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Tris(pyrazolyl)borate Copper Hydroxide Complexes Featuring Tunable

Intramolecular H-bonding
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ABSTRACT: A modular synthesis provides access to a series of new tris(pyrazolyl)borate ligands *™TpK that possess a
single functionalized pendant pyridyl (py) or pyrimidyl (pyd) arm designed to engage in tunable intramolecular H-
bonding to metal-bound functionalities. To illustrate such H-bonding interactions, a series of [*™™“TpCul(u-OH); (6a-
6e) complexes were synthesized from the corresponding ™ TpCu-OAc (5a-5e) complexes. Single crystal X-ray structures
of three new dinuclear ™ TpCul,(u-OH), complexes reveal H-bonding between the pendant heterocycle and bridging
hydroxide ligands while the donor arm engages the copper center in an unusual monomeric "*™TpCu-OH complex.
Vibrational studies (IR) of each bridging hydroxide complex reveal reduced vou frequencies that tracks with the H-bond

accepting ability of the pendant arm.

In metalloenzymes, hydrogen bonding (H-bonding)
interactions prevalent in the tightly regulated microenvi-
ronment of metal ions are closely tied to functionality.'”
? When applied in synthetic systems, arrays of rigid H-
bonding frameworks have had notable effects on chemi-
cal reactivity.*® The number and diversity of new syn-
thetic systems featuring secondary coordination sphere
H-bonding is expanding as efforts to better understand
these phenomena continue.
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Figure 1. Examples of systems incorporating second sphere
H-bond donor and /or acceptor groups.

Secondary sphere H-bond donor and/or acceptor
groups are featured especially often in tripodal systems
(Figure 1).°"" For instance, several synthetic systems
showcase the utility of H-bonding interactions with oxy-
gen-containing small molecules. The stabilization of the
peroxide anion (O;%) via interactions with H-bond do-
nors, first observed in Cummins’'® metal-free cryptand,
is underscored by Szymczak’s” tripodal Zn(II) complex,
where secondary coordination sphere H-bonding gov-
erns O,* binding at Zn (Figure 1a). Fewer systems pos-
sessing H-bond acceptors have been reported™™®" but
include Fout’s'® tripodal scaffold with pyrrole-imine H-
bond acceptors that H-bond to coordinated water (Fig-
ure 1b). In addition, this ligand can undergo redox tau-
tomerization to form a “hybrid” H-bond donor/acceptor
system as well as an all H-bond donor wvariant.
Borovik’s™ recent example of this hybrid class is a tripo-
dal scaffold containing a mix of two amine H-bond do-
nors and one phosphinic amide H-bond acceptor (Fig-
ure 1c).

Since it can be difficult to directly examine the na-
ture of the hydrogen bonding with highly reactive in-
termediates, more stable hydroxide complexes pos-
sessing secondary sphere H-bonding serve useful roles to
survey H-bond contributions.” ™ Such hydroxide spe-
cies have been important for revealing the influence of
the number of H-bonding groups as well as the type of



H-bonding groups on the properties of the
complex, 1142124

In a landmark report, Kitajima and Fujisawa estab-
lished TpCu scaffolds (Tp = tris(pyrazolyl)borate) as im-
portant biorelevant models for O, reactivity at copper-
based hemocyanin with [P*TpCuly(u -O,) and the re-
lated [P*TpCuly(u -OH),.”> Molecular copper-oxygen
complexes attract interest as intermediates in chemical
transformations mediated by hemocyanin,”*" copper
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oxidases,”® " and other copper-based enzymes.’"
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Figure 2. Intramolecular H-bonding in TpCu complex-
es featuring pendant H-bond acceptor groups.

We set out to construct a new family of Tp ligands
with tunable secondary sphere H-bonding through only
a single heterocyclic pyridyl (py) or pyrimidyl group
(pyd). While examples of Tp scaffolds bearing pendant
H-bonding groups”™" or ancillary ligands capable of H-
bonding have been reported,®™* particularly inspiring is
a ™TpK ligand®*™* that bears three pendant pyridyl
groups that engages in secondary sphere H-bonding
with an aqua ligand at Cu" (Figure 2a).”>*" The targeted
Tp ligand, however, bears only a single pendant base,
since Tp systems with three pyridyl groups—one pyridyl
arm per pyrazole—lead to an array of Cu coordination
motifs involving Cu-py interactions (Figure 2).”>*"* We
report herein a new, modular synthesis for singly-
functionalized heteroscorpionates *™TpK along with
crystallographic and spectroscopic characterization of
corresponding  [*™MTpCul,(u -OH), complexes that
demonstrate tunable secondary coordination sphere H-
bonding.

Results and Discussion

Scheme 1. Synthesis of Diketones (2a-2d)
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(1a)R; =Me, E = CH, Ry = H, X = Cl (2a)E=CH, R=H, X = CF;
(1b) Ry =Et, E=N, Ry = H, X = H (2b)E=N,R=H,X=H
(1¢)Ry =Et, E=CH, Ry =H, X = (2¢)E=CH,R=H, X =H

(1d)Ry=Me, E=CH,R;=CIl, X=H

(2d)E=CH,R=Cl, X=H

A series of substituted pyrazoles were prepared start-

ing with the Claisen condensation of a series of com-
mercially available py or pyd ester derivatives with ace-

tone to give the corresponding diketone (Scheme 1).

This reaction most reliably proceeds with a non-
nucleophilic base such as KH in Et,O. Condensation of
respective diketones 3a-3d with anhydrous hydrazine in

Scheme 2. Synthesis of **¢PzH (3a-3d)
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methanol affords the py and pyd functionalized pyra-
zoles (*™PzH) 4a-4d in high yields (Scheme 2). This
approach was not successful, however, in the synthesis
of 3e that possesses a dimethylamino-pyridine (DMAP)
functionality. Instead, nucleophilic aromatic substitu-
tion of chloropyridine-pyrazole 3d with neat 40% aque-
ous dimethyl amine under reflux gives 3e in 73% yield
(Scheme S4). Single crystal X-ray diffraction structures
obtained for 3¢ and 3e illustrate intermolecular
Xpy---H-Pz H-bonding interactions (Figures S10 and
S11).

Scheme 3. Synthesis of *™<TpK Ligands (4a-4¢)
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A pyrazole exchange reaction starting from the sym-
metric "TpK ligand* conveniently leads to singly-
substituted  *™¢TpK  heteroscorpionates  (4a-4e)
(Scheme 3). Unlike other heteroscorpionates that bear
non-symmetric alkyl groups,?** parallel efforts to gener-
ate the monosubstituted *™™*TpK from a molten reac-
tion of KBHy 2:1 ratio of the corresponding pyrazoles
were unsuccessful. Instead, *™*TpK can be synthesized
by combining equimolar amounts of "“TpK and
XmMep H (3a - 3e) at 160 °C under a dynamic vacuum.
These conditions facilitate both pyrazole exchange and
removal of "PzH via sublimation onto a cold finger,
recycled for future use (Figure S1). Crystallization from
minimal dichloromethane (DCM) with several drops of
acetonitrile provide *™TpK ligands 4a-4e as acetoni-
trile adducts, which can be dried in vacuo to provide
solventfree species in 46-60% yields. X-ray crystallog-
raphy of acetonitrile adducts reveals either mono- or
dinuclear structures (Figure 3). For instance, 3a crystal-
lizes as monomeric "M TpK(NCMe), whereas 3¢ is
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Figure 3. X-ray structures of

TpK(NCMe)Z (4a) and [pyMeTpK] 2(,l,t -NCMe)3 (4¢). In structure 4a the CF, group is disor-

dered over two positions and is represented by sites of highest occupancy. Isopropyl groups on the pyrazoles, MeCN solvate

molecules, and most hydrogen atoms are omitted for clarity.

isolated as a dimer bridged by three MeCN molecules
(Figure 3).

Scheme 4. Synthesis of *™TpCuOAc (5a-5¢)
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Transmetallation of ligands 4a-4e occurs smoothly
with anhydrous Cu(OAc), in DCM to afford
XMeThCu-OAc complexes 5a-5e in 72-88% yield
(Scheme 4). Single crystal structures of 5b and 5c reveal
coordination of the py and pyd donor arms with the
respective Cu centers. A Tg analysis® (5 = 0, square

5b

pyramidal; T = 1, trigonal bipyramidal) reveals a slight
distortion toward trigonal bipyramidal geometries (T5 =
0.56 and 0.62) for 5b and 5c respectively (Figure 4).
Both feature monodentate acetate coordination, unlike
in a simple ™TpCu-OAc* complex that possesses a
bidentate acetate ligand. Related TpCu-OAc complexes
with an  extra  copper donor such as
[PMTpCu("™PzH)|OACY and [P"TpCu(""PzH)]OAC*
also feature monodentate acetate ligands, indicating
that the presence of an additional ligand disfavors bi-
dentate acetate coordination. Coordination of the pen-
dant pyd group in 5b and 5c¢ leads to C1-C4-N3 bond
angles of 112.81(19)° and 113.22(15)° (Figure 4) respec-
tively. While these angles are below the idealized 120°
for sp’ carbon centers, other Cu centers coordinated to
bidentate Pz ligands similarly show modest strain.**°
‘We hypothesized that the presence of a suitable H-bond
donor at copper would turn on intramolecular H-
bonding that then would compete with the py-Cu or
pyd-Cu interaction.

5¢

Figure 4. Xcray structures of pymMeTpCu—OAc (5b) and pyMeTpCu—OAc (5¢), respectively. Isopropyl groups on the pyrazoles,

solvate molecules, and most hydrogen atoms are omitted for clarity.



Figure 5. Xray structures of [“PPMTpCuly(u -OH), (6a), "™ TpCul,(u -OH), (6b), [PMTpCul,(u -OH), (6¢), and PMAF
MeTpCu-OH (6e) respectively. In structure 6a, the CF; groups are disordered and are represented by sites of highest occupancy.
Isopropyl groups on the pyrazoles and hydrogen atoms are omitted for clarity.

*PMeTpCuly(u ~-OH), complexes (6) result from stir-
ring ™¢TpCuOAc (5) in a biphasic DCM / aqueous
NaOH mixture, similar to that used to prepare
(" TpCul,(u -OH), (7). Crystallization from DCM
solutions layered with MeCN allows for isolation of
*PMeTpCul,(u ~-OH), (6a-6e) in 75-95% yields. Single
crystal Xeray structures of ™M TpCul,(u ~-OH), species
6a-6¢ reveal intramolecular H-bonding between the
respective pendant py and pyd arms with the bridging
hydroxo groups (Figure 5). The Cu" centers in 6a-6¢
adopt a more square pyramidal geometry (t5 = 0.22

Scheme 5. Synthesis of ™M TpCul,(1-OH), (6a - 6e)
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(6a), 0.19 (6b), and 0.27 (6¢) similar to ["*TpCul,(u -
OH); (5= 0.31) that does not have an additional donor
arm.” The distance between Cu centers for 6a-6¢
(2.9384(7) to 2.9457(11) A) are also nearly identical to
unmodified 7 (2.937(2) A).” As a measure of the H-
bonding interaction, the py-N~O(H) and pyd-N~O(H)
distance decreases with increasing basicity of the N-
based H-bond acceptor.” ™’

Curiously, the crystal X-ray structure of the copper(I)
hydroxide with the most electron-rich donor arm corre-
sponds to a mononuclear "MA™¢TpCu-OH (6e) complex
(Figure 6). Instead of H-bonding with the hydroxide
group, the pendant DMAP binds the Cu" center (Figure
6). The five-coordinate environment is between square
pyramidal and trigonal bipyramidal (ts = 0.51). This
mononuclear copper hydroxide, however, is somewhat
surprising due to the enhanced H-bond accepting ability
of its DMAP arm as well as the scarcity of structurally
characterized mononuclear Cu"-OH species.”*”’
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Figure 6. H-bonding in dinuclear copper(Il) hydroxides
as revealed through IR spectra. The voy stretching region
of IR spectra of 6a-6e and 7.

To probe the influence of H-bonding on the hydrox-
ide ligand, 6a-6e as well as 7 were characterized via IR
spectroscopy (Figure 6). Species 6a-6¢ and 7 were ana-
lyzed as KBr pellets whereas 6e was analyzed as a thin
film evaporated from DCM on a KBr window. The vari-
ant lacking any H-bonding, 7, features a high energy
V oy stretch at 3660 cm™. In contrast, dinuclear and H-
bonded 6a-6¢ exhibit broad v oy bands centered at ever
decreasing energy as the H-bond accepting ability of the
donor arm increases (Table 1). Interestingly, the IR
spectrum of complex 6e features a broad v oy band low-
er in energy than observed for 6a-6¢ consistent with the
greatest H-bond accepting ability of the DMAP arm de-
spite the mononuclear structure indicated in crystals
from DCM by Xeray crystallography (Figure 5). The IR
spectra were taken as films that result from solvent
evaporation of DCM solutions of 6, and therefore this
suggests a dinuclear species ["M™TpCul,(u -OH), that
features intramolecular H-bonding is accessible in solu-
tion. Nonetheless, the IR spectrum of 6e also possesses

a sharp v opat 3647 cm™ consistent with the mononu-
clear "MA™TpCu-OH that lacks H-bonding.

Table 1. H-bonding: comparison of 6a-6e and 7

Complex Voulem™)  O(H)--N (A)
["2TpCul,(u-OH), (7) 3660 -
[CBPMTpCul ,(u-OH), (6a) 3340 2.901(4)
[P™MeTpCul ,(u-OH), (6b) 3331 2.864(4)
[PMTpCul ,(u-OH), (6¢) 3267 2.84903)
[PMAPMeT 5Oy, (u-OH), (6e) 3223, .

3647
Conclusions

The modular synthesis of a Tp scaffold possessing a
single pyridine or pyrimidine donor arm allows ready
access to a new class of heteroscorpionate ligands capa-

ble of H-bonding in the second coordination sphere.
While a series of “™™TpCu-OAc complexes reveal that
the respective py and pyd arms can coordinate to the
copper center, this coordination is absent when intra-
molecular H-bonding occurs between the pendant arm
and the hydroxide O-H moiety in corresponding
*"MTpCul,(u -OH), complexes. Single crystal X-ray
structures and IR spectroscopy of these copper-
hydroxide species reveal a direct correlation between the
N--:O(H) bond distance and v oy stretching frequency
with the electronic nature of the H-bond acceptor arm.
This family of Tp ligands features highly tunable pen-
dant arms that participate in H-bonding interactions
illustrated through copper(Il) hydroxides
[**MTpCul,(u -OH),. The synthetic accessibility and
tunability of these Tp ligands suggest that they may
enable H-bonding interactions with other functionali-
ties bridged between two TpM centers. One such target
is diazene, an important intermediate in dinitrogen re-
duction®™” that is foreshadowed by the isolation of
[iPrszCU]z(M -Nsz)~6O
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General Experimental Details

All experiments were conducted in a dry dinitroggmosphere using an MBraun glovebox and/or
standard Schlenk techniques unless otherwise nddeg.dicholoromethane (DCM), diethyl ether,
tetrahydrofuran (THF), methanol (MeOH), and pentamee purchased from Acros and were stored over
activated & molecular sieves under dinitrogerhe 4A molecular sieves were activated prior to irse
vacuo at 200 °C for 24 h. Deuterated solvents were sghmgith dinitrogen, stored over 4A molecular
sieves, and stored under a dinitrogen atmospheré3C, and'*F NMR spectra were recorded on either a
Varian 300 MHz or 400 MHz spectrometer (300 or 4084 or 100.4, 376.1 or 282.3 MHz respectively)
at Georgetown University. All NMR spectra were eotkd at room temperature and were indirectly
referenced to residual solvent signals, TMS, oorfbbenzene as internal standards. UV-vis spectra we
measured at Georgetown on a Varian Cary 8454 oy 8@rspectrometer each fitted with a Unisoku
Unispek Coolspeck variable temperature cell holder.

Anhydrous Cu(OAg)was purchased from Strem, TMSCHiNas purchased from Sigma-Aldrich. 5-
(trifluoromethyl)pyridine-2-carboxylic acid 16) and methyl-2-pyrimidinecarboxylate 1kf) were
purchased from Matrix Scientific and were purifidd sublimation prior to reactions. Ethyl 2-picalie
(1¢) and 4 -chloropyridine-2-carboxylic acidd) were purchased from TClI America and were used
without further purification. The®™TpK starting material was prepared according terditure
proceduresand the preparation 6P*M*TpCuOAc 6a — 5€) and [™*TpCulL(u -OH), (6a — 6€) were
synthesized using procedures adapted from the maima of *TpCuOAc and T?TpCul(u -OH),,
respectively:*The magnetic susceptibility of paramagnetic compsumas determined using an adapted
Evans methotusing a coaxial NMR tube arfdF NMR as outlined by Ghosh and Darensbdufde
applied diamagnetic susceptibility correctionsSar— 5eand6a — 6ewere calculated and were close to [-
(mol.wt.)/2]/1000000 for each individual specidslemental analyses were performed on a Perkin+Elme
PE4200 microanalyzer at Georgetown and HRMS sanapialyses were performed at mass spectrometry
facilities at the Indiana University.

Preparations of Compounds

O 0}
HO , N TMSCHN, ~o , N
No 0°C~25°C No
CF, MeOH CFs
1a

Scheme S1Reaction of 5-(trifluoromethyl)picolinic acid wifTMS diazomethane.



Synthesis of Methyl 5-(trifluoromethyl)picolinate (1a).

In a foil wrapped 250 mL Schlenk flask, (2.325 @,.2L mmol) 5-(trifluoromethyl)picolinic acid was
added to (100 mL) 50:50 solution of dry MeOH andFTIidhilled to 0 °C, and stirred under dynamig N
flow. A 2 M solution of TMSCHN in E,O was slowly added dropwise (6.7 mL, 13.4 mmoBuléng in
vigorous gas evolution. The reaction was stirrekigi velocity for 2 h and allowed to gradually wato
room temperature followed by stirring for an aduial 14 h. The solution was concentrated to dryness
and solids were purified via sublimation at 80 Y&ler dynamic vacuum for 6 h. Light grey crystalsave
collected without further purification. (1.802 g78nmol, 72% yield). Characterization data matcthed
from materials purchased from Matrix Scientifiovea| as that in a literature repdrt.

General Synthesis of Diketonega-2d

Syntheses of diketon@a — 2duniformly follow an adapted procedut&ach respective estetg — 19
was added to a 50:50 mixture of THF andCEtontaining a slight excess of acetone under an N
atmosphere. This solution was chilled to -45 °C &htl was added gradually. After stirring at room
temperature for 4 h, the solution was neutralizgddidition of 1 M NHCI (aq) adjusted to be equimolar
to the KH used. Organics were extracted witk 30 mL portions of EOD and were dried over anhydrous

MgSQ,. Products were purified using a silica flash catufh:5 EtOAc : hexane).

H
VRN
o o Et,0/THF O IO
) +KH+R —
11 1\0))\'(5[% vy )\)ﬁ&
1 N _~ X 2 N__~ N

(la) Ry =Me, E=CH, R, = H, X =CF3 (2) E=CH,R=H, X =CF5
(lb)R;=Et, E=N,R,=H, X=H (2b)E=N,R=H, X =H
(Ic)Ry =Et,E=CH,R,=H, X =H (2c)E=CH,R=H,X=H
(1d)R; =Me, E=CH, R, =CI, X =H (2d)E=CH,R=Cl,X=H

Scheme S2General condensation reaction to form diketdtses 2d.

1-(5-(trifluoromethyl) pyridin-2-yl)butane-1,3-dione (2a). 1a(5.769 g, 28.1 mmol), dry acetone (2.3 mL,
31.0 mmol, 1.1 equiv.), and KH (1.131 g, 28.2 mniolequiv.) yielded a light yellow powder &a
(4.202 g, 18.2 mmol, 65%) NMR (CDCE): 8, 15.51 (s, 1 H), 8.87(d,= 1.6 Hz, 1 H), 8.15 (d, 8.2 Hz,
1 H), 8.04 (ddJ = 8.2, 1.6 Hz, 1 H), 6.84 (s, 1 H), 2.24 (s, 1 B NMR (CDCE): 6c 196.5, 178.3,
155.3 (q,J = 1.8 Hz), 146.3 (qJ = 4.0 Hz), 134.4 (g) = 3.6 Hz), 128.5 () = 33.3 Hz), 123.3 (¢] =
272.6 Hz), 121.7, 98.2, 26.5F NMR (CDCE): 8¢ -62.7. Anal. Calcd. for GHgFsNO,(24): C, 52.01; H,
3.49; N, 6.06. Found: C, 52.01; H, 3.60; N, 6.11



1-(pyrimidin-2-yl)butane-1,3-dione (2b). 1b (9.564 g, 62.9 mmol), dry acetone (5.6 mL, 75.6afhrh.1
equiv.), and KH (2.800 g, 69.8 mmol, 1.1 equiv.lged2b (6.875 g, 41.9 mmol, 67 %JH NMR
(CDCl): 64 15.36 (s, 1 H), 8.89 (d,= 4.9 Hz, 2 H), 7.39 (] = 4.9 Hz, 1 H), 6.90 (s, 1 H), 2.30 (s, 3 H).
13C NMR: ¢ 198.2, 175.3, 159.9, 157.3, 121.9, 100.1, 27.& @@ resonance was not observed. Anal.
Calcd. for GHgN»O,(2b): C, 58.53; H, 4.91; N, 17.06. Found: C, 58.495H)4; N, 16.93.

1-(pyridin-2-yl)butane-1,3-dione (2c). 1c (10.0 mL, 74 mmol), dry acetone (5.98 mL, 81 mnihll
equiv.), and KH (3.001 g, 74.8 mmol, 1 equiv.) g&d colorless crystals @&t (8.369 g, 51.3 mmol,
69%). Compound characterization data matched fiteraeports.

1-(4-chloropyridin-2-yl)butane-1,3-dione (2d). 1d (5.025 g, 29.3 mmol), acetone (2.4 mL, 32.4 mrhdl,
equiv.), and KH (1.178 g, 29.3 mmol, 1 equiv.) ged2d (4.516 g, 22.9 mmol, 78%) NMR (CDCk):
6415.57 (s, 1 H), 8.55 (dd,= 5.20, 0.38 Hz, 1 H), 8.08 (dd= 2.07, 0.38 Hz, 1 H), 7.42 (dd= 5.20,
2.07 Hz, 1 H), 6.81 (s, 1 H), 2.25 (s, 3 FC NMR: 8¢ 195.5, 179.5, 153.8, 150.2, 145.6, 126.4, 122.7,
97.8, 26.3. Anal. Calcd. forgHgCINO,: C, 54.70; H, 4.08; N, 7.09. Found: C, 54.57; 64N, 7.06.

General Synthesis of Pyridine-pyrazoles’("*PzH) 3a — 3d

Each diketoneZa — 29 was dissolved in 150 mL of MeOH in a 250 mL roluattom flask charged a
stir bar. 1.5 — 2 equiv. anhydrous hydrazine waieeddo this mixture slowly at room temperature tred
reaction was left to stir for 4 h. The solution whsn concentrated in vacuo to dryness yieldingpyles

(3a — 309, typically without need for further purification.

(2a) E=CH,R=H, X =CF; (38) E=CH,R=H, X=CF;
(2b)E=N,R=H, X =H (Bb)E=N,R=H, X=H
(2c)E=CH,R=H,X=H (3c)E=CH,R=H,X=H
(2d)E=CH,R=Cl, X =H (3d)E=CH,R=Cl, X=H

Scheme S3Condensation of diketon@s — 2dwith hydrazine to form pyrazolé&*PzH3a — 3d.

CFPMepZH (3a). A solid sample oRa (4.202 g, 18.2 mmoland NH, (0.87 mL, 27.8 mmol, 1.5 equiv.)
yielded3a as a light yellow powder (3.896 g, 17.1 mmol, 948)NMR (CDCL): 6y 8.85 (s, 1 H), 7.95



(dd, J = 8.2, 2.0 Hz, 1 H), 7.88 (d, J = 8.2 HH)}, 6.68 (s, 1 H), 2.40 (s, 3 H)C NMR (CDCE): éc
153.6, 145.6, 146.6 (q, J = 4.2 Hz), 134.1 (q,35°Hz), 125.3 (q, J = 33.0 Hz), 123.7 (q, J = 2442),
119.5, 104.1, 12.4°F NMR (CDC}): 8--62.43 (s, 3 F). On&C resonance was not observed. Anal.
Calcd. for GHgFsNg: C, 52.87; H, 3.55; N, 18.50. Found: C, 52.913152; N, 18.35.

MepzH (3b). A solid sample oRb (2.878 g, 17.5 mmol) and.N, (0.83 mL, 26.4 mmol, 1.5 equiv.)
yielded3b as a tan powder (2.774 g, 17.3 mmol, 99PbNMR (CDCk): 8y 8.75(m, 2 H), 7.18(m, 1 H),
6.83 (s, 1 H), 2.38 (s, 3 HYC NMR (CDC}): 6c 158.4, 157.5, 148.4, 144.0, 119.5, 106.0, 13.2 m
resonance was not observed. Anal. Calcd. fbts8,: C, 59.99; H, 5.03; N, 34.98. Found: C, 60.05; H,
4.91; N, 34.74.

PMepzH (30). A solid sample oRc (7.524 g, 46.2 mmol) and,N, (2.2 mL, 70 mmol, 1.5 equiv.) yielded
3c as an off-white powder (6.324 g, 39.7 mmol, 86%ld). Compound characterization matched

literature report§.

CPMepzH (3d). A solid sample ofd (4.516 g, 22.9 mmol) and,N, (1.0 mL, 31.9 mmol, 1.5 equiv.)
yielded3d (3.165 g, 16.3 mmol, 72%3) NMR (CDCL): 8y 11.99 (brs, 1 H), 8.49 (d, 5.4 Hz, 1 H), 7.78
(brs, 1 H), 7.17 (dd, 5.4, 2.0 Hz, 1 H), 6.58 ()1 2.32 (s, 3 H)*C NMR: 8¢ 150.4, 144.9, 122.8,
120.3, 103.6, 77.2, 12.4. TWEC resonances were not observed. Anal. Calcd §Bi@N;: C, 55.83; H,
4.16; N, 21.70. Found: C, 55.68; H, 4.39; N, 21.45.

Ny~
cl N
= —
A [ 20% HNMe; (ag) AN /
l\\l—N N neat, 90 T N—N_ .~
S, e \H'
3d H 3e

Scheme S4Synthesis of"*"M*pPzH @e).
DMAPYMEPZH (36). A solid sample oBd (1.750 g, 9.04 mmol) was added to a 350 mL thiekied glass

pressure vessel charged with a stir bar. A largesxof HNMewas added (150 mL, 40% HNMéaq),

1.2 mol). This mixture was gradually heated to @0 &nd left to react for 48 h to ensure complete
conversion. The solution was gradually cooled tomrademperature with a small amount of nucleation
becoming visible. Subsequently, the mixture wadexbto chilled to 0 °C in an ice bath. The suspamsi
3ewas filtered out over a fine frit arBe was collected and dried on the frit completelyatuo to yield a
white powder (1.343 g, 6.6 mmol, 73%) NMR (DMSO-dq): 8, 12.85 (brs, 0.5 H), 12.58 (brs, 0.5 H),



8.11 (J =5.9 Hz, 1 H), 7.10 (brs, 1 H), 6.53 (8{)16.52 (dd, J = 5.9, 2.6 Hz, 1 H), 2.98 (s, 6 2 (s, 3

H). Resonances slightly overlap, total integratiécombined peaks adds to 2 EfC NMR (DMSO-«):

5c 154.50, 149.02, 105.81, 102.58, 101.61, 38.75r E@uresonances were not observed. Anal. Calcd.
for C;1H14N4(30): C, 65.32; H, 6.98; N, 27.70. Found: C, 65.247k31; N, 27.43.

General preparation of ™“*TpK ligands 4a-4e

iF’rZPZH

. AyMeTpK

Figure S1 Sublimation apparatus used to generate lig8ads 3ein a heated heat bead bath. The picture
was taken at the end of the reaction. Arrows irtdisablimed”"“PzH onto water-chilled cold finger (top)
and synthesize®*TpK (bottom) at the bottom of the flask as a glass.

R

EZ X
i i h \(Yk I
Pr 'Pr 7 N
7
W E/E/X ] N _ |
i N—N_ i 170°C  Pre/ "~ ,ip/ iPr Pr
EL;/NW N NN J 155 -170°C HB,,,mK + W
11 {N—N““"‘K N—=N neat, vacuum \ N N—N_
N—N W N—N . H
) ) - sublimes awa:
iPr/\)\iPr 3 'Pr/\)\ pr 4 Y
(32) E=CH, R=H, X =CF, (4a) E=CH, R=H, X = CF3
(Bb)E=N,R=H,X=H (4b)E=N,R=H,X=H
(3c)E=CH,R=H,X=H (4c)E=CH,R=H,X=H
(3¢) E=CH, R = NMe,, X = H (4€) E = CH, R = NMe,, X = H

Scheme S5The general synthesis 8¥V*TpK ligands4a — 4e



Synthesis of ™"*TpK ligands 4a — 4e

Reactions were carried out under ambient atmospheae250 mL Schlenk tube charged with a stir bar.
For 4a— 4c ""*TpK and*”PzH were combined in a 1.1:1 ratio and stirred ttegyeunder vacuum for 20
min at room temperature to form an evenly mixed geerw To increase yieldie was synthesized from a
1.3:1 mixture of"TpK and®™*"™epzH. In all cases water-chilled cold finger wasited fed by flowing
tap water was inserted. The vessel was evacuated agd gradually heated to 160 °C under dynamic
vacuum. The reaction was allowed to proceed forsulting in noticeablE™PzH sublimation onto the
cold finger (Scheme S1). See Figure S1 for a pictfr the sublimation / reaction apparatus. Once
gradually cooled to room temperature, the sublifiéeizH was removed with the cold finger leaving
behind the™v*TpK as a glassy solid in the Schlenk tube. Thisgj\aas removed, ground to powders
with a mortar and pestle, and then washed ovaneadiass frit with several equivalents of pentarie
resulting free-flow powder is sufficiently pure fametalation at this step. Further purification nimy
performed via crystallization in a supersaturat@dt®n in DCM layered with a few drops of MeCNtlef
to stand overnight at -45 °C. This resulted in tlgs of 4a and 4c suitable for X-ray. NMR
characterization was performed on the MeCN addottigands 4a—4e Reported yields, however,

correspond t6”"*TpK 4a— 4ewith coordinated MeCN removed vacuo.

CRMeTPHK (4a). 3a (1.626 g, 7.16 mmol) was reacted witRTpK (3.981 g, 7.89 mmol, 1.1 equiv.),
yielding 4a as a white powder (1.919 g, 3.31 mmol, 464)NMR (CDCL): 5y 8.58 (bs, 1 H), 7.82 (dd,
J=8.5, 2.0 Hz, 1 H), 7.53 (d,= 8.5 Hz, 1 H), 6.30 (s, 1 H), 5.79 (s, 2 H), 3(t6pt,J = 6.9 Hz, 2 H),
2.71 (hept] = 6.9 Hz, 2 H), 2.17 (s, 3 H), 1.97 (s, (MeCNHRB 1.14 (dJ = 6.9 Hz, 6 H), 1.06 (d] =
6.9 Hz, 6 H) 1.02 (d) = 6.9 Hz, 6 H), 1.00 (d] = 6.9 Hz, 6 H)*C NMR (CDC}): 6¢ 158.3, 157.2,
156.2, 148.0 146.3, 145.6, 133.7, 124.00(g,271.8 Hz), 123.5 (G} = 33 Hz), 119.9, 116.6, 104.3, 96.9,
28.0, 26.2, 24.0, 23.5, 23.4, 23.2, 22.7, 12.4,°E0IMR (CDCL): 6¢= -62.3. IR: 2453 cih (vg)). Anal.
Calcd. for GgH3gBF:KN-(4d): C, 58.03; H, 6.61; N, 16.92. Found: C, 57.746H38; N, 16.74.

PmMeTOK (4b). 3b (0.580 g, 3.62 mmol) was reacted WiRTpK (2.024 g, 4.01 mmol) yieldingb as an
off-white powder (0.871 g, 1.70 mmol, 47%){ NMR (MeCN-d,): 6, 8.69 (d,J=4.9 Hz, 2 H), 7.16 (t,
J= 4.9 Hz, 1 H), 6.51 (s, 1 H), 5.74 (s, 2 H), 3(46pt,J = 6.9 Hz, 2 H), 2.89 (hepd,= 6.9 Hz, 2 H),
2.37 (s, 3 H), 1.14 (d] = 6.9 Hz, 6 H), 1.12 (d] = 6.9 Hz, 6 H), 1.08 (d] = 6.9 Hz, 6 H), 1.07 (d] =

6.9 Hz, 6 H).*C NMR (MeCN-d): 8¢ 163.05, 158.77, 158.33, 155.87, 144.90, 119.43,710 30.91,



28.95, 27.11, 24.19, 23.71, 13.29, 1.77. IR: 2446 (vey). ESI-HRMS @b): m/z 513.3017; Calc. for
[Y™MeTpKH]": 513.3022.

PMETHK (4c). 3¢ (0.818 g, 5.14 mmol) mixed witA*TpK (2.832 g, 5.61 mmol, 1.1 equiv.) yieldidg as

a white powder (1.438 g, 2.81 mmol, 55%).NMR (CDCk): 8 8.29 ( dJ = 4.8 Hz, 1 H), 7.60 (ddd,
=8.3,7.7, 1.8 Hz, 1 H), 7.49 @= 7.7 Hz, 1 H), 7.02 (ddd,= 8.3, 4.8, 1.0, 1 H), 6.30 (s, 1 H), 5.77 (s,
2 H), 3.20 (hept) = 6.8 Hz, 2 H), 2.71 (hepd,= 6.9 Hz, 2 H), 2.23 (s, 3 H), 1.97 (s, 6 H (2,BM),
1.15 (d,J = 6.9 Hz, 6 H), 1.09 (d] = 6.9 Hz, 6 H), 1.04 (d] = 6.8 Hz, 6 H), 1.02)= d, 6.8 Hz, 6 H).
%C NMR (CDCL): .157.8, 155.8, 154.4, 149.2, 144.7, 136.6, 121.0,71D6.6, 28.0, 26.3, 23.9, 23.6,
23.4, 23.3, 12.6, 2.0. IR, 2464 ¢nfvey). ESI-HRMS @0): m/z 512.3064; Calc. for™f"*TpKH]":
513.3070.

DMAPWMETHK (4€). 3¢ (0.893 g, 4.42 mmol) mixed withTpK (2.820 g, 5.59 mmol, 1.3 equiv.) afd
yielding 4c (1.468 g, 2.65 mmol, 60%) NMR (MeCN-ds): 8= 8.16 (d,J = 5.9 Hz, 1 H), 6.82 (d] =
2.6 Hz, 1 H), 6.46 (dd] = 5.9, 2.6 Hz, 1 H), 6.32 (s, 1 H), 5.76 (s, 2 545 (s, 1 H), 3.39 (heptl,= 7.0
Hz, 2 H), 2.99 (s, 6 H), 2.89 (hepl.= 7.0 Hz, 2 H), 2.34 (s, 3 H), 1.15 (0= 7.0 Hz , 6 H), 1.13 (d] =
7.0 Hz, 6 H), 1.09 (dJ = 7.0 Hz, 12 H).*®*C NMR (MeCN4y): 6c = 158.51, 156.18, 155.76, 154.82,
151.04, 150.59, 144.29, 105.73, 103.62, 102.98R0&8.94, 27.10, 24.20, 24.15, 23.72, 13.21. &R
cm™* (ven). ESI-HRMS @e): m/z 555.3489; Calc. foP[*"MeTpKH]": 555.3492.

General synthesis of " TpCuOAc complexessa -5e

In a 22 mL scintillation vial, the naké®"*TpK ligand was dissolved in 5 mL of DCM and mixeithna
suspension of anhydrous Cu(OA@) 5 mL of DCM. The mixture was allowed to stirfd4 h and then
was filtered through a Celite pad to give a lightebfiltrate, which was then concentrated to drgnasd
washed with 3x 5 mL portions of MeCN. A light blue powder was theecrystallized out of a

supersaturated DCM solution left to stand at -4®¥€rnight.

R R

EZ X EZ X
Y f}

N
'Pf\/N/_’\f ipr/ Cu(OAc) Pr \Pr
HB{N_N‘“ llll K + 2 HB; ”N N'“ -Cu }O
N—N
\ .
Y 'Pr/\)\'Pr

(4a) E=CH,R=H, X = CF,4
(4b)E=N,R=H,X=H
(4c)E=CH,R=H, X =H
(4e) E = CH, R = NMey, X = H

(5a) E=CH,R=H, X = CF
(5b)E=N,R=H,X=H
(5¢)E=CH,R=H, X =H
(5e) E = CH, R = NMe,, X = H

Scheme S6The general synthesis 8Y"*TpK ligands4a — 4e



CRPMETHCUOAC (5a). 4a (0.926 g, 1.60 mmol) reacted with Cu(OA€).296 g, 1.63 mmol) in a 100 mL
round-bottom flask charged with 50 mL of DCM andtat bar. The reaction yieldesh (0.761 g, 1.15
mmol, 72%). UV-vis (CHCl,, 25 °C): Amax (€ M™ cmi?) = 760 nm (101)uer = 1.9 B.M. IR: 2531 cm
(ven). Anal. Calcd. for GH41BCuRN-O, (5a): C, 54.34; H, 6.23; N, 14.79. Found: C, 54.466H5; N,
14.68.
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0.8 1
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506 £05
2 S s .
<04 2047
0.3 1
0.2 0.2 A .
A 0.1 4 pe
0 v T T 0
350 550 750 950 0 5 10
Wavelength (nm) Conc. (mM

- ¥y =0.1013x-0.019 | R2 = 0.9999

Figure S2 (A) UV-vis of 5ain DCM at 25°C at different concentrations (9.2 pv6 mM, 2.3 mM, and
1.1 mM) (B) Corresponding Beer’s law plot5ato give Amax= 760 nm, ¢ = 101 M-1 cm-L.

PYMeTHhCUOAC (5b). 4b (0.160 g, 0.312 mmol) reacted with Cu(OA€).058 g, 0.320 mmol) yieldesb
(0.146 g, 0.245 mmol, 78%). UV-vis (GEl,, 25 °C):A(¢ M™* cm™®) = 700 nm (105), 814 nm (126 =
1.9 B.M. IR: 2538 c (ven). Anal. Calcd. for GgH4:BCuNsO, (5b): C, 56.42; H, 6.93; N, 18.80. Found:
C, 56.50; H, 7.12; N, 18.41.
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— y=0.1050x — 0.035 | R2 = 0.9989

Figure S3 (A) UV-vis of 5bin DCM at 25°C at different concentrations (5.1 nivg mM, 1.3 mM, and
0.6 mM) (B) Corresponding Beer's law plot%sif to giveAmax= 814 nm, € = 126 M-1 cm-1; 1 = 700 (sh),
e=105M1cm1



PMeThCUOAC (50). 4c (0.482 g, 0.941 mmol) reacted with Cu(OA®.171 g, 0.943 mmol) yieldebc
(0.493 g, 0.823 mmol, 88% yield). UV-vis (GEl,, 25 °C):A(¢ M™* cmi') = 670 nm (82), 820 nm (113).
fer = 1.9 B.M. IR: 2535 cnt (vgy). Anal. Caled for GH.,BCUN,O, (5¢) C, 58.54; H, 7.11; N, 16.48.
Found: C, 58.65; H, 7.36; N, 16.35.
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Figure S4 (A) UV-vis of 5cin DCM at 25°C at different concentrations (6.3 p82 mM, 1.6 mM, and
0.8 mM) (B) Corresponding Beer's law plot®tto giveAmax= 820 nm, e = 113 M-1 cm1; A = 670 (sh),
e=82M1lcm1l

DMAPMETHCUOAC (5€). 4e (0.578 g, 1.04 mmol) reacted with Cu(OA¢).196 g, 1.08 mmol) yieldese (
0.523, 0.820 mmol, 79%). UV-vis (GBI, 25 °C):Amax (¢ Mcmi*) = 688 nm (99) 798 nm (134 Mm
Y. Ut = 1.9 B.M. IR: 2531 cih (vgy). Anal. Calcd. for GH,BCuNsO,(56): C, 58.35; H, 7.42; N, 17.56.
Found: C, 58.36; H, 7.75; N, 17.42.
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Figure S5 (A) UV-vis of 5ein DCM at 25°C at different concentrations (3.5 nivf mM, 0.9 mM, and
0.4 mM) (B) Corresponding Beer’s law plot®$to giveAmax= 798 nm, € = 134 M-1 cm1; A = 688 (sh), ¢

1C



General Synthesis of "M TpCu],(u—OH), Complexes 6a — 6e

Methods were adapted from Kitajima and Fujisawa&ppration of T*TpCul(u—OH),.> A 40 mL DCM

solution of ™M*TpCuOAc was prepared in a Schlenk flask chargel avinagnetic stir bar. This solution
was then allowed to stir under nitrogen with 10 afla nitrogen-sparged 1 M NaOH (aq) solution for 2
h. The DCM layer was then decanted and concenttatellyness to a deep blue powder. This powder

was transferred to anyNilled glovebox, washed with 3 x 5 mL portionsdsfy MeCN and then dissolved

in DCM. The solutions were then filtered througisyainge filter, concentrateih vacuo, layered with

MeCN, and left to stand at -45 °C overnight to talfze.

R R
E%S/X xf W
\MN I i \ “-f/ NP
iPr\/\N/—\'\'I/\JPr/ 1 M NaOH (aq) r’NTN, \-iPr L iy ~N?N\\\‘ ‘
2 HB{N—NH-"--Cu %o —_— N . H. N

N o DCM iprufcu\é’w\/\wipr
\
iPr/\)\iPI’ 5 ) 6 )

(5a) E=CH,R=H, X =CF, (6a) E=CH,R=H, X=CF3
(5b)E=N,R=H,X=H (6b)E=N,R=H,X=H
(5c)E=CH,R=H,X=H (6c)E=CH,R=H,X=H
(5e) E=CH, R =NMe,, X=H (6e) E=CH, R=NMe,, X=H

Scheme S6The general synthesis 6P{"*TpCulL(u—OH), complexe$a — 6e

[ CF3PYMeTpCu] 5(4~OH), (68). 5a(0.269 g, 0.406 mmol) affordeéh as navy blue crystals (0.210 g, 0.169
mmol, 83%). UV-vis (CHCly, 25 °C):Amax (€ M cmi!) = 605 nm (103)ue= 2.6 B.M. IR (KBr pellet):

3356 cnt (br, voy). Anal. Caled. for GH-eB,.CwFeN140, (63): C, 54.15; H, 6.33; N, 15.79. Found: C,

54.03; H, 6.33; N 15.63.
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Figure S& (A) UV-vis of 6ain DCM at 25°C at different concentrations (5.9 p8 mM, 1.5 mM, and
0.7 mM) (B) Corresponding Beer’s law plot6ato give Amax = 605 nm, € = 103 M-1 cm-L

[P™eTpCu] »(44-OH), (6b). 5b (0.141 g, 0.237 mmol) affordeb as navy blue crystals (0.124 g, 0.112
mmol, 95%). UV-vis (CHCl,, 25 °C):A (¢ M*cm?) = 413 nm (63)588 nm (100), 752 nm (4Qert = 2.6
B.M. IR (KBr pellet): 3525 cm (br, von). Anal. Calcd. for GH7sB.CuFsN160, (6b): C, 56.37, H, 7.10;
N, 20.23. Found: C, 56.39; H, 7.16; N, 19.91.
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Figure S7. (A) UV-vis of 6b in DCM at 25°C at different concentrations (6.3 82 mM, 1.6 mM, and
0.8 mM) (B) Corresponding Beer’s law plot@if to giveAmax= 588 nm, ¢ = 100 M- cm'}; A =413 nm,
e=63M1cm?!;A=752nm(sh), e=49 M1cm
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[PMeTpCu] 2(#~OH)- (6¢). 5¢ (0.754 g, 1.27 mmoBc as cerulean crystals (0.523 g, 0.472 mmol, 75%).
UV-vis (CH,Cl, 25 °C):Amax (€ Mcm™®) = 630 nm (116)uer = 2.6 B.M. IR (KBr pellet): 3269 cih(br,
von). Anal. Calcd for GHgB,CwN140, (60): C, 58.64; H, 7.29; N, 17.7. Found: C, 58.607HI6; N,
17.57.
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Figure S8 (A) UV-vis of 6¢cin DCM at 25°C at different concentrations (6.3 n8v2 mM, 1.6 mM, and
0.8 mM) (B) Correspondina Beer's law plot6c to dive Amax= 630 nm, € = 116 M1 cm-1.

[PMAPMETHCu(4~OH), (66). 5e (0.133 g, 0.209 mmol) affordeik as indigo crystals (0.104 g, 0.087 mmol,
849%). UV-vis (CHCly, 25 °C):Anax (€ M cm™) = 644 nm (118)uer = 2.7 B.M. IR (Thin film

evaporated from DCM on KBr window): 3217 €rtbr, von). Anal. Calcd. for GHgoB,CwN160, (66): C,
58.43; H, 7.61; N, 18.80. Found: C, 58.17; H, 719318.50.
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Figure S9 (A) UV-vis of 6ein DCM at 25°C at different concentrations (6.0 p8/0 mM, 1.5 mM, and 0.8
mM) (B) Corresponding Beer's law plot 6610 giveAmax = 644 nm, e = 118 M-1 cm-L.
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X-ray Refinement Details

Single crystals of each compouBd (CCDC 1890609, 3e (CCDC 1890610, 4a (CCDC 189061}, 4c
(CCDC 1890612, 5b (CCDC 1890613, 5¢c (CCDC 1890613, 6a (CCDC 1890615, 6b (CCDC
1890616, 6¢ (CCDC 1890617, and6e (CCDC 1890618 were mounted under mineral oil on a Mitegen
micromount and immediately placed in a cold nitrogeream at 100(2) K prior to data collection. Data
for compounds3c, 3e, 4a, 4c, 5band 6b were collected on a Bruker D8 Quest equipped with
Photon100 CMOS detector and a Mo ImS source. foateompound$c, 6a, 6¢ and6e were collected
on a Bruker DUO equipped with an APEXIlI CCD detecad Mo fine-focus sealed source. Either full
spheres (triclinic) or hemispheres (monoclinic mhier) of data were collected (0.8r 0.5w-scans; 2

max = 56°; monochromatic Mo K radiation,k = 0.7107 A) depending on the crystal system atebiated
with the Bruker SAINT program. Structure soluticaarsd refinements were performed using the SHELX
suité and SHELXLE® Intensities were corrected for Lorentz and pokion effects and an empirical
absorption correction was applied using Blessimythod as incorporated into the program SADABS.
Non-hydrogen atoms were refined with anisotroparitial parameters. The borate hydrogen atoms were
located in the difference map while all other hygro atoms were included in idealized positions amle
otherwise noted belowStructures were rendered with POV-Ray in Merfurging 50% probability
ellipsoids.

Additional refinement notes:

X-ray structure of ®*PzH (30).

The pyrazole hydrogen atom was located in the rdiffee map and its position was allowed to freely
refine. It refined to a good intermolecular hydsndonding position.

X-ray structure of ""*"MepzH (3g).

There are two unique molecules in the asymmetrit urhe pyrazole hydrogen atom was located in the
difference map for each molecule. The N-H distangere restrained to be 0.88(2) A. Both H atoms
refine to good intermolecular hydrogen bonding poss. The datum crystal exhibited pseudo-
merohedral twinning. The two twin domains aretetaby the twin law [0 0 -1] [0 -1 O] [-1 O O] aride
ratio refines to 78:22.

X-ray structure of “*PMeTpK (44).

The fluorine atoms of the GRyroup are disordered over two positions. The &nB F---F distances,
respectively, were restrained to be similar. Simdlisplacement amplitudes were imposed on disedder
sites overlapping by less than the sum of van dealgvradii. The borate hydrogen atom was located i

the difference map and its position was alloweftdely refine.
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X-ray structure of P™TpCuOAc (5b).

Two of the isopropyl group are disordered over twigntations. In each case, the C-C distances were
restrained to be similar. Similar displacement ktongles were imposed on disordered sites overlappin
by less than the sum of van der Waals radii.

X-ray structure of "M*TpCuOAc (50).

One of the DCM solvent molecules is disordered @amitions. The C-Cl distances were restraindukto
similar. Similar displacement amplitudes were isgmb on disordered sites overlapping by less than th
sum of van der Waals radii.

X-ray structure of [ *¥eTpCu] ,(,~OH), (64).

A structural model consisting of the target Cu dirmemplex and four highly disordered DCM solvent
molecules was developed. Attempts to model therdésed solvent molecules were unsuccessful, so
they were removed from the model using the ‘squeemdétine in PLATON? Both CR groups are
disordered over two orientations. The C-C and disfances, respectively, were restrained to bdaimi
F3 and F3B were restrained to behave relativelyrope. Similar displacement amplitudes were
imposed on disordered sites overlapping by less tha sum of van der Waals radii. The hydroxyl
hydrogen atoms were located in the difference rifip. O-H distances were restrained to be 0.84(1) A.
Both hydrogen atoms refine to good intramoleculairbgen bonding positions.

X-ray structure of [™¢TpCu] »(«OH), (6b).

A structural model consisting of the target Cu dirmemplex and three highly disordered DCM solvent
molecules was developed. Attempts to model therdésed solvent molecules were unsuccessful, so
they were removed from the model using the ‘squeeztine in PLATON? Two of the isopropyl group
are disordered over two orientations. In each ,ctse C-C distances were restrained to be similar.
Similar displacement amplitudes were imposed oordered sites overlapping by less than the sum of
van der Waals radii. The hydroxyl hydrogen atonerewlocated in the difference map. The O-H
distances were restrained to be 0.84(1) A. Botlrdnyen atoms refine to good intramolecular hydrogen
bonding positions.

X-ray structure of [**TpCu] 2(«~OH)- (6¢).

A structural model consisting of one half of theg&t molecule and two DCM solvent molecules per
asymmetric unit was developed. Both solvent mdéscare disordered over two positions. The C-CI
distances were restrained to be similar. Rigidebmstraints were imposed on displacement parameter
for all disordered sites and similar displacemenplitudes were imposed on disordered sites oveirigpp
by less than the sum of van der Waals radii. Tydrdxyl hydrogen atom was located in the difference

map. The O-H distance was restrained to be 0.84(1)

15



X-ray structure of "*"*TpCuOH (6€).

One of the three DCM solvent molecules is disordiereer two orientations. The C-Cl distances were
restrained to be similar. The disordered atomsewestrained to behave relatively isotropic. Samil
displacement amplitudes were imposed on disordsited overlapping by less than the sum of van der
Waals radii. The hydroxyl hydrogen atom was lodate the difference map. The O-H distance was
restrained to be 0.84(1) A. There is no hydrogendbacceptor available for interaction with the

hydroxyl H atom.
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Figure S10.X-ray structure of”*PzH Bc) (CCDC 1890609 two repeating H-bonding units represented
with all but select H atoms omitted; thermal eliigs are represented at the 50% probability level).
Select bond distances (A) and angles (°): N3'-(H2)R18609(14), N3-H2-N2 163.9(18).
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Figure S11.X-ray structure oP""™*PzH Be) (CCDC 1890610). Théd-bonding units represented with
all but select H atoms omitted. The thermal elligsoare represented at the 50% probability level.
Selected bond distance (A) and angle (°): N7-ND2(8), N7-H2-N2 174(2).
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Figure S12.X-ray structure of ?MeTpK (4a) (CCDC1890611) All but selected H atoms omitted. The
CF; group is disordered over two positions and isespnted by sites of highest occupancy. The thermal
ellipsoids are represented at the 50% probabditgll Selected bond distances (A) and angles ENK
2.679(2), K1-N3 2.951(2), K1-N4 2.795(2), K1-N6 2972), K1-N8 2.773(3), K1-N9 2.949(3), K1-C31
3.342(3), N1-K1-N3 58.13(6), N1-K1-N4 68.46(6), K1-N6 67.96(6), N4-K1-N6 71.81(6).
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Figure S13.X-ray structure of”*TpK (4c) (CCDC 1890612) All but selected H atoms and MeCN
solvate molecules are omitted. The thermal ellgiscare represented at the 50% probability level.
Selected bond distances (A) and angles (°): K1-MDH?2), K1-N3 2.958(2), K1-N4 2.922(2), K1-N6
2.863(2), K1-N15 2.912(3), K1-N16 2.958(3), K1-N3.D67(2), K2-N8 2.700(2), K2-N10 2.990(2), K2-
N1l 2.947(2), K2-N13 2.896(2), K2-N15 3.028(3), K26 3.177(3), K2-N17 2.849(3), K1-K2
4.3046(8), N1-K1-N3 58.07(6), N1-K1-N4 72.54(6), 1-N6 68.41(6), N4-K1-N6 66.00(6), N11-K2-
N13 69.13(6), N8-K2-N11 76.31(6), N8-K2-K13 68.55(H8-K2-N10 57.04(6).
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Figure S14.X-ray structure of*™°TpCuOAc 6b) (CCDC 1890613) All but selected H atoms and a
DCM solvate molecule are omitted. Two of the iPoups are disordered over two orientations and are
represented by sites of highest occupancy. Thentdegllipsoids are represented at the 50% prolpabili
level. Selected bond distances (A) and angles Cu1-N1 1.9294(19), Cul-N3 2.1412(18), Cul-N5
2.1093(19), Cul-N7 2.1182(18), Cul-O1 1.9033(16);Qu1-N3 75.91(7), N1-Cul-N5 85.20(8), N1-
Cul-N7 83.85(8), N5-Cul-N7 90.57(7), N1-Cul-O1 8647), N3-Cul-01 89.07(7), N5-Cul-O1
106.44(7), N7-Cul-O1 105.20(7), N3-C4-C1 112.81(19)
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Figure S15.X-ray structure oP*TpCuOAc 6¢) (CCDC1890614) All but selected H atoms and DCM
solvate molecules are omitted. The thermal ellgiscare represented at the 50% probability level.
Selected bond distances (A) and angles (°): Cul-8225(14), Cul-N3 2.1454(15), Cul-N4 2.1240(14),
Cul-N6 2.2208(15), Cul-O1 1.9010(12), N1-Cul-N33I@), N1-Cul-N4 84.40(6), N1-Cul-N6
86.93(6), N6-Cul-N4 85.88(5), N1-Cul-O1 174.91(63-Cul-01 98.88(6), N4-Cul-O1 100.43(6), N6-
Cul-01 95.01(5), N3-C4-C1 113.22(15).
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Figure S16.X-ray structure of {**MTpCul(u—OH), (68) (CCDC 1890615) All but selected H atoms
omitted. The CF groups are disordered over two positions and epeesented by sites of highest
occupancy. The thermal ellipsoids are represerttédea50% probability level. Selected bond distance
(A) and angles (°): Cul-N1 2.5514(33), Cul-N4 1(891Cul-N6 2.025(3), N1-Cul-N4 79.56(12), N1-
Cul-N6 92.08(12), N4-Cul-N6 87.81(12) Cul-O1 1.2%3Cul-O2 1.937(3), O1-0O2 2.5365(38), Cul-
01-Cu2 98.49(12), Cul-02-Cu2 98.52(12), O1-Cul8®®B5(11), Cul-O1-H1A 108(3), Cu2-O1-H1A
105(3), Cul-02-H2A 110(3), Cu2-02-H2A 103(3), Cud2.9457(11), Cu2-N8 2.5514(33), Cu2-N11
1.995(3), Cu2-N13 2.016(3), Cu2-O1 1.946(3), Cu240351(2), N8-Cu2-N11 82.76(12), N8-Cu2-N13
91.51(11), N11-Cu2-N13 86.51(12), O1-Cu2-02 81.23(13-O1 2.881(4), N10-O2 2.921(4).
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Figure S17.X-ray structure of P™TpCuL(u—OH), (6b) (CCDC1890616) All but selected H atoms are
omitted. Two of the isopropyl groups are disordevedr two orientations and are represented by eftes
highest occupancy. The thermal ellipsoids are sgmted at the 50% probability level. Selected bond
distances (A) and angles (°): Cul-N1 2.5385(28)1-86 1.995(2), Cul-N7 2.002(3), N1-Cul-N5
91.79(10), N1-Cul-N7 81.15(10), N5-Cul-N7 88.97(1@y1-0O1 1.926(2), Cul-O2 1.948(2), O1-02
2.5086(33), Cul-O1-Cu2 99.27(11), Cul-O2-Cu2 94.08( O1-Cul-O2 80.70(10), Cul-O1-H1A
104(3), Cu2-0O1-H1A 109(3), Cul-O2-H2A 105(3), Cu2-B2A 106(3), Cul-Cu2 2.9456(6), Cu2-N9
2.5332(28), Cu2-N13 2.010(3), Cu2-N15 1.995(3), Qi21.939(2), Cu2-0O2 1.925(2), N9-Cu2-N13
80.20(10), N9-Cu2-N15 93.60(10), N13-Cu2-N15 88112( O1-Cu2-02 80.96(10), N3-O1 2.853(4),
N11-O2 2.0161(15).
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Figure S18 X-ray structure of®*TpCul(u—OH), (6¢) (CCDC1890617) All but selected H atoms and
DCM solvate molecules are omitted. The thermapsdlids are represented at the 50% probability level
Selected bond distances (A) and angles (°): CuP-¥999(26), Cul-N4 2.014(3), Cul-N6 2.017(2), N1-
Cul-N4 83.06(10), N1-Cul-N6 91.43(9), N4-Cul-N63279), Cul-O1 1.9366(19), Cul-O1’ 1.950(2),
01-01’ 2.5430(39), Cul-01-Cul’ 98.25(9), O1-Cul-@1:75(9), Cul-O1-H1A 106(2), Cul-O1-H1A’
100(2), Cul-Cul’ 2.9384(7), N3-(H)O1 2.849(3).
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Figure S19.X-ray structure o*"*TpCuOH Ge) (CCDC 1890618) All but selected H atoms and
DCM solvate molecules are omitted. The thermapsdlids are represented at the 50% probability level
Selected bond distances (A) and angles@®)1-N1 1.942(2), Cul-N3 2.087(2), Cul-N5 2.234@)1-

N7 2.153(3), Cul-O1 1.870(2) N1-Cul-N3 76.80(6),Clil-N5 84.69(7), N1-Cul-N7 85.64(6), N5-
Cul-N7 85.64(6), N1-Cul-O1 169.32(5), N3-Cul-0169%), N5-Cul-O1 103.71(8), N7-Cul-O1
101.65(5), Cul-O1-H1A 107.5(14), C1-C4-N3 112.10(12
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