -0.98356317638724 -0.65109835798820
-9.2012604707647 -2.27131658074930 -0.41357706093794
-8.58756633996630 -3.03664634189083  0.08543283284912
-10.52215430875554 -2.585.0077015992 -0.7427868555454
-10.91820649038125 -3.5883110468083 -0.5180401880804
-11.36612275650596 -1.62053990928060 -1.34884553099156
-12.70072306602276 -1.93515987291699 -1.69432989950484
-13.0392485188051 -3.2456629107645 -2.14554641205148
-122190091496:18 -3.9195083426827 -3.08007937381348
-11.31542290587566 -3.42310241281189 -3.46367516185134
-12.55768045891207 -5.20886761893270 -3.5161911366746
-11.9090446702604 -5.71957447439820 -4.244948676135
-13.7228045105621 -5.83993144754413 -3.04554520113545
-13.98821531688411 -6.84910840148756 -3.39518619356224
-14.54565048451325 -5.1678476125812 -2.1246083449(8B
-15.45769082142301 -5.652742850482 -1.74284120230282
-14.20r23953221070 -3.88497556580397 -1.66954573199302
-14.84623013194008 -3.36737650165745 -0.93891046859601
-13.72432058379657 -0.94710237337750 -1.59648002063554
-14.6901930984157 -0.81520551258685 -2.6210420774630
-14.63726409938604 -1.47380185483127 -3.50049554837469
-15.70485280666371  0.14743224267422.516@394952884
-16.44820227216895 0.2380635604534 -3.32346289391911
-1576720849933343 (23626184287 -1.40150553378695
-16.56155587377843  1.76026790955728.32564772052807
-14.80497896774950  0.87723231024 -0.38375343688275
-14.8479168074148  1.532764705741690.5001B18254873
-13.7%8563397628 -0.09292131481887 -0.47134196504360
-13.05566371229800 -0.19901155458974  0.33550491215601
-10.8318118220051 -0.33170100997088 -1.5992963965933
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OITIOITIOITIOIOIOIOOIOIOIOIOIOOZOIOIOONOIOIIIOIIIOIOOOZOIIIOIIIOIOOIOIOI

-11.45771472533877 0.427685:815693 -2.0898952198520
-9.51424497558124 -0.02539242520563 -1.24940079264361
-9.12487613988994  0.97486274921964.49355969598192
-6.8915150496577  0.6620038535940 0.07792939891384
-7.609194868696  1.4362537810785 0.12601956206733
-5.57725545737686  1.00611205863025.41899697054909
-5.17358601276780  2.43620862557956  0.77000411697685
-4.3285106241784  2.3625132978113  1.48945296201
-6.28875715114498 3.2422084903554  1.45676887967213
-5.89485898139051  4.2218695908  1.79776329598249
-6.69672312564829  2.71151707422059.34061938800198
-7.1317912390515  3.457072761371590.76744879990481
-4.640891945385  3.17122566909591-0.48519946152071
-3.8067803609865  2.62804745712845-0.96046822706082
-4.29067703570540  4.1883B86489224 -0.2218121652961
-5.45181990993287 ZF55@5078%29 -1.24339117413b4
1.74269315852854  0.49371541834399  1.48835326368634
2.91121657430132  0.38436526607765  1.60765473511495
4.2663298150934 0.13192456307681 1.6720896187484
4.778380213M91 -0.99120182461646 9579927301837
3.86205411785380-1.84754919408426  0.09581868203
2.86758569476662 -1.89371394145880  0.58781213010677
3.61492620247299 -1.1813763183648 -1.28487093931026
3.29%379945459 -0.1325802138609 -1.19130829964669
2.86887698760365 -1.74734413353937 -1.83551233276002
4.58631523492900 -1.17226107162710 -1.8743934551 143
4.3288252042D2 -3.30144304061063 -0.0722384242531
5.24151165852397 -3.3859985082090 -0.70048880673770
3.51942522737220 -3.86878073684881 -0.57129925065086
4.53349743731284 -3.78525180183156 9475626477305
61560245865834 -1.22968018990566 1.06625471B78367
6.5704108973608 -2.10921711372977  0.55312127095284
7.01808386218204 -0.40863100221641  1.83149253114464
8.46959147446240-0.6950927030063  1.912893049%74
916401109402171 -1.312095891840 0.84161702790773
8.6262945765897 -1.54833881856816 -0.08956429208544
10.53354285351677-1.57992796841764  0.90896873988852
11.04417908853581 -2.03370832945221 0.0473533809931
11.27863592852864-1.2590486493467  2.08868354995
12.66258968701449-1.53514117492561  2.14893658009071
13.20047246494555-2.69786726729648  1.52083957333686
12.5887240239348 -3.94348058880894 1.62468498553342
11.603%789549846 -4.0130698321305 2.19977058697551
13.07320474259857-5.08098040206778  1.00188117464401
12.54634988524900 -6.04364767287351  1.09313912208
14.2792816802548 -5.00260627498649  0.28321212708
14.69843627486801 -5.88889704695302 -0.19856171508565
14.94462458672935-3.76767314098170  0.18747722718473
15.88665163763577 -3.69053546139381 -0.37760765767034
14.4102571313173 -2.620735366491 0.79263626619106
149264373951206 -1.65341065813780  0.70454688931167
13.53723885044151-0.66059944982821  2.85865482621596
14.53963415648967-1.18639353743056 64556388706
14.63035063828898 -2.2764094€032956  3.823136283908
15.40845342687216-0.32500532883753  4.39229899960719
16.18255945501985 -0.75077208215651 .(970901308345
15.2860088776628  1.069388299966 4.25897808431235
15.96015@6839®  1.7419682164426 4.80334037047517
14.28672525682105  1.59522439650485  3.42097596599642
14.18616562777469  2.68388320274  3.29852595381017
13.423279743920  0.7223270819581  2.7180712@0228
12.65441360838788 1.1576620690976  2.04992460142689
10.59450284717251-0.64572509661267  3.15173102374206
11.1438530034W7 -0.40581117128939 4.07355040010501
9.2279515484630 -0.36761202611810 3.06528®5846157
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8.7251823804610 0.07308198264468  3.93979570422694

6.45521371133835  0.69562364112094  2.51846569576971

7.11795154976196  1.36019B48888  3.090081281518
5.08701858512063  0.99BB59&@385 2.46602057718696
4.4B47826445385  2.15200705606861  3.24535801781310
3.59547805749081  2.50521573777343  2.6615185795
5.41983608084248 3.35263482847815 3.4125533766157
4.87621975878919 4.2038180554371  3.87687574259

6.27447227964905  3.11926964447818.08128077477875
3.9471785430320  1.662746100185 4.61485515973024
3.226698813406 0.83185929155166 4.50583529772551

3.44051033688284  2.48789587830481  5.15679501838418
4.78265701614225  1.29844150017020  5.24823254909555

0.05379299276812 -2.7126025724967 -0.15859706611515
1.08234986096084 -3.1(64946948420 -1.06185736163553
-0.82888562916452 -3.76739552021719  0.11731353943242
-0.67918479489337 -1.60290065961855 -0.70£20737608196
0.68.31338676847 -2.26134770159639 (635464094341

H
c
H
c
c
H
c
H
H 5.82974846802723  3.69291354383101  2.44022133710490
H
c
H
H
H
B
F
F
F
F

[Au(CNDippPH""P"),](OTf)3 (1d)

Au -0.18460718519759 -0.55732@2548889 3.54366166302165
C 1.75298520078649 -0.65190705053558 3.86591764998905
2.9936203646477 -0.6238053139618 3.93938677106206
4.30802611603901-0.516881742173 3.95850850632013
4.90489763389047 0.57635602465331 3.26082319406875
4.05596707121070 1.62338913143857 2.557566848)458
3.14969891988B0 1.2505857307224 2.15696883879150
3.56984229152988 2.6875749572714  3.57097871043562
3.0552054539393 2.23079040234296  4.44064792599650
2.84148001362557 3.35908259045256 07730488393168
4.4181686555356 3.29270435181765 3.95483166685962
4748700592763 2.27755251168674 1.35278285405508

4.00856715360047  2.887826734b/  0.800883350829
513985461212033  1.52040585870169 G8439476768
6.30r55838791850  0.64382977231810  3.29005877219149

7.09561554734697 -0.31055484736562 3.9700590413067
8.57855333560564 -0.1990634820148  3.96218950004

10.6099523116404  1.1818492532705 3.97922090737813
11.07850141054693 .1791557858513 3.99357050220265

13.4330068150183 0.5761650008609  2.57394252715045
12.7990019601066 0.16316.18688829  1.39645842767685
11.87652630418242 -0.43347649438022  1.42783988510135
13.36257589193466  0.5447715650356216583600022299
12.87624388@9572  0.23031640608906-0.7697744965022
145281871578B26  1.32762178916548  0.12807302699793
14.95797598129247  1.626794528985102.83939435274373
15.14386604569005  1.73862005465  1.324@67284494
16.05388475658967  2.3530323282652P.2996133317385

13.63821396868 -0.9481692661260 4.3756251624078
14.24193172997414-1.94692594673398 3.80480794576795
14.20253987707291 -1.91648458410095  2.70640033213720
14.92090161814609-2.98530992915729 .46689527109615
15.40441369591271 -3.7761668559155  3.87446212985294
14.99335943098399-3.00774811@B801  5.86948418688678
15.53424343405569 -3.81929112085501  6.37848689141863
14.38337913346189-1.9904G41899791  6.63£128352985

OTIOIOIOOIOIOIOIOIOOZOIOIOOOIOIIIOIIIOIOOOZ

5.58249426906460  2.94973843299445  1.65006534129085

6.79716528563354  1.45408577957815  2.73143884169483

9.21457883496767  1.06792515612066  3.99158477758952
8.60741920414080  1.98311749856118  4.04603911093095

11.38941330993911  0.01563552568424  3.95037900413135
12.88448153872219  0.17890853571671  3.92051101333747

14.59884450662442  1.35719341729012  2.56171504179326
15.08801787654354  1.66416969538317  3.50027078714648
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14.443960389514B -2.00053708765985  7.72285361917942
13.695899%59151 -0.95085354671833  5.97937778206300
13.20675297194225 -0.15874291041557  6.56974176061880
10.80213158028B1 -1.2549025489536  3.933255908997
11.41829046681486 -2.16486620403038  3.9173908863D7
940218231949211 -1.35059720566388  3.93876435997280
8.94197424783278 -2.34862397461003  3.89863660029792
6.45377899256928 -1.37208914139744 4.6480418096721
7.05761014463344 -2.10054233417949 275643275780
5.05697013129344 -1.50464864553252  4.66236961568346
4.35944429985589 -2.67226488901477  5.35442081845
3.3724988712733 -2.2969909915916 5.70207557939572
5.10904688219843 -3.1937740592657 6.59174732967676
4.48872508998902 -3.94563036563494  7.11908404255551
5.33977871922854 -2.38117659636897 7.30983403201745
6.06025942117362 -3.69855@7698394  6.32200954626655
4.08994858063649 -3.811209784.5917  4.34224903497159
3.50619721303571 -3.46202083789224  3.46721198818606
3.52044269580289 -4.63098308332129  4.8222931468
5.0432979192685 -4.23478532234627  3.96376734052463
-2.111639320400 -0.42642771185755 3176789251199
-3.21921225958075 -0.24749213039530  2.80795765631482
-4.45544446679360  0.0485446635B7 2.2618954386@8
-449943317302024  0.99243155721394  1.19075215084991
-3.24505155578308  1.7068633®4064  0.71450980403377
-2.39368798508413  0.99896910915343  0.80067415725497
-3.29230182645868 2.15314781316348 -0.7547818799673
-3.56255504995478  1.31849207578014.43387090329%63
-2.28286173544478 2.50849652064944 -1.03840400953940
-4.00358289416087  2.99021210740220.92381266905801
-2.9582190480707  2.904620585936 1.64062369291147
-3.70361352419915  3.698B236405 1.55257885684068
-1.94364227231931  3.32640677450998  1.34893371020096
-2.86297461578865  2.60985839052808  2.70720320%4
-5.7657139817611 1.25302132770819  0.64189542637557
-5.8332175541818 1.98957386147585 -0.1713784609139
-6.93924602124771  0.63122141982048  1.12181965169399
-8.25767983184760  0.94084249403490.50760564780109
-8.3716%214543550  1.195657859791430.88258420533050
-7.48057463622549  1.13460615048® -1.52408581362666
-9.60785037904578  1.4938503243951-1.46823305247768
-9.66781502739059 6R197083570006 -2.5506024099185
-10.75409901597367  1.532691869754+0.63991594327%
-12.06119524909780  1.87193466617308.32337138516053
-12.22661680416414  3.33563605528971.64317628190578
-11.6348397506012  4.229257125732 -0.83301880686898
-11.01766747387663  4.08864883748 0.03222898157636
-11.83720026857591  5.66461273781973.16290273869150
-11.37840664217702  6.44541507284689.5383554905289
-12.6072395845735 6.01714928949671 -2.28331065839552
-12.7543030563628 7.07740221501078 -2.53733937206330
-13.18657523031776  5.01774399445503.08516687866608
-13.78612010624785  5.2895602P807 -3.9665008324889
-13.00157148732944  3.66334455370752.7657833407863
-1346623590547892  2.8791591293914%3.38508959364727
-13.26483948044624  1.25249520409650.66211442565276
-14.078541789Z8D4  2.010409728946  0.8840826975863
-13.87376524023980  3.074791373%/450.37015859075902

-15.18170756578929  1.38112144296586  0.79274372037580
-15.83393280434429  1.96304434368931  1.46071518862620

-15.45746372460 0.02809B5914723  0.53767018410127
-16.32778298789879 -0.4539045964347  1.00801695929555
-14.62850602245090 -0.71171943335992 -0.32446392594711
-14.84517847749680 -1.76997549360606 -0.53244270913799
-13.5188301118683 -0.10106421632323 -0.92985708356372
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-12.8614835287801 -0.68175965425955 -1.59705581000895
-10.68682236287316  1.28104235747276  0.71535065046918
-11.58944012645398 1.30670409516743 1.3418513758432
-9.43867603085693  0.99032909036934 871274637459
-9.38298927944175  0.81762323645421  2.37187496913449
-6.84008020215086 -0.29272251643519 2.18742909844610
-7.74324730393378 -0.81041433847869 2.54023619030875
-5.60764260126303 -0.612012667%36 2.77781108129377

-5.49258789085906 -1.59334100791339  3.94088465370162
-4.49902232029315 -2.0836922701074  3.849779055942
-6.5531222698120 -2.70657717778736  3.91789742880943
-6.33342785636(8 -3.45297738002508  4.70706744333078
-6.57477020563914 -3.23830029263607  2.94531135302016
-7.5722214245960 -2.31690963091490 4.12289401202229
-5.5098533319736 -0.83229016748025  5.28789229777671
-4.7155659820048 -0.06104537316926  5.34046638313120
-5.35650349915808 -1.53529322610476  6.13164493989068
-6.48431475662261 -0.32359969395176  5.842181878766
13.06838502462861  0.99935556350032  4.523985506

-12.00982880068673

1.41018916252802.24947029259412

MTMTTMTMO@IIIIIOIIIOIOOIOIOIOT

0.56374492399209  1.38127545726951 9QB®5017331
-0.0384727961076  2.439438889897 0.20047504201905
0.73899480647516  1.745421071/&12 2.27110106346110
1.80735382405679  1.03802263498567  0.34811003660815
-0.30512037168081  0.23196036336  0.86298804761823

[Au(CNDipd=“PHMe),](BF,) (2a)

Au -0.04214648590868 0.86636149190464.03459853215671
-1.98772989182724 0.6114713851565 -1.14696384346869
-3.13910613501244 0.3557048729887-1.10990396806900
-4.46805117093426 0.00365574270186 -0.9935081639394
-5.37565596186139 0.4203446683721-2.0152434468384
-4.89474111131979 1.28655138439114-3.17723603673271

-3.84634102614633  0.98471705577603.39215560828024
-5.69974031301637 (851540295443 -4.47173001203281
-5.75307778889236  0.01380836421 -4.76166830914£6

-5.22397633589145
-6.73763778951619

1.641631350748 -5.30448411405632
1.4676342404207-8.3799217356687

-4.86964@3153479 2.77680691593318 -2.76435904267625
-5.8945713440864 3137674761900 -2.5339069180374
-4.4583166466802  3.40204588317626-3.58348467387112
-4.24718899826033  2.94627360333014.86304469789328
-6.71312079936304  0.035726684927041.87901010141186

-7.4475930236540 0.3299020448557 -2.64093386470917
-7.15739233580830 -0.74031176003553 -0.77373619052644
-8.52364414949138 -1.11978015301844 -0.6626919279834
-9.70897270919584 -1.45092344383719 -0.5643073204973
-11.0B4408B65727 -1.83689592556975 -0.44539254776646
-12.03155542232443 -1.45308236530818 -1.41911271601982
-11. 0774724034360 -0.8467642617913 -2.27806295762567
-13.37579114056762 -1.8302327538955 -1.3078222367F4
-14.08675022447592 -1.51303556708818 -2.08284146909892
-13.79947411661412 -2.60965526182665 -0.206969.3186054
-15.07®1035069422 -3.02861247548825 -0.00325445317194
-16.0746554921471 -2.6728662367193 -0.94860652063338
-16.19824943570756 -1.56942012785602 -1.02372102731379
-17.01939334160456 -3.1163169883651 -0.5835226303159
-15.85047108354607 -3.08046099892861 -1.9595810680%0
-12.8548288363805 -3.00067799025093  0.77335397227576
-13.20476668078181 -3.60697369601670  1.62172535300421
-11.5198204648605 -2.6225298613899  (65710731272315
-10.79326535168711 -2.93110856465606 1.42312249870443
-6.21642621582803 -1.13514908118384  0.21281163853304
-6.56433389501199 -1.74168971207431  1.06033957558057
-4.86338412761859 -0.7795070520444  0.13537290298942
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-3.86916209432295 -1.1631735197920  12223D4035d25
-2.85415373496205 -1.19622868251550  0.77912087984333
-4.12265429451289 -2.55041561755763  B&39158408535
-3.2491509616¥78 -2.82394779526864  2.45676837297519
-4.23338295096796 -3.329208707B47 1.05243614447771
-5.02861043373738 -2.57308073008316  2.47705142261198
-3.82575615787204 -0.0688696272041  2.314263809623
-3.60452402330699  0.92973927975141  1.8874113381556
-3.0198322389886 -0.30219917191452  3.03617328666822
-4.79416961027767 -0.00678485315571  2.85497726931538
1.90454500272447 1.09778753978578 -0.89624837745718
3.06590157354827  1.15310575302540.6947029884672
441282603®456  1.15402503261657-0.39340110621706
5.25782876381222  2.09778339361202.05350870942454
4.6972351065014  3.0444274@164 -2.11131847436416
3.65065603511565  3.28362233967 -1.8038525194831
5.45307450058295  4.3737769670211-2.22117061458495
5.54454582577929  4.8786895154827%.238409167234D
4.919264027742  5.08005131127610 -2.90932883255999
6.47485117659384 4.235701R2793998 -2.63210185B3562
4.61432479586644  2.33200432477073.48292203095229
5.62974071249291  2.0677800566897%3.84468499135752
4141756789771  2.99276341641973-4.23866922277652
4.0215194287080 1.396842888324 -3.43220529142383
6.61507931804404  2.08577493650460.71730817833537
7.30391210780281  2.79467149414 -1.1963352260460
7.13775614641451  1.17689271047990  0.24292125606731
8.5225904700738 1.189073®516508 0.56726350823064
9.72343523246610  1.20016421415400 0.85387586867286
11.10741746123590 1.20317454155287 1.184658778741
12.00797381568541  2.10688668830662 4568805255
11.6223052198264 2.81495017147338 -0.18538774112032
13.37122916608085  2.11435194030993  0.88460531009016
14.0358299304277  2.828207086093 0.38125732936376
13.87283751608317  1.20746XE066 1.8463068817976
15.17404655764140  1.13073625289151.23(42462484049
16.11755746053530  2.01291123679225  1.639716927212
16.187437173718  186641493809405  0.53871298011795
17.09526468478079 1.77281686553930 2.0968052448183
15.87302126744925  3.07893188151  1.84703391324705
12.98627935290673  0.29940156782078.47532850627078
13.3966271255617 -0.39756656140460  3.22075121384363
116319930568547  0.9686%1406620 2.15180831962003
10.9511765187425 -0.41189055251934  2.64579892545468
6.25645832610308  0.28D43526932  0.828343346199
6.66519374931706 -0.43217269967815  1.62328568%63
4.8872883955382 0.22215329404306  0.58121258335702
395656646707886 -0.79475986913859  1.22670276055007
2.9264786437583 -0.3864129142846 1.2271185040024
4.29599384206464 -1.10321445105907 2.6940972345892
3.46186299778678 -1.68398648128059  3.13238052336
4.40807850269934 -0.17575151481093  3.29196922134699
5.2782954592772 -1.6988701533283  2.79960018334765
3.91081980944821 -2.0873708553987 0.3789307507695
3.62973300290709 -1.87992951636171 -0.67290556725606
3.14599883574063 -2.77187940775976  0.7931789851P1
4.89712285428p1 -2.50848327883421  0.37860316042830
0.05627030199702 -1.2713600271882 1.6010856488580
-0.82401346157370 -2.34411336215200  1.78498333901645
-0.70074487617031 -0.05054513226291 1.52095425649413
0.9946816788489 -1.17570494142165 3$89635280801
0.7531683736971 -1.42383105®290 0.35034877723838

[Au(CNDipp“PHN),](BF4) (2b)
Au 0.00292263553406 -0.04347253389926 -0.00773934574295
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-1.96103887268601 -0.0662034823386 -0.07543348123316
-3.13683835385018 -0.06230794275165 0.01708063365173
-4.49558338834B -0.06216199763949  0.26303061874829
-4.92900374589012 -0.27951585721053 .6D84072556891
-3.9276051230591 -0.56443678141348  2.71761025249749
-3.0076197029715 (2222003102754  2.51079426970981
-3.51%7423039054 -2.05815396530396  2.70107360020138
-4.37779993479185 -2.7078@84915892 2.97445479746941
-2.6%508540098053 -2.20824307190328  3.42541580652995
-3.1552242353005 -2.38119389892092 7D43211017®56
-4.40316601118512 -0.14751773175246  4.11755356006349
-5.2259742180807 -0.79061550717703 4.4968817544885
-4.74575403427171  0.90717851050011 4129581836123
-3.54896930626846 -0.244352783029 4.81530109623437
-6.31234860861321 -0.25653468247488  1.83212791447453
-6.69477844655234 -0.4114901138613 2.85008918749252
-7.23783685129146 -0.0331628564163 0.78033400298609
-6.7563544666182 0.17983273761819 -0.53866242463155
-7.48397868866537  0.35973647811056.341491185198L
-5.386912735@545  (17171261395863 -0.82659289670780
-4.8529836171582 0.3614808176260 -2.24413899241133
-3.8680910596849  0.869251126819 -2.15158852193075
-4.60456858129807 -1.01036425011797 -2.91401308260414
-3.9200583987628 -1.64575091247229 -2.31705928408662
-4.1541098363399 -0.87683005192979 -3.918%289163702
-5.5578428182865 -1.56520256498854 -3.03656388480755
-5.74407487819061 1283050235021 -3.12401921649768
-6.71325813110109  0.7681812279486:3.3621826463982
-5.24013972651687  1.45617358262 -4.09058695101964
-5.95781322517429  2.2283593102555P.64063844648294

-8.6370854092370 -0.0158489721793 1.04444753880540
-9.84903150549239 -0.0067228848421  1.7442562537766
-11.24665735589082 0.0057726156121  1.881741008933
-11.73167908478012 -0.20197832458959  2.865993471400
-11.0130232130872 -0.37233884479572  3.68058387548300
-13.1016986373®b6 -0.19(06359590954  3.13259426763067
-13.4682505237017 -0.351B207572466  4.15674335206734
-14.03114034130292  0.02901711675522.08461237237074
-15.4426548718612  0.04037652334394  2.35676641363327
-16.5942000777528  0.04789525772291 5746777929656
-13.55718774632308  0.23716904232854  0.76461490332963
-14.27746268148857 0.40783786789207 -0.0486020341561
-12.18683795643587  0.22540670090830.5001212408489
-11.82206243283406  03B3261905328 -0.52451031156260
1.96589875181170-0.01741236665798  0.08292187609561
312975089978991 -0.0121605607498  0.27407408935672
4.46253453735386  0.@3R250833312 0.63514424528044
4779722935938  030832071974847  1.99623431682302
3.68784633322575  0.66157972018141  2.9948814BI291
2.7849850962814  0.8567507237552  2.74433089039271
3.2943987548083 2.15253@8479803  2.85269983119257
41287846022193  2.81586555695697  3.16415103145939
2.40968801303150  2.3479378495058848882328075576
3024250205754  2.41651043708004  1.80957396957767
4.(B728045823101 0.32951627863439  4.45339784368
4.82918738411067 0.99274681873949  4.86268645311022
4.36860507824115 -0.7225258289895  4.570672640002
312682209845896  0.47026618783551  5.067468599261
6.1388517210780  0.30131125531808 .3321148294619
6.43267396512734  0.52024723649655  3.37456915519039
7.15018974267652 0.01373753100511 1.386972661B401
6.78285341592290-0.28273824541209 (@1742882255627
7.57588052006869 -0.5116710248901 -0.67716863238888
5.44323085537096 -0.29492260000605 -0.35699996278915
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5.0327267419365 -0.5744330375545 -1.80059861109108
4.04050324406993 -1.074803907198D  -1.76175356553582
4.85119637170693 0.75198371910306 -2.57506164296458
4.12074377290453  1.42378072127300.08133326943252
4.48911094036043 0.5548382839412 -3.60497403276079
5.81440543516807 208197907316B -2.64907853804558
5.9910908626087 -1.52165489880906 -2.54148393781465
6.98009700846220 -1.0527574708662 -2.7255770200185
5.5709843445456 -1.78515517203739 -3.53306676894259
6.1564660041002 -2.46338805375644 -1.98038914518499
8.5213973795180  0.01563465344592  1.77124162908445
9.70896585504707  QID6646469227 2.10489090348639
11.0781059476098  0.03445049882607  2.49479292203491
11.4487208923715  0.32597685378412  3.88688021044
10.66359218110462  0.54699839094234  4.57439333919408
12.7907040462658  (33278462882584  2R646792899%
13.06863441560411  0.55895083446507 57260274790
13.80580857919614  0.0480759EM  3.27254369306866
15.18611014890244  0.05553445345608  3.66563661583497
16.3162085515789  0.064038897927 3.98693650280360
13.44612169361960-0.243826596278  1.8250064562398
14.23274254766568 -0.4650979667461  1.19661374797816
12.10362831829479-0.25013637340452 .856087586626466
11.82737620531488 -0.47@7794431928  0.51098425861629
-0.14086696368502 0.0616268254193  3.44093550041441
0.67/13792247%41  0.87905718327944  4.23765355078964
-1.01827523946632 -0.70593511218979 .24824381075501
06851430736689 -0.80728970054658  2.64516949417794
-0.89r14941352004 0.87721719125811 251486388873

[Au(CNDippt®-1-naph}](BFs) (20)

Au 0.33278563714518 -1.03420577282296 -1.87580492725728
C 227148347802383 -1.3061008097&72 -1.70750160358881
3.42608870347736 -1.41882664788650 -1.49301537639946
4.76096890945282 -1.5218363407270 -1.1598920639688
5.12962205405230-1.33442304882208  0.20904368289
4.0781744518444 -1.09300835808809  1.28210002546487
3.2250172699M4 -0.5502292898269 0.82656831288831
4.56745310205502 -0.219D924694813 2.44760663943525
5.29536236755172 -0.74641962519463 3.10070493883582
3.698628845139  0.06606522765030  3.06599312450423
503820169718167 0.71813161508260 2.08757722856880
3.5177062011750 -2.44191580886413  1.79163228272623
3.13553255241442 -3.0701406782419  0.96230032990
2.66807763555560 -2.25462363730872  2.47586292535
4.2873263674006 -3.02039309881192  2.32946775918251
6.4A45774776112 -1.42773448533179  0.51139053725085
6.82598976729943 -1.28442458708367 1.5488819%19616
7.46911902522284 -1.69778413003533 -0.484484462489
8.84649632078955 -1.78482583151032 -0.138239408986%
1003839844109026 -1.85828127197393  0.17581549532517
11.4039775018825 -1.937®6997.8604 0.56916005646330
11.75170500040782-1.7448844928157 1.91815315209135
10.95501386893132 -1.53492703208585 2.6467816476008
13.09907288278716-1.81683136448086  2.3429401038%0
13.3391057881063 -1.66111310754741  3.40578953259682
14.111800565874 -2.081B330194868  1.42881182987954
15.16116144366083 -2.1372096384959  1.75910225944020
13.81492764535778-2.28472191214056 0.04750390724025
148415686244543 -2.55738169765965 -0.90785514315783
158851998108290 -2.60976683409861 -0.55901630352321
14.5369103(®0914 -2.75278718987434 -2.24754244719237
15.33898104705496 -2.96201562149608 -2.9720782947884
13.18696456936511-2.68293975489544 -2.6816385(8B30347
12.95125814025119 -2.83853562693725 -3.75182072945552
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12.1689888615972 -2.41960242967606 -1.78380374399040
11.1195869802445 -2.36499923986D -2.12260974809251
12.44446131666545-2.2144662967894 -0.4(R18656597307
7.05121422677951 -1.87352000839351 -1.8313936763788
7.81379864365512 -2.07435110683243 -2.59587688921106
5.70402098939960 -1.7895608810542 -2.19814938086984
5.23794015493351-2.0139188219542  -3.63469818891923
4.34548638130365 -1.3686762660211  -3.78841912043770
6.27873081482394 -1.60916087819566 -4.69170126135605
6.673346998690 -0.57093906563503 -4.54142896215157
5.833693¥861743 -1.67299026725704 -5.70520326553270
7.16155986925488 -2.2818631638958 -4.68492846730055
4.78658933503525 -3.4801134830473@. -3.8321323095086
5.6408566062614 -4.17478981626840 -3.69304691456391
4.3854494444261 -3.63010694221146 -4.85560125806427
3.99572233F196 -3.77102968911439 -3.11212181517695
-1.60565817612049 -0.74410412253395 -2.0228975801230
-2.76039749379282 -0.50840588390341 -1.966@620792600
-4.08714176271698 -0.18630539842678 -1.76465214044670
-4.9828309294987 -0.24194576603499 -2.87436290683209
-4.4963335612807 -0.7055085322564 -4.24532161353065
-3.43708114254505 -0.3801804945292 -4.33810387529348
-4.51365331497411 -2.24974263213552 -4.3288464979952
-3.91536995696354 -2.71481858361168 -3.51991616654573
-4.098206025438 -2.5927D79122154 -5.29877099023915
-5.55100334992792 -2.6350837585606 -4.24444010493692
-5.26887071874688 -0.0791754823158 -5.41810343712720
-6.31666059021403 -0.44200652594113 -5.46698493737147
-4.788(B20096864 -0.35412748226212 -6.37862952051449
-5.29210293869562 1.02727509384896 -5.35245981372741
-6.31679184789695 0.10622349023054 -2.63644473454951
-7.04416106037253  0.08308828259 -3.459166681539
-6.76410447383423  0.50143971495874.3466596311500
-8.12691996437967  0.85334491756334.13797696510372
-9.3118690931267  1.15470476309324-0.96529830169711
-10.6811434347738  1.4992840Z5479 -0.7849559341181
-11.56637750386342  1.428530597&B7 -1.87698B97844548
-11.17922182765159 1396316152851 -2.854592369133
-12.93301374115138  1.76356150449444.73197366324882
-13.6009217994177  1.698®030766690 -2.60445859538647
-13.43011295073032 2.1719558877165 -0.50017971405696
-14.4948746450237  2.432993338661 -0.38664228160270
-12.57576048886505  2.26189672766150.63979586372849
-13.0675751716181  2.68004666164031  1.91423590957318
-14.1346601083186  2.93703450310139  2.0086437907
-12.2238827746828 2.76284718082191  3.01294208325169
-12.61716645514829 .0B692924057997 3.988855569872
-10.84832906384345  2.42935967592809.8872052660940
-10.18340230445332  2.4972877%ID  3.755549486081
-10.33841999206927  2.01894454155629  1.65505458316571
-9.27386506755325 .71610688617430 1.55176722790916
-11.17803321423730  13W988040490 0.50834475649706
-5.83372276006106 0.54548187980198 -0.2753902708146
-6.18437045234922  0.85948063325542  0.71709839%
-4.485@133272328 0.20555911261739 -0.44780800117400
-3.4908195693981  0.2265615418256  0.70375927795126
-2.49829972176165 4085672828229  0.30291086662154
-3.33245123849189 -1.22812009891381 1.2746451013(@2
-4.27(8893275275 -1.56607028268442 .76346632703243
-2.5091597773840 -1.22613007511471  2.01500856596251
-3.0762182676940 -1.96621191605242  0.48731882327204
-3.82095623181863 .19921655042295 1.825340114@33
-3.98305090732904  2.224pP798040  43398832405107
-2.96174904239681  1.23048151755741  2.52309607731913
-4.71988005357607  0.90172123905834  2.40675648581184
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B 0.3425081539030 0.18570296380 1.30580947730865

F -0.576702542668  0.13118%B74658 B6340377017543

F -0.25784496257059  0.82186140281986.1711133460835

F 1.51851245676696 0.84256663509451  1.66274916289693
F 0.669711427784 -1.169B531062062 0.90271287044366
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Crystallographic Versus Optimized Stucture (1a)

Singlets
Energy
(cm™)

274960

36424.6
37174.9
38734.8
38909.8
28028.4
36139.3
42336.9
29786.2
38482.7
37981.6

41212.1

Tripl ets

Energy (cnt?)
37962.4

Orbital

HOMO-10

Wavelengh
(nm)

363.7
274.5
269.0
258.2
257.0
356.8
2767
236.2
335.7
259.9
263.3

242.6

Wavelength (nm)
263.4

Energy (eV)

-8.600

Osc. Strength

0.80615577

0.44061973

0.43965491

0.36942546

0.2134751

0.1331127

0.11034077

0.08622359

0.08572887

0.08278591

0.07452327

0.06895094

Primary
Contribution
74.0% HOMOY
LUMO
79.2% HOO-1 Y
LUMO+2
72.8% HOMG6 Y
LUMO
37.4% HOMQO7Y
LUMO+1
30.1% HOMQG7 Y
LUMO
78.5% HOMQG1Y
LUMO
80.2%HOMOY
LUMO+2
92.5%HOMO-10Y
LUMO+1
92.5%HOMO-1Y
LUMO+1
26.2%HOMO Y
LUMO+4
35.2%HOMO-6 Y
LUMO+1
94.2%HOMO-10Y
LUMO

Primary Contribution

86.9% HOMG10Y LUMO

Visualization
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HOMO-7

HOMO-6

HOMO-1

HOMO

LUMO

LUMO+1

LUMO+2

LUMO+4

-7.622

-7.539

-6.204

-6.152

-2.317

-2.101

-1.250

-0.667
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Perpendcular Geometric Representation(1b)
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Figure 4.10. Representation ¢AAu(CNDippPR©?);](BFs) (1b) in the perpendicular
geometry.
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Figure 4.11.Visualized TDDFT spectra argeometry asignmentsor the
optimized structurs of [Au(CNDippPH'©?);](BF4) (1b).

Singlets
E(Zrenrgly)y Wa\(/r?rlre:; gth Stf:l(;th Primary Contribution
29822.3 335.3 2.49054868 36.6%HOMO Y LUMO
30644.0 326.3 0.22880428 50.1% HOMG1Y LUMO+1
35142.9 284.6 0.13823568 47.2%HOMO-1Y LUMO+2
35361.0 282.8 0.12046967  53.1% HOMOY LUMO+2
36775.7 271.9 0.05078102 60.0%HOMO-6 Y LUMO+1
35926.8 278.3 0.0907867 53.3%HOMO-6 Y LUMO
3604.1 277.5 0.04213809 64.0%HOMO-1Y LUMO+3
32126.1 311.3 0.04111561  86.3% HOMO-3Y LUMO
3694.0 270.7 0.03923792  81.9%HOMO-3Y LUMO+2

31738.3 315.1 0.03878347 35.4% HOMO-9Y LUMO+1
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35136.9 284.6 0.0382189  69.6%HOMO-3Y LUMO+1
400411 2497 0.03444%83 86.3%HOMO-8 Y LUMO
35634.3 280.6 0.03081026 53.3%HOMO-6 Y LUMO
Triplet s
Energy (cnt?) Wavelength (nm) Primary Contribution
33462.7 298.8 43.1%HOMO-6 Y LUMO
Orbital Energy (eV) Visualization
HOMO-9 -8.798
HOMO-8 -8.43L
HOMO-6 -8.087
HOMO-3 -7.508
HOMO-1 -71.177

HOMO -7.149
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LUMO

LUMO+1

LUMO+2

LUMO+3

-2.884

-2.853

-2.249

-2.150
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Assigmrment of TDDFT Excitations

[Au(CNDippPh©Me3);](BF4) (1a)

1a

80 — TDDFT

SOC-corrected
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Figure 4.12. CalkulatedTDDFT spectrdor optimized[Au(CNDippPhPMed),](BF)

(1@) structure.

Singlets
Energy Wavelength Osc. : o
() (nm) Strength Primary Contribut ion
25833.1 387.1 1.35635446 95.1%HOMO \"(“ LUMO
34536.0 289.6 0.60158535 57.5%HOMO-6 Y LUMO
33537.2 298.2 0.28367586  43.4%HOMO-1Y LUMO+2
313%7.3 318.8 0.25915778  89.8%HOMO-1Y LUMO+1
39814.8 251.2 0.16249507  20.7%HOMO-7Y LUMO+1
39502.0 253.2 0.12742263  23.1%HOMO-7Y LUMO+1
336258 297.4 0.10847615  39.2%HOMO-1 \"(._LUMO+2
33640.6 297.3 0.08359671 81.0%HOMO-5Y LUMO
4074.2 245.5 0.06544745  47.9%HOMO-10Y LUMO+1
36221.2 276.1 0.04396424 96.2%HOMO-10Y LUMO
Triplets
Energy (cntl) Wa\(/r(]erlre]:)n gth Primary Contribution
33386.8 295.1 92.2%HOMO-10 Y L UM

Orbital Energy (eV) Visualization

HOMO-10 -8.120
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HOMO-7

HOMO-6

HOMO-5

HOMO-1

HOMO

LUMO

LUMO+1

LUMO+2

-7.534

-7.390

-7.365

-6.214

-6.171

-2.526

-1.898

-1.612
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[Au(CNDippPhN°2),] (BF4)(1b)
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Figure 4.B. CalculatedTDDFT spectrdor optimized[Au(CNDippPR'©?)](BFs)

(1b) structure.

Singlets

Energy Wavelength Osc. . _—

(cmr) (nm) Strength Primary Contribution
28954.6 345.4 2.5333443 86.6%HOMO Y LUMO
34713.2 288.1 0.24329856 76.7%HOMO Y LUMO+2
30663.3 326.2 0.0962766 48.9% HOMOY LUMO+1
33068.2 302.4 0.09054963  78.2%HOMO-1 \"(__ LUMO+1
39555.2 252.8 0.08494233 76.1% HOMO-7Y LUMO
40398.8 247.5 0.05862561  70.7%HOMO-6Y LUMO+3
31923.8 313.2 0.05751884 51.9% HOMO-3 Y LUMO
34598.0 289.0 0.04351976 67.6%0HOMO-6 Y LUMO

Triplets
Energy (cn1?) Wa\(/re]rrlr(?; gth Primary Contributi on
3263).2 306.5 60.4% HOMG7 Y LUMO
Orbital Energy (eV) Visualization
HOMO-7 -8.096

HOMO-6 -8.096
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HOMO-3

HOMO-1

HOMO

LUMO

LUMO+1

LUMO+2

LUMO+3

-7.501

-7.250

-7.085

-2.995

-2.803

-2.326

-1.798
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[Au(CNDippPhNPh2);](BF4) (1c)

100

1c

TDDFT

80 — SOC-corrected
PBEO

60 —

ex10%M" em”
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Figure 4.14. CalculatedTDDFT spectrdor optimized[Au(CNDippPHP"),](BFs)
(10 structure.

Singlets
E(Qrir%y Wa\(/re]:rlre]:; gth Stf()ai(;th Primary Contributio n
21480.1 465.5 1.42102967 94.7%HOMOY LUMO
31509.7 317.4 0.97812523 85.8%HOMO-2Y LUMO
26606.4 375.8 0.46365622 94.6%HOMOY LUMO+1
29049.5 344.2 0.44452372  93.1%HOMO-1Y LUMO+2
33378.4 299.6 0.32324627 70.8%HOMOY LUMO+3
33084.4 302.3 0.21640855 46.4%HOMOY LUMO+7
36737.2 272.2 0.17401234  58.3%HOMO-3Y LUMO+1
33163.5 301.5 0.0598479 58.4%HOMO-3Y LUMO
31566.5 316.8 0.05579271 42.7%HOMOY LUMO+4
221013 452.5 0.04311672 96.4%HOMO-1Y LUMO
3635.5 275.3 0.04216259 91.2%HOMO-16Y LUMO
Triplets
Energy (cnt) Wavelength (nm) Primary Contribution
33985.8 294.3 84.9% HOMG16Y LUMO
Orbital Energy (eV) Visualization

HOMO-16 -8.092




HOMO-3

HOMO-2

HOMO-1

HOMO

LUMO

LUMO+1

LUMO+2

LUMO+3

-7.00

-6.907

-5.570

-5.550

-2.498

-1.906

-1.589

-0.939
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LUMO+4 -0.722
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[Au(CNDippPhNHP2),1(OTf) 3(1d)

1d
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Figure 4.15. CalculatedTDDFT spectrdor optimized
[Au(CNDippPH""P",](OTf)s (1d) structure.

Singlets

Energy Wavelength Osc. . _—

(cmr) (nm) Strength Primary Contribution
30722.1 3255 2.39200824 94.2%HOMOY LUMO
38408.5 260.4 0.39350232  48.6%HOMO-1Y LUMO+2
36858.1 271.3 0.26704834  44.9%HOMO-1 \"(" LUMO+1
33306.1 300.2 0.14106205 78.1%HOMO-1Y LUMO
36951.7 270.6 0.13132126 48.6%HOMO Y LUMO+1
39761.3 2515 0.0605582  55.4%HOMO-10Y LUMO+2
348868 286.6 0.0417581 90.0%HOMO-10Y LUMO

Triplets
Energy (cnt) Wavelength (nm) Primary Contribution
32750.6 305.3 86.0% HOMG10Y LUMO
Orbital Energy (eV) Visualization
HOMO-10 -8.306

HOMO-1 -7.493
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HOMO -7.334
LUMO -2.935
LUMO+1 -2.409

LUMO+2 -2.00
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[Au(CNDipp CPhPMe);|(BF4) (2a)
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Figure 4.16. CalculatedTDDFT spectrdor optimized
[AU(CNDipp““PHM®),](BF4) (23) structure.

Singlets
E((r;r?]r%y Wa\(/r(]arlﬁ)n gth Stgjl(;th Primary Contribution
24176.4 413.6 2.69176758 95.0%HOMOY LUMO
29648.0 337.3 0.90843697 92.6%HOMO-1Y LUMO+1
34568.6 289.3 0.36498570 64.26 HOMO-2Y LUMO
37162.3 269.1 0.3640342 87.8%HOMOY LUMO+3
32165.3 310.9 0.14455468 91.5%HOMO-1Y LUMO+2
33244.3 300.8 0.08796056 74.2%HOMO-3Y LUMO
41509.5 240.9 0.07811476  44.4%HOMO-4Y LUMO+2
34760.8 287.7 0.07688019 83.0%HOMO-8Y LUMO
Triplets
Energy (cnt?) Wavelength (nm) Primary Contribution
32680.2 306.0 88.3%HOMO-8 Y LUMO
Orbital Energy Visualization
(eV)

HOMO-8 -8.008
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HOMO-4 -7.464
HOMO-3 -7.4%
HOMO-2 -7.420
HOMO-1 -6.164
HOMO -6.103

LUMO -2.676
LUMO+1 -2.134

LUMO+2 -1.677
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LUMO+3 -1.121 ¢




[Au(CNDipp SSPhCN),](BF4) (2b)

200 —

o
S
|

o
S
|

ex10YM " em”

50 —

2b
TDDFT

SOC-corrected
BEO

0 -
T
200

Figure 4.17. CalculatedTDDFT spectrdor optimized[Au(CNDipp““PHN),](BFJ)

| | | |
300 400 500 600
Wavelength / nm

T 1
700 800

(2b). structure.

Singlets
Energy =~ Wavelength Osc.
(cm?) (nm) Strength
26223.0 381.3 3.5274456
30827.8 324.4 0.8873105
2803.5 356.7 0.13065436
32379.0 308.8 0.09997385
35080.9 285.1 0.06440251
30098.8 332.2 0.06422342
34527.2 289.6 0.03418133
Triplets
Energy (cnT?) Wavelength (nm)
32563.2 307.1
Orbital Energy (eV)
HOMO-8 -8.168
HOMO-2 -7.566

Primary Contribution

91.3%HOMOY LUMO
90.1%HOMO-1Y LUMO+1
92.7%HOMO-1Y LUMO
41.7%HOMO-2Y LUMO+1
84.1%HOMOY LUMO+2
91.1%HOMO Y LUMO+1
88.1%HOMO-8 Y LUMO

Primary Contribution
81.9% HOMG8 Y LUMO

Visualization
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HOMO-1

HOMO

LUMO

LUMO+1

LUMO+2

-6.787

-6.694

-2.954

-2.630

-1.944

141



[Au(CNDipp C-1-naph)2] (BFa4) (2¢)
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Figure 4.18. CalculatedTDDFT spectrdor optimized[Au(CNDipp©©-1-
naphy](BF4) (20) structure.

Singlets
E(Qrir%y Wa\(/re]:rlre]:; gth Stf:\(; " Primary Contribution
23642.2 4230 242420083 92.6%HOMO Y LUMO
31527.8 317.2 0.70172923 79.4%HOMO-2Y LUMO
28568.2 350.0 0.63272413  91.5%HOMO-1Y LUMO+1
32856.0 304.4 0.11034389 286%HOMO-6 Y LUMO
36830.0 271.5 0.10588998  43.7%HOMO-1Y LUMO+4
3932.0 254.2 0.07628692  57.7%HOMO-4Y LUMO+1
247886 403.4 0.06907417 94.4%HOMO-1Y LUMO
39397.5 253.8 0.0476607 57.5%HOMO-5Y LUMO+1
28144.9 355.3 0.04742929 93.0% HOMOY LUMO+1
39529.3 253.0 0.04676849  37.5%HOMO-3Y LUMO+2
32511.7 307.6 0.04018999 46.0% HOMO-3Y LUMO
34648.8 288.6 0.03517789 91.8%HOMO-8 Y LUMO
Triplets
Energy (cm™) Wavelength (nm) Primary Contribution
32634.9 306.4 85.4%HOMO-8 Y LUMO
Orbital Energy (eV) Visualization

HOMO-8 -8.071
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HOMO-6

HOMO-5

HOMO-4

HOMO-3

HOMO-2

HOMO-1

HOMO

LUMO

-7.494

-7.372

-7.366

-7.295

-7.194

-6.208

-6.157

-2.792
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