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Steric and Electronic Influences on Cu-Cu Short Contacts in -
Thioketiminato Tricopper(l) Clusters

Venkata Sai Sashankh Penki,? Yu-Ting Chu,? Hsing-Yin Chen,? Sri Sudewi,® Chien-Hung Li, Genin Gary
Huang*? and Sodio C.N. Hsu**¢

A series of B-thioketiminate copper(l) complex trimers [LCu']ls were synthesized by modifying the ligand
framework with electron-withdrawing groups (F and Cl) or electron-donating groups ('Pr and Me) at the N-aryl
ring as well as with CF5 groups on the chelating backbone. This ligand modification significantly impacts on the
enhancement of Cu---Cu short contacts, which can be rationalized by using steric and electronic factors of the
chelated ligand. We observed that this intramolecular cuprophilicity among [LCu'ls complexes is primarily
governed by the size of N-aryl ortho-substituents. These findings were well supported by X-ray crystallography,
Raman spectroscopy, and Mayer bond order analysis. The electronic effects induced by the ligand modification
on the LCu' fragment were investigated using CO and 2,4,6-CNC¢H,Me; as probe molecules. Corroborated by
the FTIR and CV measurements, our results reveal that the B-thioketiminate SN chelators induce more
pronounced changes in the electronic character of LCu' fragment due to the presence of CF3 groups on the
chelating backbone in comparison to the F or Cl substituents on the N-aryl ring.

Introduction

Over the past few decades, the proliferation of research on metal
complexes of NacNac ligands, known for their varied steric and
electronic properties and ease of synthesis, has led to synthesizing a
diverse array of main groups and transition metal complexes.’* This
combination with multidentate chelating considerations has
broadened application prospects in catalysis and bioinspired
coordination chemistry.>” Recently, the spotlight has shifted to
unsymmetrical X, Y-donor ligands, especially when X = hard and Y =
soft atoms, which are appealing in synthetic consideration due to
their "semi-labile" behavior, making them ideally suited for different
coordination number.®® Further enriching the ligand landscape is
the captivating concept of "SacNac" ligands, coined by Lopez and
coworkers.'> 12 The SacNac ligand induces copper(l) ions aggregate
to form thiolate bridged tricopper(l) clusters, representing a valuable
case in determining the nuclearity of copper(l)~thiolate chemistry.

Copper(l) thiolato chemistry gained attention in recent years due
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to its association with cysteine-rich copper(l) proteins,* ** including
copper-metallothioneins, copper chaperones, and phytochelatins.®-
18 These copper(l) thiolates tend to form oligomers or polynuclear
compounds, depending on the steric functional groups present, the
molar ratio, and the multiple coordination behavior of S-donor
ligands.'®8 Surprisingly, the factors controlling the specific cluster
formation remain poorly understood and are not easily elucidated
using conventional spectroscopic techniques.'® 2° While numerous
Cu3(SR)s motifs have been documented in copper(l)-thiolate
chemistry,'3 227 research primarily focuses on their formation as
tricopper(l) clusters.!® 2% 23, 2836 Existing studies often discuss
cuprophilic interactions between copper(l) ions in tricopper(l)
thiolate clusters,?> 37 but they lack clear conclusions and primarily
rely on crystallographic data on the Cu--Cu short contacts as the
main evidence. Aiming to address this gap, we present a systematic
investigation into the interplay between various factors influencing
the formation and Cu---Cu interactions within tricopper(l) clusters
through the versatile platform of SacNac ligands. In general, copper(l)
thiolate cluster formations from various SN donor ligands are
insoluble or partially soluble in organic solvents.?% 38 The solubility of
copper(l) thiolate clusters can be enhanced through the fine-tuning
of ligand functional groups, including the incorporation of various
electron-donating and electron-withdrawing groups.

In this study, we primarily focus on the steric constraints of
various SacNac ligands inducing their electron-donating capabilities
in conjunction with LCu' fragment by probing CO and isocyanide
ligand motifs toward the copper(l) center. Furthermore, we explore
the impact of steric properties of the N-aryl ring on non-covalent
interactions within the (Cu-S); core, such as Cu---Cu short contacts.
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Scheme 1. lllustration of nine B-thioketiminate ligand sets and synthesis of the tricopper(l) clusters.

This exploration, along with the bonding modes involving ligand-to-
copper coordination and copper-to-copper interactions, provides
new insights into copper(l) thiolate chemistry.

Results and discussion

Synthesis and characterization of [LCu']s complexes.

The electronic properties of B-diketiminate (NacNac) ligands can be
adjusted through various functional groups on the NCCCN backbone
or N-aryl substituents. Extensive studies have demonstrated that
substitutions on the backbone exert a more significant electronic
effect than those on the N-aryl substituents within the B-
diketiminate ligand sets.3*>! Motivated by these distinct rational
behaviors, we synthesized a set of nine SacNac ligands and their
corresponding tricopper(l) complexes (see Scheme 1) to investigate
the influence of electronic and steric properties around the LCu'
unit.>» 53 This nomenclature of the SacNac ligands was slightly
modified from the NacNac ligand nomenclature designed by Holland
and coworkers.>* To make the ligand design representation simpler
and more sensible, we denote L; and L, as ligands with 2,6-
diisopropyl and 2,4,6-trimethyl substituents, respectively, similar to
our previous works.!® Ligands with N-aryl substituents are
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represented as right superscript, such as HLN®2, HLF2, HLF3, HL®?, and
HL®3, In addition, ligands with the CF3 substitutions on the backbone
are represented as left superscripts, like H®3L; and HC3L,. The
nomenclature for the corresponding [LCu'ls complexes is shown in
Scheme 1. All the ligands and tricopper(l) complexes are
characterized by 'H, 13C and *°F NMR presented in Figures S1-540.
The disappearance of the —-NH protons (approximately & 15.60)
across all coordinated ligands, along with the shift observed
backbone —CH protons compared to the *H NMR spectra of the free
ligands, confirms the formation of copper complexes. The
deprotonated ligand L acts as chelated and bridged through sulfur
towards copper(l) centers by forming three coordinated tricopper(l)
clusters (Scheme 1). To understand the H and 3C NMR assighment
of ligands and corresponding [LCu'ls complexes, we provide
combined HMBC and HSQC NMR spectrums of HLF and [LF2Cu]s in
the supporting information (Figures S71 and S72).

Molecular structures of [LCu']z

The X-ray quality crystals of [LF3Cu']s, [L“2Cu']s, and [F3L,Cu']s were
grown at -20 °C under N; atmosphere using saturated solutions of
THF, toluene, and n-hexane solvents, respectively. The X-ray quality
crystals of [LN92Cu']; were grown using the diffusion method by

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. ORTEP diagrams illustrating complexes [LN°2Cu']s (A), [L™Cu']s (B), [*®L2Cu']s (C), [L9?*Cu']s (D), and [LiCu'ls (E) with 50 % ellipsoids; hydrogen
atoms are omitted for clarity. The copper-sulfur (Cu-S)s core is displayed below for a clear comprehension of the chair conformations in each complex

DCM/n-hexane solvents at -20 °C under the N, atmosphere. The
detailed X-ray crystallographic data analysis of [L;Cu']s has been
discussed earlier in our previous works.’®> The intermolecular
cuprophilic interactions in all obtained tricopper(l) complexes were
absent in the crystal lattice. The geometries and bond parameters of
the two independent molecules of [L™3Cu']z and [L“2Cu']s in the unit
cell are very similar; thus, only one of the structures is represented
in Figure 1(B) and 1(D). The tricopper(l) clusters [LF3Cu']s, [L“2Cu']s,
and [*F3L,Cu']s, resembling [L1Cu']s, exhibit a tricopper(l) framework
with a distorted trigonal planar geometry at the copper center.
Several reports on tricopper thiolate clusters coordinated with
various PS, SS, NS donor ligands sets exist in the literature.?> 26 55
Similarly, molecular structures tricopper(l) selenolate and tellurolate
complexes are known, mirroring tricopper(l) thiolate complexes.?>
26, 55 56 The formation of these tricopper(l) complexes were
composed of six-membered copper-S, Se, or Te and other motifs
resulting a unique chair from correspond to three equivalents of
ligands. The selected average bond distances and angles of
tricopper(l) complexes [LN92Culs, [LF3Cu']s, [L92Cu']s, [€F3L,Cu')s and
[L1Cu']s are given in Table 1; comprehensive details were listed in
Table S1A and S1B. The average distances and angle values
corresponding to [LCu'ls and [L?Cu'] from Table S1B were
combined and displayed in Table 1. Two distinct binding modes of S-
donors were identified within each cluster: S-chelation and S-
bridging. Notable differences in average L-Cu' bond distances, such
as Cu-N and Cu-S, among [LCu'ls molecular structures were not
observed. However, slight differences in bond length (average
distance < 0.1 A) between the S-bridged or S-chelated bonds with
the adjacent monomeric units were detected. These differences
could be attributed to factors such as the size of N-aryl substituents,
chelating backbone substituents, or the dihedral angle between the

This journal is © The Royal Society of Chemistry 20xx

N-aryl ring and NCCCS chelating backbone ring. As discussed earlier,
the [LiCu'ls complex exhibits no intra- or inter-molecular Cu-Cu
interactions having a wide range of individual Cu---Cu distances,
which could be due to the greater steric hindrance of bulky N-aryl
isopropyl substituents.’®> The size of these isopropyl groups in
[L1Cu']3 shows a notable impact compared to [LN92Cu'];, [LF3Cu']s, and
[L92Cu')s complexes, and it displays shorter bond distances ([LiCu']s;
Table S1A), with Cu-N at 1.942(7) A and Cu-Sriggea) at 2.177(2) A. In
the overview of Table 1 and Figure 1, the Cu-S bridged bond lengths
progressively decreased from [LN92Cu']; to [LiCu'ls. In addition, the
bond angles concerning adjacent monomeric units, especially £
N (amide)=CU=S(adjacent) and £ Cu=S-Cucore), €Xhibit striking differences
in the tri-copper(l) cluster chair confirmations.

In general, copper(l) complexes having Cu---Cu distance within
the range of (2.4 to 3.0 A) are considered to have cuprophilic
interactions.>”>® Table 1 signifies the presence of intramolecular
Cu--+Cu short contacts found in [LN®2Cu']s and [LF3Cu']s complexes.
The average Cu--Cu distance found in [LN°2Cu']; is 2.75+0.15 A, and
in [L™Cu']s, the Cu--Cu distances are 2.78+0.13 A respectively. These
distances suggest moderately cuprophilic interactions, akin to those
observed in previous tricopper(l) thiolate analogs.?! The presence of
the above intramolecular Cu--Cu short contacts raises several
important issues for evaluating the observations: (i) How do the sizes
of the functional groups attached to the ortho-position of the N-aryl
ring affect the Cu--Cu distance? (ii) Do the sizes of the NCCCS
backbone also affect the Cu-:-Cu distance? (iii) Do electronic effects
significantly contribute to this impact? Addressing issue (i) in this
study, tricopper(l) clusters lacking ortho-positions (only hydrogen
atoms) on the N-aryl ring, such as [LN92Cu']s, or those with smaller
substituents like fluorine at ortho- and para-positions on the N-aryl
ring, as observed in [LF3Cu']s, exhibit
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Table 1. Average values of selected bond distances (A) and bond angles (deg) for tricopper(l) clusters [LN°2Cu]s, [L3Cu']s, [€PLCu']s, [L92Cu']s,

and [LiCu']s.¢

[LNozCy], [LPBCu'ls® [*BLCu'ls [L2Cu']5® [LiCu')s?
Cu-Cu 2.75%0.15 2.78+0.13 2.95+0.05 3.04+0.13 3.59+0.74
Cu-N 1.97+0.01 1.97+0.02 1.96+0.02 1.97+0.01 1.95+0.03
Cu=Sichelated) 2.21+0.01 2.21+0.02 2.20+0.02 2.20+0.02 2.21+0.01
Cu=Sibridged) 2.22+0.04 2.22+0.03 2.21+0.01 2.21+0.01 2.19+0.04
C-N 1.30+0.02 1.30+0.02 1.29+0.02 1.30+0.01 1.30+0.02
C-S 1.75+0.02 1.75+0.01 1.74+0.02 1.75+0.01 1.74+0.05
N (amide)=CU=S(inward) 103.3+2.5 104.0+1.4 105.3+2.7 104.0+3.0 103.1+3.7
N (emide)=CU=S(aciacenty 129.146.3 129.5+4.0 133.243.4 132.244.3 140.5+12.0
S—Cu=S(core) 126.7+7.8 126.1+5.4 120.7+1.3 123.7+4.2 116.2+13.4
Cu-S-CuU (core) 77.0£6.0 77.6%5.1 84.0+1.5 87.2+5.0 109.6+34.0
Ciamide)-N-Caryl) 119.2+3.2 117.7£2.6 122.2+1.6 118.7+1.3 119.2+3.1
2 NCCCSaryif© 84.0+16.3 81.0+14.4 84.747.8 79.1£12.0 81.6+11.4

Note: a. There are two independent molecules of [LP*Cu'ls and [L2Cu']s in their unit cell, which are similar to each other. For complete
information, refer to supporting information in Figures S63 and S64 and Tables S1A and S1B. b. Reference.®® c. The dihedral angle between
the NCCCS backbone plane and the N-aryl ring. d. The average bond distances with errors are calculated with confidence intervals using the

30 standard deviation method.

reduced steric effects, leading to shorter Cu---Cu distances. This
phenomenon can be explained by considering the Van der Waals
(VDW) radii of hydrogen (1.20 A) and fluorine (1.47 &) compared
with that of the methyl group (2.0 &), as well as distinguished by
Tolman cone angles (see Table 51).50-63 Consequently, the presence
of intramolecular cuprophilic interactions in copper(l) thiolate
clusters [LN°2Cu']3 and [LF3Cu']; are influenced by small substituents
at ortho-position of N-aryl ring.

To address above issues (ii), the tricopper(l) clusters [¢F3L,Cu'ls
and [LN92Cu']; exhibit weaker intramolecular Cu---Cu short contacts,
with average distance ranging from 2.95+0.05 A to 3.04+0.13 A (see
Table 1), compared to [LN°2Cu']; (2.75+0.15 A) and [L®Cu'ls
(2.7820.13 A&). The [€3L,Cu']; cluster, with CF5 substitutions on the
NCCCS backbone, creates steric conflicts in the NCCCS backbone
and N-aryl ring in coordination with the copper(l) center, resulting
in a distinctive “buttressing effect”.>* This effect pushes the N-aryl
rings closer to copper(l) and forces the structure into a more rigid
configuration, causing the copper(l) to be imbibed into ligand
pocket. Notably, [¢3L,Cu']; displays significant changes in average
2 Namide-CU-Sinward angle and £ Camide-N-Caryi angle, which increased
to 105° and 122° respectively (see Table 1) among [LCu']5 trimers.
This property has been previously observed in B-diketiminate
copper(l) complexes.*0 48 64,65

On the other hand, in [LN“2Cu']3, the average Cu-+Cu separation
of 3.04+0.13 A results from the presence of Cl atoms at ortho-
positions of the N-aryl ring, with a VDW radius 1.75 A.8* This radius
exceeds that of H and F atoms, imparting more significant steric
hindrance at the (Cu-S); core. These observations indicate that
structural variations in the [LCuU']s cluster formation hinge on the
size of substituents, either at the ortho-position of the N-aryl ring or
on the chelating NCCCS backbone. These correlations manifest in
the molecular structures of [LCu'ls, particularly regarding Cu---Cu
distances and £Cu-S-Cu bond angles. Issue (iii), concerning the
electronic effects, will be discussed in the reactivity section focusing
on CO and CNR interactions (see below).

4| J. Name., 2012, 00, 1-3

Table 2. List of Average £Cu-S-Cu angles and Cu---Cu distances found in
homoleptic tricopper thiolate clusters

Complex Cu--Cu £Cu-S-Cu Ref.
[Cu'(NGuaS)]s 2.65+0.04 72.0£1.5 3
[CU'(SCsHaNMe-2)]3 2.70+0.01 75.2+0.01 66
[LN92Cy']s 2.750.15 77.0£6.0 This work
[LB3Cu'ls 2.78+0.13 77.615.1 This work
[Cu'3(SCsH3(CH2NMe3)-2-Cl-3),

2.71+0.26 84.4+1.5 67
(CeH2Mes-2,4,6)(PPhs)]
Na*(CH3OH)[Cu's(edt)s] 2.78+0.03 76.0£1.3 7
Cu'(S(CsHa(R-CH(Me)NMe;-
[CUS(CaHa(R-CH{Me)NMe; 2.83£1.00 79.6£0 2,37
2))1s
[Cu'(S(2,6-(Mes),CsH3))]s 2.90+0.04 74.9+1.6 30
[CU'[CyC(S)NHP(S)(O'Pr).]s 2.90+0.18 80.615.0 68
[“BLCu')s 2.95+0.05 84.0+1.5 This work
[L2Cu']s 3.04+0.13 87.2+5.0 This work
Cu'(CpFe(n°-CsHs-(1-PPhy)(2-
[Cu'(CpFe(n™Catts-(1-PPha) 330:0.11  96.0+3.6 6
CH (CH3)S)]s
[Cu'MesPSCl]s 3.60+0.04 110.8+1.0 7
[LiCu'ls 3.59+0.74 109.6+34.0 13
[Cu'3(S3Mo0Cl)s] 3.64+0.06 108.612.4 n
[Cu'(2,6-Me2CeHsNHC(S)NHP(S)
. 3.65+0.11 109.4+3.6 =
(O'Pr)2)1s
[Cu'(PPr2P(S)NP(S)Ph2)]s 3.80+0.29 116.4+13.6 B
[Cu'(PPr2P(S)NP(S)(OPh),)]s 3.81+0.17 116.5£8.5 B
[Cu'(2,4,6-
) 3.8410.01 120.3£3.0 =
Me;CsH2NHC(S)NHP(S)(O'Pr)2]s
[CU'N(Pr2PS)]3 4.01+0.05 127.0£2.6 B

This journal is © The Royal Society of Chemistry 20xx
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Correlation between Cu---Cu distances and 2Cu-S-Cu bond angles
in the molecular structures of [LCu']3

The RS- thiolate anion's bonding mode exhibits some variability in
copper thiolates, typically forming bridges through sulfur over two
or three copper atoms. The structural distinctions in copper thiolates
are primarily related to the geometry of the Cu(SR)Cu units. Table 2
provides a comprehensive overview of Cu-:-Cu distances and £Cu-S-
Cu angles in homoleptic tricopper(l)- thiolate clusters [LCu']s found in
literature and this ongoing research. The Cu---Cu distances and £Cu-
S-Cu bond angles within the tricopper(l) Cu-SR core exhibit a
significant correlation. This observation was also noted by Koten and
co-workers.?! The interactions between copper and sulfur atoms are
notably influenced by the steric factors from functional group
substitutions at ortho-positions on the N-aryl ring. This is vividly
illustrated by the chair conformations of the six-membered Cu-S core
depicted in Figure 1. Molecular structures such as [LN°2Cu]; and
[LFCu]s exhibit well-defined chair confirmations with observable Cu-
Cu short contacts, whereas the [L;Cu]s displays a more relaxed chair
conformation without Cu-Cu short contacts. Furthermore, the
observed relationship between .~ Cu-S-Cu bond angles and Cu--Cu

ARTICLE

distances (Figure S66) suggests that Cu--Cu interactions are
predominantly influenced by steric considerations induced by the N-
aryl ortho-substituents of any coordinated ligand, leads to the
formation of ligand-supported intramolecular cuprophilicity among
[|.CU]3.7Z

Electrochemical behaviour of B-thioketiminato [LCu']s clusters

Electrochemistry experiments were performed to understand the
electron-donating capabilities and the geometry around copper(l)
center. The redox potentials of the respective [LCu'l; clusters were
measured using 0.1 M BusNPFs in MeCN vs Fc*® at room
temperature. All complexes exhibit irreversible oxidation waves at
distinct regions, as shown in Figure S59, indicating the
decomposition of the tricopper cluster and corresponding changes
in geometry at the LCu' center during the redox process.’* The
presence of electron-withdrawing groups on the N-aryl ring and
NCCCS backbone consistently exhibited a positive shift in the
oxidation potentials, as presented in Table S3, the reduced electron
donation capability from coordinated ligands to the copper(l) center.
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Note: All the carbonyl stretching frequencies of LCu'CO adducts were recorded in the solution state.
Figure 2. Carbonyl stretching frequencies of selected NacNac and SacNac LCu'CO adducts
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In addition, electron-withdrawing groups, such as CF; groups on the
NCCCS backbone of ¢F3L; and 3L, have significant electronic effects,
giving more electron-poor LCu' center. In contrast, electron-
withdrawing groups like L, L3, L“2, and L3 on the N-aryl ring show
minor electronic effects on the LCu' moiety determined by the redox
potential measurements Table S3, consistent with previous
reports.40 34 77

Probing electron richness of N-aryl B-thioketiminato copper (l)
complexes

Despite their isoelectronic nature, CO and isocyanide display distinct
bonding interactions with metal centers. CO, recognized for its
strong m-acceptor and weaker o-donor character, defines the
benchmark for electron-donating capability in metal complexes.”
Isocyanides, in contrast, possess significant o-donor and weaker -
acceptor properties. We aim to elucidate how these divergent
electronic profiles, reflected in veng and veo stretching frequencies,
modulate the overall electron donation within LCu' moieties. Several

[€FsL, or FsL,CuCNAr,]

Journal Name

studies have utilized LCu'-CO carbonyl or LCu'-CNR isocyanide
adducts as model systems to explore these intriguing contrasts in
ligand coordination behavior.% 7> 77.78.80-82 |t js particularly interesting
to compare both CO and isocyanide simultaneously to understand
the electronic properties of LCu' fragment (L= Ly, Lp, L2, LF3, LNO2 912,
L3, €31, and ©F3L,). The reaction products of LCu' species were
probed with 2,4,6-CNC¢H,Me; and CO (see scheme 2). The
combination of both the isocyanide stretching frequencies veng and
the carbonyl stretching frequencies vco of the copper(l)-adducts can
determine the relative electron density on the copper center.”®

All the tricopper clusters from L = Ly, Ly, L2, LF3, LNO2, €12 | C13 CF3|,
and 3L, upon treatment with 2,4,6-CNCgH,Mes or CO decomposed
into their corresponding mono copper(l) isocyanide or mono
copper(l) carbonyl adducts were characterized by FTIR and NMR
techniques (see Figures S41-S58, S60-S62).
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R1= Me, R)= Me R=F R=Cl  R;=Me, R.,=Me R = Me
F3L,CUCNAT, oz L?CuCNAr,  L%CuCNAr  LiCuCNAr LeCUCNAr
BLcucNAn,  ACUCNAT LTRCUCNAR ne onan LBCucNAn LCucNAn,  FCUSNATcienan, AT AR
W\enrem't 2150, 2150 2144 2139 2139, 2139 2137,2138 2135, 2135 2126 2123,2121 2119 2114
IAVenr cm't +36, +36 +25 +25 +25, +25 +23, +24 +21, +21 +7 +4, +2 - -
bV enm e 2162, 2160 . 2147 2143, 2147 2146,2148  2145,2145 - . . 2114
bAVnrCmMt +48, +46 - - +29, +33 +32, +34 +31, +31 - - - -
Ref. This work 37 This work This work This work 13 76 7 ® 13

Note: °lsocyanide stretching frequencies in solution state. ’Isocyanide stretching frequencies with KBr pellet.
Figure 3. Isocyanide stretching frequencies of selected NacNac and SacNac LCu'-CNR adducts.
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Scheme 2. Reactivity studies of B-thioketiminato copper(l) complexes
by 2,4,6-CNCsH2Mes or carbon monoxide.

Evaluation of carbonyl stretching frequencies in LCu'-CO adducts

Due to the reversible CO binding to the LCu' moiety, attempts to
obtain single crystals and isolate pure LCu'-CO adducts in solid form
were unsuccessful. Consequently, we investigated the formation of
LCu'-CO adducts and recorded the vco stretching frequencies
monitoring in solution state using THF as a solvent (see Figures 2 and
S60). A notable observation was that CF3 substitutions on the NCCCS
backbone exhibited less electron-donating effects than the F or Cl
substitutions on the N-aryl ring, as seen in Figure 2. The reduced
electron density on the LCu' fragment with CF3 substitutions is
evident by vco stretching frequencies for ¢F3L;Cu'-CO and ¢F3L,Cu'-CO
adducts, which are 2115 cm™ (Aco = -28 cm™) and 2111 cm™ (Ao = -
32 cm™), respectively (where, the Aco denotes the difference with
the free vco stretching frequency 2143 cm™).73 In contrast, the vco
stretching frequencies for the LF2Cu'-CO, LCu'-CO, L®2Cu'-CO, and
L®3Cu'-CO adducts, featuring F or Cl substitutions on the N-aryl ring
range from 2088 cm™(Aqo = -55 cm™) to 2091 cm™ (Aco= -52 cm’?).
These adducts exhibit stronger electron-donating features, almost
similar to L;Cu'-CO and L,Cu'-CO adducts?®3, which have vco stretching
frequencies 2085 cm™(Aco = -58 cm™), as illustrated in Figure 2.
Therefore, the functional group differences present on the N-aryl
ring have minor effects on LCu' fragment, as evidenced by the
changes in v¢o stretching frequencies.

Evaluation of isocyanide stretching frequencies in LCu'-CNR
adducts

In general, metal isocyanide adducts exhibit a blue shift in veng
stretching frequencies compared to the free isocyanide ligand.> 7> 77
78,80, 81 The treatment of 2,4,6-CNCsH,Mes to respective [LCu']s gave
corresponding stable mono copper(l) LCu'-CNR adducts (see Scheme
2). These adducts were characterized by *H, 3C, °F NMR techniques,
and FTIR methods. The electron-donating capability trends were
defined by greater blue shift observed compared to the free 2,4,6-
CNCgHaMes (venr = 2114 cm™). All the veng stretching frequencies of
SacNac ligand supported LCu'-CNR adducts are consistent, in
comparison with the reported NacNac ligand supported LCu'-CNR
adducts as shown in Figures 3, S61 and $62.13 7> 76: 78,8083 Gimjlar to
veo frequencies discussed earlier, the CF; groups on SacNac backbone
possess (veng = 2150 cm™, Acng = 36 cm™) indicating that, both
F3L,Cu-CNR or “3L,Cu’-CNR, have attained most poor electron
density on copper center, respectively. The LCu-CNR adducts with
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fluorine or chlorine substitutions on the N-aryl ring have vengin 2137-
2139 cm (Aveng = 23 ~ 25 cm'Y) range which only minor shifts closer
to L1Cu’-CNR or L,Cu'-CNR with venr = 2135 cm™, Aveng= 29 cm? (see
Figure 3). Therefore, the veng results confirm that the electron-
donating capabilities of the LCu' fragment have significant effects
infringed by the functional group change on the NCCCS chelating
backbone and possess minor effects by the functionality differences
on the N-aryl ring. The single crystals of “3L;Cu'-CNR, and 3L,Cu'-
CNR were grown in n-hexane. The “3L,Cu'-CNR have two identical
similar structures within the same unit cell. The molecular structure
of ¢FB3L;Cu'-CNR and F3L,Cu'-CNR (molecule A) are presented in Figure
4 and Figure S65. The comprehensive, detailed selected bond
distances and bond angles are available in Table S2, along with
previously reported LjCu-CNR and LCu-CNR structures.'®
Comparison between the molecular structures of ¢3L;Cu'-CNR and
F3L,Cu’-CNR with their precedents, L;Cu'-CNR and L,Cu'-CNR, did not
reveal notable changes in the bond lengths. This could be attributed
to lesser steric contributions by sulfur suppressing the geometry
changes around the copper center. However, notable changes were
observed at ¢3L;Cu'-CNR adducts: i) The bond angle of Camige-N-Caryi
slightly increased. ii) The Cisocyanide-Cu-N bond angle widened, while
the Cisocyanide-Cu-S bond angles became smaller compared to the
average bond angles of the precedent LCu'-CNR adducts, indicating a
significant buttressing effect.>* This effect might be due to the
presence of steric CF3; groups on the backbone and ortho-
substituents on the N-aryl ring, which push the coordinated
isocyanide group slightly towards the sulfur moiety (Table S2).

b
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Figure 4. ORTEP diagram of complex (A) “3L1Cu(2,4,6-CNCsH,Mes) unit (left),
and (B) “3L,Cu(2,4,6-CNCsH2Mes) unit (right) in 50 % ellipsoids; all hydrogen
atoms are omitted for clarity.

Linear relationships between CV, Avco, and Avcyg of LCu'-CO and
LCu'-CNR adducts

As discussed earlier, CO is a gas that tends to exhibit a reversible
nature, binding with the coordinated copper(l) complexes, making it
challenging to isolate LCu'-CO adducts as thermodynamically stable
products in the solid state.!> 8485 On the other hand, isocyanides are
a conventional alternative, making it easy to synthesize and
characterize the LCu'-CNR adducts.'® & 86 The electron-donating
capabilities of LCu' fragment could be well understood by the
combination of different bonding perspectives corresponding to veng
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and v¢o stretching frequencies. From the investigation of both veyg
and vco stretching frequencies mentioned above, a linear
relationship was identified by plotting the values of Avco and Aveng
in Figure 5. Considering the reversible nature of CO binding with LCu!'
moieties, our study suggests that CNR can be considered to evaluate
the bonding interactions and electronic richness of the LCu' moieties
without ligand dissociation issues.

This linear relationship between Avco and Aveng clearly delineates
the overall electron-donating capability of the LCu' fragment,
independent of the fine-tuning of electronic properties of the SacNac
ligand substituents on either the N-aryl ring or NCCCS backbone.
Similarly, the linear relationships were also observed in combinations
between redox potentials (CV) against Avco, Aveng, Venr, and veo.
However, slight deviations were noted in R? values, ranging between
0.87 to 0.92 for L; and 3L, adducts, compared to other instances
with fair linear graph values (R? values > 0.97; Figures S67). In
addition, no linear relationships were found with combinations of
Avco, Avengr, Venr, OF Vo against Cu-Cu distances (see Figure S68).
Hence, these results could be attributed to differences in the steric
constraints induced at the copper(l) center by the chelating ligand.

DFT approach on the Cu---Cu distance

To understand the concept of steric and electronic influence on
intramolecular cuprophilicity, the DFT examinations with BP86/6-
31G(d,p), PBEO/Def2-SVP, and PBEO/Def2-TZVP methods were
performed to evaluate the Cu---Cu short contacts using Mayer bond
order. The molecular structure parameters of [LN92Cu']s, [LF3Cu']s
[€FBL,Cu'ls, [L2Cu'ls, and [LiCu'ls determined by the X-ray
crystallography were used for these computational studies. The
Mayer bond order decreases from [LN92Cu']5, followed by [L¥3Cu']s,
[€F3L,Cu']s, and [L®2Cu']s in chronological order, consistent with a
linear pattern in which the R? is closer to unity (see Figure S69A and
Table S5). The average Cu--Cu distances of [LiCu'ls is around
3.59+0.74 A, suggesting no Cu---Cu interaction. On the other hand,
while increasing the size of basis sets from double-zeta quality
(PBEO/def2-SVP)  to  triple-zeta  quality  (PBEO/def2-TZVP)
considerably decreases the bond order, the correlation between
Cu---Cu distance and bond order is still maintained. Furthermore, to
elucidate the steric concern on ortho-positions of N-aryl
substitutions will affect the Cu---Cu distance in [LCu']s clusters, we
employ the more sterically hindered [L;Cu]s with geometry
optimization at PBEO/Def2-SVP level by removing isopropyl groups
on the N-aryl ring, resulting [L"Cu]s. The estimated average Cu---Cu
distance of [LCuls is found to be 2.67 A, which is lower than the
average Cu--Cu distance in the [LN92Cu']; (2.7540.15 A) and [LP3Cu'];
(2.78+0.13 A). This finding demonstrates steric factor governed over
[LCu']3 cluster formation and Cu-+-Cu bond short contacts.
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Figure 5. Determination of electron-donating capabilities of LCu' fragment
through the linear relationship between the values of Avco and Avens.

Conclusions

We synthesized a set of B-thioketiminate ligands and corresponding
tricopper(l) clusters by fine-tuning various functional groups on the
N-aryl ring and CF; groups on the NCCCS backbone. The molecular
structures confirm the formation of [LN92Cu']s, [LF3Cu']s, [€3L,Cu's,
and [L“2Cu']; as homoleptic tricopper(l) thiolate clusters similar to
[L1Cu']s. The molecular structure comparison reveals that [LN°2Cu'];
and [LFCu']; have significant Cu---Cu short contacts within the six-
membered Cu-S cores attributed to the steric consideration and
meticulous functional groups selection at ortho positions on the N-
aryl ring. The formation of Cu-:-Cu short contacts was also evidenced
by Raman techniques in consideration with LCu'-CNR Raman bands
and Mayer bond order calculations. Further, a linear relationship is
observed between the Cu-Cu distance and ZCu-S-Cu angles.
Interestingly, in this correlation, the R? value remains closer to unity,
not influenced by the electronic properties of the coordinated ligand.
Instead, this phenomenon is governed solely by the chelated ligands
steric effects among the homoleptic tricopper(l) thiolate clusters.
The electron-donating capabilities were measured by probing CO
and 2,4,6-CNCgH,Me3 moieties, forming mono copper adducts. The
values of vco and veng reveal that the stretching frequencies of LCu'-
CO or LCu'-CNR are highly influenced by changes in functional groups
at the NCCCS backbone. In contrast, fine-tuning the N-aryl ring with
other substituents shows minor effects on the values of vco and venr
stretching frequencies. Furthermore, the consideration of CO and
isocyanide binding ability to copper(l) moiety is addressed by Avco
and Avcng followed by a linear relationship. This phenomenon
indicates that isocyanide can be a better alternative to CO to probe
and understand the electron-donating capability of LCu' fragments.

Experimental Section

All experiments, including the synthesis of CuOBu and B-
thioketiminate ligands, were conducted under a purified dinitrogen
atmosphere in a glovebox or using standard Schlenk line techniques.
11,13 Chemical reagents purchased from Sigma-Aldrich Chemical Co.
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Ltd., Lancaster Chemicals Ltd., or Fluka Ltd. All reagents were used
without any further purification. Solvents were dried over Na
(Toluene, n-hexane, and THF) or CaH, (CH,Cl, and CH3CN) and then
thoroughly degassed with N, before use. FTIR spectra were recorded
using a Bruker Optics FTIR Alpha OPUS. Cyclic voltammetry
measurements were taken in 10* M MeCN solutions using 0.1 M
BusNPFs as the supporting electrolyte and referenced to Fc*/°. A
platinum wire counter electrode, a glassy carbon working electrode,
and an Ag/AgCl (MeCN) reference electrode were used. Elemental
analyses were performed using Heraeus CHN-OS Rapid Elemental
Analyzer. 'H NMR, 13C NMR, and '°F NMR spectra were recorded
using JEOL JNM ECS FT 400 MHz NMR or ECZ500R/S1 500 MHz
instruments. The Raman spectra were measured by a micro Raman
spectroscopy system (MRID, Protrustech, Taiwan) equipped with a
633 nm diode laser as the excitation source with the numerical
aperture being 0.55 (50X Plan objective lens) and laser power was
30mW. The spectral integration time was 30s with 10
accumulations for each sample. The laser was focused on sample at
range of 20 um and recorded the Raman bands. The samples were
prepared KBr pellets method, which were made by mixing
compound and KBr in a 3:10 ratio under an inert atmosphere. The
Raman bands assighment complete information about [LCu']s
complexes and its comparison with LCu'-CNR adducts were available
in the Raman experiments section in supporting information.

Preparation of B-Thioketiminato Tricopper(l) Clusters

The synthesis of [L;Cul; and [L,Cu]s complexes was detailed in our
previous works.'®* The preparation of tricopper(l) thiolate clusters
[LFZCUI]3, [LFSCUI]3, [LNOZCUI]g, [LCIZCUI]3, [LCISCUI]3, [CF3L1CUI]3, and
[€F3L,Cu']s were carried out similar procedures. The synthesis of
[LNF2Cu]s is given in detail below.

[LF2Cu]s. Under an inert atmosphere, a deep red-colored clear
solution of HLF2 (0.500 g, 2.20 mmol) in THF is added dropwise to the
slurry of CuO'Bu (0.300 g, 2.20 mmol) in n-hexane. Initially, the
mixture is cloudy; after the first 10-15 minutes, the whole mixture
remains clear and slowly starts to precipitate after 20 mins. This
mixture was allowed to stir for 60 minutes for completion of the
reaction. The color changed from a deep red solution to a bright
orange during this time. The whole mixture was passed through a
sintered glass filter and washed with n-hexane (2 x 5 ml) to remove
trace amounts of unreacted ligand under the N, atmosphere,
resulting in a bright orange-colored powdered solid (0.48 g, 75 %). *H
NMR (CDCl;, 400 MHz, 298K, 6): 7.01 (t, J = 8.0 Hz, 3H, para-ArH),
6.85 (d, J=8.0 Hz, 6H, meta-ArH), 5.76 (s, 3H, backbone-CH), 1.84 (s,
9H, backbone-CHs), 1.78 (s, 9H, backbone-CHs). *3C{*H} NMR (CDCls,
100 MHz, 298K, 6): 171.12, 163.99, 155.67, 153.16, 124.34, 121.51,
111.67, 34.00, 25.34. °F NMR (376 MHz, CDCl3) & -120.23 (s, 6F,
ortho-ArF). °F{*H} NMR (471 MHz, CDCl5) & -120.09 (s, 6F, ortho-ArF).
Anal. Calcd. for C33H30CU3F5N3532 C, 4560, H, 348, N, 4.83. found C,
45.68; H, 3.45; N, 4.84.

[LF3Cu]s. Following the procedure described for [L¥2Cu]s the reaction
of HL™ (0.500 g, 2.04 mmol) in THF is added dropwise to the slurry
of CuO'Bu (0.280 g, 2.04 mmol) in n-hexane upon filtration and wash
by n-hexane resulted as a deep orange colored solid (0.54 g, 86 %).
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Bright orange single crystals suitable for crystal X-ray were obtained
by slow evaporation of saturated THF solution at room temperature.
1H NMR (CDCls, 400 MHz, 298K, 8): 6.65 (d, J = 8.0 Hz, 6H, meta-ArH),
5.89 (s, 3H, backbone-CH), 1.93 (s, 9H, backbone-CHs), 1.80 (s, 9H,
backbone-CHs). 13C{tH} NMR (CDCls, 101 MHz, 298K, &): 171.81,
164.71, 158.76 (Ycr= 237 Hz), 154.13 (Yer= 237 Hz) 125.34,121.47,
100.37, 34.14, 25.30. 1°F NMR (376 MHz, CDCl5) § -114.73 (t, /= 8 Hz,
3F, para-ArF), -117.05 (s, 6F, ortho-ArF). °F{tH} NMR (471 MHz, CDCl5)
6-115.42 (s, 3F, para-ArF), -117.81 (s, 6F, ortho-ArF). Anal. Calcd. for
Cs3H,7CusFgN3Ss: N, 4.55; C, 42.62; H, 2.95. found N, 4.50; C, 42.68;
H, 2.97.

[LNO2Cy]s. Following the procedure described for [LF2Culs the
reaction of HLN2 (0.500 g, 2.11 mmol) in THF is added dropwise to
the slurry of CuO'™Bu (0.289 g, 2.11 mmol) in n-hexane upon filtration
and wash by hexane resulted as a deep orange colored solid (0.49 g,
77 %). Bright orange single crystals suitable for crystal X-ray were
obtained by slow diffusion of saturated dichloromethane solution
with n-hexane at -20 °C. *H NMR (CDCls, 400 MHz, 298K, §): 8.21 (d,
J=8.0 Hz, 6H, meta-ArH), 6.65 (d, J = 8.0 Hz, 6H, ortho-ArH), 5.87 (s,
3H, backbone-CH), 1.89 (s, 9H, backbone-CHs3), 1.78 (s, 9H,
backbone-CHs). 13C{tH} NMR (CDCls, 101 MHz, 298K, &): 198.05,
157.16, 145.45, 143.65, 125.31, 122.04, 101.31, 29.75, 20.71. Anal.
Calcd. for C33H33Cu3NgO6Ss3: N, 9.37; C, 44.21; H, 3.71. found N, 9.39;
C, 44.28; H, 3.67.

[L92Cu]s. Following the procedure described for [LF2Culs the reaction
of HL®2 (0.500 g, 1.92 mmol) in THF is added dropwise to the slurry
of CuO'™Bu (0.260 g, 1.92 mmol) in n-hexane upon filtration and wash
by n-hexane resulted as a bright reddish-orange colored solid (0.53
g, 85 %). Bright orange single crystals suitable for crystal X-ray were
obtained by slow evaporation of saturated toluene solution at room
temperature. 'H NMR (CDCl3, 400 MHz, 298K, 6): 7.28 (d, J = 8.0 Hz,
6H, meta-ArH), 6.99 (d, J = 8.0 Hz, 6H, para-ArH), 5.80 (s, 3H,
backbone-CH), 1.78 (s, 9H, backbone-CH3), 1.65 (s, 9H, backbone-
CHs). 23C{*H} NMR (CDCls, 101 MHz, 298K, 8): 170.34, 164.06, 146.14,
128.42, 127.97, 124.99, 121.06, 33.65, 25.03. Anal. Calcd. for
Cs33H30CusClgNsSs: N, 4.34; C, 40.94; H, 3.12. found N, 4.32; C, 40.95;
H, 3.14.

[L93Culs. Following the procedure described for [LF2Culs the reaction
of HL®® (0.500 g, 1.70 mmol) in THF is added dropwise to the slurry
of CuO'™Bu (0.230 g, 1.70 mmol) in n-hexane upon filtration and wash
by n-hexane resulted as a bright reddish-orange colored solid (0.52
g, 86 %). 'H NMR (CDCls, 400 MHz, 298K, &8): 7.32 (s, 6H, meta-ArH),
6.02 (s, 3H, backbone-CH), 1.77 (s, 18H, backbone-CHz), 3C{*H} NMR
(CDCl3, 101 MHz, 298K, 6): 170.68, 164.35, 144.67, 129.45, 128.38,
128.32, 121.24, 33.82, 25.07. Anal. Calcd. for C33H,7Cu3ClgN3Ss: N,
3.92; C, 36.99; H, 2.54. found N, 3.96; C, 36.98; H, 2.56.

[€F3L1Culs. This reaction procedure is slightly modified from [LNF2Cu]s
the reaction of HF3L; (0.300 g, 0.78 mmol) in n-hexane is added
dropwise to the slurry of CuO™Bu (0.106 g, 0.78 mmol) in n-hexane
upon filtration and wash by n-hexane resulted as a deep yellow-black
colored powdered solid (0.29 g, 85 %). *H NMR (CDCls, 400 MHz,
298K, 68): 7.21-7.12 (m, 9H, ArH), 6.90 (s, 3H, backbone-CH), 2.73
(septet, J = 6.8 Hz, 6H, ArCH(CHs),), 1.21 (d, J = 6.8 Hz, 18H,
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ArCH(CHs),), 1.14 (d, J = 6.8 Hz, 18H, ArCH(CH3),). 3C{*H} NMR (CDCl3,
100 MHz, 298K, 8): 154.21 (q, 2Jcrs = 27 Hz), 154.08, 144.02, 137.37,
125.30, 123.26 (g, 2Jers = 32 Hz), 121.29, 117.49, 111.16, 28.46, 24.76,
23.09. °F NMR (376 MHz, CDCl3) & -63.94 (s, 9F, backbone CF3), -
66.62 (s, 9F, backbone CFs). Anal. Calcd. for Cs1Hs4CusF1gN3S3: N, 3.14;
C,45.79; H, 4.07. found N, 3.18; C, 45.77; H, 4.09.

[€F3L,Cu]s. This reaction procedure is similar to [*3L;Cu]sthe reaction
of HEF3L, (0.300 g, 0.88 mmol) in n-hexane is added dropwise to the
slurry of CuO*Bu (0.120 g, 0.88 mmol) in n-hexane upon filtration and
wash by n-hexane resulted as a deep reddish-black colored
powdered solid (0.31 g, 87 %). Dark brownish black-colored single
crystals suitable for crystal X-ray were obtained by saturated n-
hexane solution at -20 °C. *H NMR (CDCls, 400 MHz, 298K, §): 6.86 (s,
6H, meta-ArH), 6.83 (s, 3H, backbone-CH), 2.28 (s, 9H, para-ArCHs),
2.00 (s, 18H, ortho-ArCHs). 33C{*H} NMR (CDCl3, 100 MHz, 298K, &):
156.53 (q, 2crs = 28 Hz), 150.05 (q, Yers = 32 Hz), 143.65, 135.82,
129.06, 125.98, 117.35, 116.30, 20.84, 18.87. 1°F NMR (376 MHz,
CDCl3) & -65.86 (s, 9F, backbone CF3), -66.90 (s, 9F, backbone CF;).
Anal. Calcd. for C42H36CusF1sN3Ss: N, 3.47; C, 41.64; H, 3.00. found N,
3.45; C, 41.60; H, 2.93.

Single crystal X-ray Determination

The desired crystals of [LFCu]sz and [L2Cu]; were mounted on a
Rigaku Oxford Diffraction single crystal X-ray diffractometer with Mo
K a-radiation (A = 0.71073 A). The Cell refinement, data collection,
and data reduction were executed using the CrysAlisPro
1.171.41.56a program. The X-ray diffraction measurements of
[LNO2Cy]s, [€F3L,Cu]s, ©FLiCu(2,4,6-CNCgH,Mes), and ©F3L,Cu(2,4,6-
CNC¢H,Me3) were carried out on Bruker D8 Venture or a Bruker D8
Quest APEX Il CCD area detector system equipped with a graphite
monochromator, a Mo-Ka fine-focus sealed tube (A = 0.71073 A) or
a Cu-Ka fine-focus sealed tube (A = 1.54178 A) at 200 K. These
structures were determined using the Olex2/ShelXL program refined
using full-matrix least squares. All non-hydrogen atoms were refined
anisotropically, whereas hydrogen atoms were placed at the
calculated positions and included in the final stage of refinement
with fixed parameters. The crystallographic data parameters of
ligands, copper(l) complexes and their corresponding adducts can be
found in Table S4.
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