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Cu() from tetrakis(acetonitrile)copper(l) hexafluorophosphate ([Cu(MeCN)4]PFs) was complexed with five

structurally related phosphines containing N-heterocycles. The interactions between the resulting com-

plexes and some N-nitrosamines were studied using X-ray crystallography as well as emission spec-

troscopy. Upon complexation, three phosphine ligands bridge two Cu() centers to give paddlewheel type

structures that displayed a

range of

emission wavelengths spanning the visible region.

N-Nitrosodimethylamine (NDMA) was shown to coordinate to one of the two copper centers in some of

the paddlewheel complexes in the solid state and this interaction also quenches their emissions in solu-

tion. The influence of the weakly coordinating anion on crystal and spectroscopic properties of one of

the paddlewheel complexes was also examined using tetrakis(acetonitrile)copper() perchlorate ([Cu

(MeCN),4ICLO,)

as an alternative Cu()

source. Similarly, copper() perchlorate hexahydrate (Cu

(ClOy4)2:6H,0) was used for complexation to observe the impact of metal oxidation state on the two
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1. Introduction

N-Nitrosamines are a broad class of highly carcinogenic com-
pounds that are activated via metabolism into DNA-reactive
alkyl diazonium ions."” As a result, they pose a significant
health risk by causing the formation of potentially mutagenic
and toxic alkylated DNA bases.>* They have been shown to be
present in varied environments, including industrial wastes,>”
nitrite-preserved foods,*° several pharmaceutical products,”
and even drinking water.'" It is important to monitor their
presence in the environment with the goal of preventing
exposure, but sampling is limited to selected sites and during
the product manufacturing process, leaving downstream
exposure unchecked. There is hence a need for novel monitor-
ing strategies for this class of toxicants.
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aforementioned properties. Lastly, the spectroscopic properties of the complex between Ph,P(1-
Isoquinoline) and Cu() was shown to exhibit solvent dependence when the counterion is ClO4™. These
Cu(l) complexes are bench stable solids and may be useful materials for developing a fluorescence based
detection method for N-nitrosamines.

Current detection methods for N-nitrosamines have been
covered recently." They are often costly and time intensive, pro-
hibiting monitoring at the consumer level. Alternative detec-
tion methods which are cheaper and less sensitive are avail-
able, but they involve chemical reactions of/with
N-nitrosamines. Such methods require careful execution to
avoid interference from breakdown products that may already
be present in the sample, such as nitrite and amines.
Therefore, it is highly desirable to develop a cost-effective
method for direct detection of N-nitrosamines without the
involvement of bond rearrangements.

Emission based detection methods can be highly sensitive.
Unlike colorimetric measurements based on absorption which
are prone to interference from ambient background light,'
emission based methods can make use of the Stokes shift of
the analyte and measurement of the emitted light can be
achieved without interference from the excitation signal.

Metal complexes represent a promising platform that may
respond non-destructively to N-nitrosamines because they can
have a vacant site suitable for coordination. N-Nitrosamines
are reported to be capable of transition metal coordination,"
typically via the oxygen center."*'® The preferred oxygen
coordination is rationalized by considering resonance struc-
tures that include a polar species with a formal negative
charge at oxygen, suggesting high electron density at that site
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Scheme 1 Resonance structures of N-nitrosamines, showing the nega-
tive formal charge on oxygen. Substitutions on nitrogen for
N-nitrosodimethylamine (NDMA) and N-nitrosodibutylamine (NDBA) are
shown to the right.

(Scheme 1). This model is consistent with a computational
study showing that the highest occupied molecular orbital
(HOMO) has a significant contribution from oxygen."”
Preceding studies on N-nitrosamine coordination have focused
on structural characterization. However, no emission measure-
ments on the complexes were conducted.

In addition to functioning as a binding site, emissive metal
complexes are also capable of having longer lifetimes (us) com-
pared to those of organic molecules (ns). This is a result of the
stronger spin-orbit coupling of the metal'® that generates
triplet states via intersystem crossing. Longer-lived species dis-
playing phosphorescence’® and thermally activated delayed
fluorescence®® have the ability to respond to dynamic quench-
ing events wherein analyte diffusion to the excited species
alters its electronic properties. Additionally, longer emission
lifetimes can also eliminate background fluorescence in the
environment through delayed signal acquisition after the exci-
tation pulse.

Cu(1) based complexes are attractive phosphorescent
materials because their fully filled 3d orbitals prevent internal
quenching of excited states via dd transitions and hence they
can be highly emissive materials.”’?> However, these com-
plexes generally have a preferred tetrahedral geometry in the
ground state and a tendency to relax to a planar excited state
geometry as a result of metal ligand charge transfer
processes.”>** The result is that Cu() excited states can suffer
from radiationless decay and low quantum yields. To minimize
this undesired relaxation pathway of excited states, complexes
must be designed with additional rigidity by appropriate
choice of ligands.”® Multiple reviews have been written on
luminescent Cu(1) complexes, covering topics such as their
photophysical®**® and structural properties®® as well as poten-
tial applications.””

One way of introducing rigidity into Cu(i) complexes is to
use binuclear structures. Bidentate ligands containing P and N
can create a rigid network that bind Cu(i) salts with weakly
coordinating anions such as BF,” or PFs~ in paddlewheel type
complexes. In the case of phosphine 1 (Fig. 1), not only has
the Cu(i) complex been shown to be competent of accepting
several solvent molecules as ligands,*® but these materials also
exhibit different photophysical parameters in the solid state.
Structurally similar Ag(1) complexes®® have also been shown to
have nitrile ligands that may be easily exchanged for other
organic nitriles. This suggests that these and related com-
plexes may be capable of differentiating between different
coordinating analytes, including N-nitrosamines. The phenom-
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Fig. 1 N-heterocyclic phosphines synthesized and examined for com-
plexation with Cu() in this study. 1: Ph,P(2-pyrimidine); 2: Ph,P(2-quina-

zoline); 3: PhyP(3-isoquinoline); 4: Ph,P(2-quinoline) and 5: Ph,P(1-
isoquinoline).

enon of ancillary ligands affecting emission properties of Cu()

has been Ilimited to
30,31

complexes
investigations.

We have been interested to determine if suitable Cu() pad-
dlewheel complexes could be used for N-nitrosamine sensing.
To this end we synthesized a series of structurally related phos-
phines containing different extended N-heterocycles in
addition to the previously reported phosphines 1 and 5
(Fig. 1).>®*> We examined a series of Cu(1) complexes and how
their emission properties can be tuned. Electronic and steric
differences caused the complexes to have different affinities
for N-nitrosamines and we have sought to elucidate factors
that govern their N-nitrosamines affinity. The effect of weakly
coordinating anions and metal oxidation state was also investi-
gated using phosphine 5.

only few previous

2. Results and discussion

Copper complexes of phosphines 1-5 were synthesized using
[Cu(MeCN),]PF¢ as the Cu(i) source to give compounds 1-Cu to
4-Cu and 5-Cu-PFg. The influence of counterion was investi-
gated by also using [Cu(MeCN),]ClO, as an alternative source
of copper(i) when forming a complex with phosphine 5 to give
5-Cu-ClO,. Copper(un) perchlorate was also complexed with
phosphine 5 to examine the role of oxidation state in the
overall structure of 5-Cu-IL

2.1 Structural characterizations

2.1.1 General description of crystal structures. Crystals
suitable for X-ray crystallography studies were grown using
copper complexes of phosphines 1-5. All successfully crystal-
lized copper(1) complexes adopted paddlewheel structures with
two copper centers flanked by three bidentate phosphine
ligands, each chelating through phosphorus and one nitrogen.
Due to the asymmetry of the ligand, the overall structure of the
complex may adopt two different linkage isomers (Fig. 2).** If
a copper atom is coordinated by either three phosphorus or
nitrogen atoms, this is termed head-to-head (HH) isomer. The

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Two possible structures are possible for the binuclear complexes
depending on the orientation of the three ligands. Left: head-to-tail (HT)
isomer and right: head-to-head (HH) isomer.

alternate isomer, where one of the three ligands is flipped and
each copper has either two phosphorus and one nitrogen
atom or the inverse, is called head-to-tail (HT).
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Most of the obtained structures crystallized exclusively as
one of the two isomers, except for 3-Cu which crystallized as a
mixture of the two linkage isomers (2.1.4). One of copper ions
is usually four coordinate with an additional solvent ligand
assembled during crystallization, and the other copper
remains three coordinate. For the HH structures, the ligand is
usually acetonitrile, which binds to the copper ion bound to
phosphorus.

Consistent with the resonance form of N-nitrosamines, they
have a 3-center-4-electron n system and are capable of & type
interactions in addition to being a ¢ donor. As a result of their
polar structure, we expected them to be strong ¢ donor type
ligands that could outcompete solvent for coordination to the
copper centers. Upon crystallizing from solution in the pres-
ence of N-nitrosodimethylamine (NDMA), the solvent ligands
are displaced in some complexes (Fig. 3e and f).

\‘\ 2+
i |
PhyP— CU—PPhy
Ph\P e
7\ kY / N
N
AN\ e

CU\N —
\_/

I

\N/

|
N 2+
?
PhyP— CU—PPhy

PhyP.
/\N NN

=/ "\
Cu

Fig. 3 Thermal ellipsoid plots of several dinuclear Cu(l) complexes obtained at the 50% probability level alongside their respective schematic rep-
resentations. (a) 1-Cu, (b) major isomer of 3-Cu, (c) 4-Cu, (d) 5-Cu-ClOy,, (e) 1-Cu-NDMA and (f) 4-Cu-NDMA. Hydrogen atoms, counterions (PF¢~,
ClO4"), solvent molecules and disordered portions have been omitted for clarity. For more detailed information on crystallography data, please refer

to the ESI.
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2.1.2  Ph,P(2-Pyrimidine) 1-Cu. In the crystal structure,
MeOH binds to Cu2 that is complexed by two nitrogen-based
ligands (Fig. 3a). This selectivity may be the result of Cu2
being more sterically accessible, with fewer surrounding
phenyl groups than the phosphine rich Cul. Furthermore,
Cu2 may be considered electronically harder than Cu1l that is
complexed to two more polarizable phosphorus ligands. The
oxygen on MeOH, which lacks any resonance delocalization is
a hard ligand. When NDMA was present during crystallization,
it displaced MeOH at Cu2 to give 1-Cu-NDMA (Fig. 3e).
Compared to solid NDMA at 130 K,** the NDMA in 1-Cu-
NDMA at 100 K has a lengthened O1-N1 distance of 1.274(5) A
rather than 1.260(6) A and a shortened N1-N2 distance of
1.301(5) A rather than 1.320(6) A. The data from these two crys-
tals reflect an increased contribution from the polar resonance
structure of NDMA upon coordinating to Cu2. The N1-O1-Cu2
angle was determined to be 118.2(2)°, so the N2-N1-O1 x
system is not significantly involved in bonding and
N-nitrosamines act more as c-donors rather than n-acceptors.

The Cu-O bond distance has a value of 2.194(3) A, smaller
than the sum of van der Waal radii**> of Cu” and O, which are
1.73 and 1.71 A respectively. This distance is however longer
than that predicted for a Cu-O single bond*® at 1.75 A. Taken
together, this suggests that the interaction is weak. This may
be intuitively rationalized since Cu" has a filled valence shell
and the higher energy vacant 4s and 4p orbitals may lack
sufficient bonding interactions to the oxygen.

2.1.3 Ph,P(2-quinazoline) 2-Cu. Unfortunately, after exten-
sive attempts, only polycrystalline material was obtained and
no single crystals suitable for crystallographic analysis were
isolated. This may be due to the two inequivalent nitrogens on
phosphine 2 having similar affinities to copper, making mul-
tiple ligand arrangements possible. Thus, a complex mixture
of isomers in solution prevents the growth of an ordered
single crystal.

X-ray photoelectron spectroscopy (XPS) results showed that
the measured atomic ratios closely match the expected values
based on a binuclear structure (Table 1), similar to the other
Cu(1) complexes reported herein. The lower than expected
value for N might be attributed to some loss of the MeCN
ligand under the ultra-high vacuum conditions during data
collection. The N 1s spectrum can be deconvoluted into three
signals representing uncoordinated and coordinated quinazo-
line nitrogens®” as well as acetonitrile®® (Fig. S60ct) while the
two peaks in the P 2p spectrum are assigned to coordinated
phosphines®® as well as PFs~ anions*® (Fig. S60et). No oxi-

Table 1 XPS results on atomic ratios for a sample of 2-Cu assuming a
binuclear structure with two Cu() centers, three ligands and two
counterions

C Cu F N P
Molecular formula 62 2 12 7 5
Expected atomic ratio (%) 70.45 227  13.63  7.95 5.68
Measured atomic ratio (%)  71.45  2.32  13.83  6.62  5.78
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dation of Cu(i) was observed based on the absence of Cu(u) sat-
ellite peaks (Fig. S60ff).** Together with high resolution mass
spectrometry data showing reasonable fragments of a binuc-
lear structure (4.3.2), we think that it is highly likely for 2-Cu
to adopt such a structure in the solid state in the absence of a
crystal structure. The single *'P NMR signal (Fig. $251) may be
consistent with a postulated HH structure (Fig. S60at).

2.1.4 Ph,P(3-isoquinoline) 3-Cu. The complexes crystal-
lized as a mixture of HH (Fig. 3b) and HT isomers. Fitting of
the X-ray diffraction data suggested that the HH structure was
dominant at approximately 93%. Not only may the extended
isoquinoline ring have an intrinsic preference for one geome-
try over the other, but crystallization conditions such as
solvent®® and temperature can also influence the geometry as
well, convoluting analysis.

MeCN served as the ligand to the phosphorus rich Cul in
both the HT and HH isomers. Cu() is classified as soft accord-
ing to hard-soft acid base concepts,**** hence it may have
stronger interactions with soft phosphorus, resulting in a
more electron rich center compared to the other copper site.
The Cu-N bond distance (1.142(3) A) is comparable to values
reported in literature for structurally similar complexes.** The
MeCN molecule also does not interact with Cul head on,
instead making a Cu1-N4-C91 angle of 165.89(16)°. This devi-
ation from linearity has been observed in other coordination
compounds involving Cu(i) and MeCN.*>*® The MeCN mole-
cular fragment remains largely linear with a N4-C91-C92
angle of 178.5(2)°, suggesting that there is no significant back
bonding from Cul. MeCN was not displaced when 3-Cu was
crystallized in the presence of NDMA. Crystals under this con-
dition retain MeCN coordination to the phosphorous rich Cul,
although the overall refinement quality of the structure was
reduced (Fig. S58, and Table S17).

2.1.5 Ph,P(2-quinoline) 4-Cu. The HH geometry was iso-
lated by crystallization and MeCN coordinated to phosphorous
rich Cu1 (Fig. 3c), consistent with observations for 3-Cu and 5-
Cu-ClO,. The Cul-N4-C91 and N4-C91-C92 angles of the
MeCN were 166.02(17) and 178.3(2)° respectively, similar to
those in 3-Cu. MeCN was partially displaced when 4-Cu was
crystallized with NDMA present to give 4-Cu-NDMA (Fig. 3f),
with a ratio of approximately 8:2 MeCN: NDMA in the final
refined structure. The NDMA complexation was promoted by
using non-coordinating DCM as the crystallizing solvent. The
geometry of binding again suggests that NDMA is acting as a ¢
donor, with a N4AA-O1A-Cu1l angle of 123.4(14)°.

2.1.6 Ph,P(1-isoquinoline) 5-Cu-ClO,. This complex
adopted the HT geometry and MeCN coordinated to the phos-
phorous rich Cu1 (Fig. 3d). Unexpectedly, the MeCN was dis-
placed by ClO,~ when 5-Cu-ClO, was crystallized in the pres-
ence of NDMA. The resulting crystal also had a reduced refine-
ment quality (Fig. S59, and Table S1}), similar to what was
observed when crystallizing 3-Cu together with NDMA.

2.1.7 5-Cu-Il. When Cu(ClO,),:6H,O was used as the
copper source to complex phosphine 5, the resulting product
5-Cu-II gave blue crystals upon crystallization from MeCN-
Et,0. Initial electron paramagnetic resonance (EPR) measure-

This journal is © The Royal Society of Chemistry 2023
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ments displayed an axial signal*’*® (where the g tensor has
values of gy = g, # g;) while 5-Cu-ClO, was EPR silent
(Fig. S68ft), indicating the preservation of Cu(u). This was
further supported by a Cu:Cl ratio of 1:2 in the empirical
formula determined from X-ray diffraction, which revealed a
structure with a single copper center surrounded by two
ligands (Fig. 4) rather than a paddlewheel structure.
Interestingly, the phosphorus centers were oxidized from phos-
phines to their corresponding phosphine oxides.

The copper adopts a pseudo square planar geometry as is
common for Cu(u) complexes, with a O1-N1-02-N2 torsion of
14.24(6)°. As both Cu(un) and ClO,” exhibit oxidative
properties,*®° either of the two species could have been
responsible for the oxidation of P(u1) to P(v). However, Cu(u) is
the more likely oxidant on account of the stability of product
when using [Cu(MeCN),]ClO, as a Cu(1) source as well as prior
literature describing oxidation of phosphines by Cu(u).”* As
the complexation reaction was carried out under air using Cu
(Cl0O,),-6H,0 as the metal precursor, either water or molecular
oxygen could have served as the oxygen source. To investigate
this, we assembled 5-Cu-II from 5’s phosphine oxide (5-O) and
repeated our original synthesis from 5 under degassed con-
ditions (Scheme 2). The product from the degassed reaction
did not exhibit the broad 'H NMR signals attributable to 5-Cu-
II (Fig. S47t), suggesting that molecular oxygen was required
for the oxidation of 5 under our reaction conditions. When
NDMA was present during crystallization, it was not incorpor-
ated into the structure (Fig. S577).

=

& oi\ )
P1/\ Moo
Cut Ph—P=C Ny
\ Cu
J LP2 NIV
v OZP,/ “/Q [ N O",:’\
) ~  pp Ph

Fig. 4 Thermal ellipsoid plot of 5-Cu-Il at 50% probability alongside its
schematic representation. Hydrogens and counterions are omitted for
clarity.
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Scheme 2 Two synthetic routes towards 5-Cu-ll. Route A: directly
from phosphine 5. Route B: oxidation of 5 to its oxide 5-O before its
complexation with Cu(u).
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This structural motif is consistent with previous reports by
Trigulova et al.>>*® who assembled structurally similar com-
plexes directly from phosphine oxides. They could also obtain
the Cu(u) complexes via the aerobic oxidation of Cu(1) and its
coordinated phosphines during crystallization. In contrast, all
obtained complexes with Cu(i) salts presented here were air
stable as solids (several months) and in solution over the time
span of crystallization (approximately 3 days), suggesting that
the aryl rings on phosphine and/or the lower strain in an
acyclic phosphine lowers its propensity as well as that of Cu(i)
towards aerobic oxidation.

2.2 Spectroscopic measurements

Some of the free phosphine ligands have been previous
reported in literature*>*> and their absorption spectra gener-
ally display broad features consistent with what was observed
here (Fig. 5). Measurements were conducted in chloroform
(CHClj) solution under ambient conditions, except for 4 and
4-Cu due to poor solubility of the latter in chloroform.
Acetonitrile (MeCN) was used to dissolve these two com-
pounds for characterization to maintain consistency. We used
CHCIl; as much as possible in order to minimize disrupting
the binuclear structure in solution, as comparing the NMR
spectra of 5-Cu-PF¢ in CD;CN and CDCl; suggests that the
more coordinating acetonitrile breaks up the binuclear struc-
ture (Fig. S35, and S367).

We verified that phosphine 5 did not undergo significant
oxidation during emission measurements by synthesizing its
oxide 5-O and characterizing its emission under the same
experimental conditions. While both 5 and 5-O has an emis-
sion around 420 nm which may indicate the presence of some
oxidized phosphine, it is only a minor component in 5’s emis-
sion spectrum (Fig. S617). Extrapolating this to the other phos-

T T T T T T T T
365 nm excitation— 1/1-Cu (CHCl;) — 2/2-Cu (CHCl;)

— 3/3-Cu (CHCl,) — 4/4-Cu (MeCN)
— 5/5-Cu (CHCl,)

3: 1.5 Complexes
g
31.0—
‘n 0.5
c

2 0.0
£

T 1.5
N1.0q
£ 0.5\

S

0 0.0
2

PhyP (CHCly) |

At _L....IA%
700

600
Wavelength (nm)

Fig. 5 Absorption and emission (lex = 365 nm) measurements on Cu())
complexes (top) and phosphines (bottom) in solution. PPhs was used as
a reference for phosphines and not used during complexation. Data was
individually normalized relative to the maximum intensity value of each
trace. The asterisk (*) at 410 nm indicates where the Raman scattering
from residual water was before background subtraction.
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phines examined herein suggests that their main emission
component measured should originate from their unoxidized
forms rather than their oxides.

Phosphine 1 has similar absorption and emission charac-
teristics to that of triphenylphosphine (Ph3P), suggesting that
its electronic structure is not significantly perturbed by the
pyrimidine substituent. Phosphines 2, 4 and 5 had a local
maxima at 314, 330 and 333 nm respectively, while 1 and 3
had monotonically increasing absorbance spectra with no
local maxima going from 400 down to 300 nm. Complexation
with Cu(r) produces a red shift in the absorption spectra and a
shoulder develops towards the lower energy region, which is
pronounced for complexes 2-Cu, 3-Cu and 5-Cu-PF¢. This
feature may be attributed to a charge transfer process between
the Cu center and ligands, which has been reported upon in
literature for Cu(r) based complexes.”®>* The complexes had
molar absorption coefficients (g) at 275 nm between 1.5-5.4 x
10* M~" em™" (Fig. S69at), with the complexes bearing ligands
2-5 having higher values and 1-Cu having the lowest values,
likely due to the lower © conjugation in pyrimidine compared
to the other N-heterocycles. e values at other selected wave-
lengths are provided in Table 2.

2.2.1 Emission spectra in solution. The Cu(i) complexes of
phosphines 1-5 display a range of emission colors in the
visible region, varying from green to red. This variation is
attributed to the increased conjugation afforded by the
appended aryl ring for phosphines 2-5 compared to phos-
phine 1, as well as different electronic character of the hetero-
aromatic rings depending on the substitution patterns. In
solution, all copper complexes were only weakly emissive, con-
sistent with previous reports on Cu(i) based complexes.”®
Possible quenching pathways invoked in the literature include
solvent interaction® as well as exciplex formation.”® To obtain
their solution phase measurements, we used a concentration
of 150 pM and at these high concentrations the quantum yield
measurements are unreliable as a result of inner filter
effects.’” However, we infer that the quantum yields are less
than 1% based on the low signal to noise ratio of acquired
data.

When analyzing steady state measurements, the Raman
scattering peak from residual water present in the solvent was
removed by performing background subtraction using a
solvent-only sample as reference. The emission spectra of the
examined compounds were largely broad, consistent with a
charge transfer emission pathway reported for similar com-
pound classes (Fig. 5).** 1-Cu, 2-Cu, 4-Cu and 5-Cu-PF, have
single emission maxima at 610, 605, 530 and 675 nm respect-
ively, while 3-Cu emits primarily at 530 with a slight shoulder
at 495 nm. 5-Cu-PFg has the longest emission wavelength and
can be compared to 3-Cu, which is its structural isomer. The
smaller degree of red shift when using 3 compared to 5 during
complexation has been observed in structurally similar com-
plexes in literature and was attributed to the phosphino substi-
tuent in the 1-position stabilizing the lowest unoccupied mole-
cular orbital (LUMO) of isoquinoline more than when it is in
the 3-position.>?
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2.2.2 Comparison with solid phase emission spectra. Solid
phase emissions of the Cu() complexes were acquired after
dropcasting their solution onto a quartz cover slip and remov-
ing the solvent in vacuo. To ensure that the vacuum exposure
did not result in significant loss of the coordinated ligands, we
characterized 5-Cu-PFg directly as a powder and compared its
emission to that of material dropcast and dried in vacuo. "H
NMR on a sample of the powder suggests that MeCN is
present as the ligand based on the chemical shift at 1.72 ppm
(Fig. S627). Furthermore, its 1: 1 integration ratio to the signal
at 9.3 ppm indicates that every complex has a bound ligand as
each binuclear complex has three PN ligands.

Fig. S637 shows that the emission spectra of the vacuum
treated material is identical to that of the powder, strongly
suggesting that the MeCN ligand remains bound under short
vacuum exposure. Likewise, we expect this to be the same for
other examined complexes.

In the solid phase, 3 of the 5 complexes had their emission
spectra blue shifted when compared to in solution while
retaining their broad features (Fig. 6). 1-Cu’s emission peak
shifted from 610 nm in solution to 513 nm in the solid state,
2-Cu’s shifted from 605 to 585 nm, and 5-Cu-PFg’s shifted
from 675 to 640 nm. This phenomenon may be attributed to
solvent relaxation effects®® that typically reduce the energy gap

Table 2 Extinction coefficients of reported compounds in chloroform/
acetonitrile solution at selected wavelengths

Compound Solvent A (nm) eMtem™)
1-Cu CHCl; 297 14 323
2-Cu CHCl; 321 19615
372 5347
3-Cu CHCl; 281 53122
325 30988
4-Cu MeCN 264 61 849
317 20082
330 24720
5-Cu-PF, CHCl, 279 37 069
318 33979
333 22843
5-Cu-PF¢ MeCN 275 26 002
331 16 891
5-Cu-Clo, CHCl, 279 38163
316 28927
333 21976
5-Cu-Clo, MeCN 275 26725
331 17 327
5-Cu-II MeCN 279 10416
329 9349
345 5817
5 CHCl; 279 9134
333 5607
5 MeCN 279 8531
333 5515

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Comparing the emission spectra (lex = 365 nm) of complexes
1-4-Cu and 5-Cu-PFg as solids (top) and in solution (bottom). Solvents
used for solution phase measurements may be found in Fig. 5.

between the excited state’s ground vibrational level and the
ground state. Since this non radiative relaxation pathway is
inaccessible in the solid phase, a larger energy gap between
excited and ground states is maintained and results in higher
energy emissions.

In contrast, 3-Cu’s emission profile became less defined
and displayed a red shift in the solid phase. It now has a
single peak at 600 nm instead of the two peaks in solution.
Although the crystal structure suggests the presence of both
HH (93%) and HT (7%) species in the solid state and both can
therefore contribution to the emission signal, the contribution
from the HH isomer should dominate in this case. Lastly, 4-
Cu’s solid emission profile is narrower and more defined than
that in solution. It now displays two peaks at 525 and 550 nm
as opposed to its single peak at 530 nm in solution. These
observations for 3-Cu and 4-Cu suggest that the complexes
may not retain their solid phase structures in solution.

2.2.3 Interaction with N-nitrosamines. On addition of
different equivalents of NDBA from a stock solution, the solu-
tion emission of 1-Cu was quenched while retaining its
general spectral shape, with higher amounts of NDBA resulting
in more quenching (Fig. S64+). Similar to a previous literature
report,*® the methanol coordinated complex was highly emis-
sive in crystallized form (Fig. 7). It showed a broad emission
spectrum with the highest intensity at approximately 500 nm
and had an estimated photoluminescent quantum yield
(PLQY) of 28%. The NDMA complexed material displays an
emission profile with the same general shape but is largely
quenched, giving a PLQY value of 5.5%.

The same trend of increased emission quenching with
increasing amounts of NDBA was also observed for 2-Cu, 4-Cu
and 5-Cu-PF¢ (Fig. S64t). We also performed a preliminary
selectivity study for 5-Cu-PFs using NDBA, NDMA as well as di-
butylamine (DBA). We prepared stock solutions of the three
analytes in chloroform before adding different amounts to

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Solid state emission spectrum (lex = 365 nm) of 1-Cu when
recrystallized from (a) DCM/MeOH in the absence of NDMA (black trace)

and (b) DCM/Hexanes in the presence of NDMA (red trace). The latter
complex is much less emissive.
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Fig. 8 Response of 5-Cu-PFg¢ to various equivalents of NDMA (top),
NDBA (middle) and DBA (bottom) in chloroform solution (e, = 365 nm).
Different degrees of quenching were measured for each analyte. Data
for each analyte is normalized relative to the trace when no analyte was
present. The asterisk (*) at 410 nm indicates where the Raman scattering
from residual water was before background subtraction.

chloroform solutions of 5-Cu-PF¢. The results suggest that
among the three compounds, NDBA is the best emission
quencher, followed by NDMA and lastly DBA (Fig. 8). Since
NDBA’s quenching ability is larger than the sum of that for
NDMA and DBA, it is possible that the nitroso group has a
synergistic effect together with the longer alkyl chains. DBA
was also compared to NDBA using 4-Cu (Fig. S65%) in aceto-
nitrile solution and DBA barely quenched its emission com-
pared to NDBA. This suggests that the nitroso group plays an
important role as an effective quencher of this class of dinuc-
copper complexes. It is that although
N-nitrosamines can undergo photofragmentation and create

lear notable
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reactive species upon radiation at 365 nm,' no significant
changes in emission spectra were observed during the quench-
ing studies. This suggests that the Cu(i) complexes are photo-
chemically stable in the presence of N-nitrosamines.

In contrast with the rest of the aforementioned complexes,
3-Cu shows an unusual trend with increasing amounts of
NDBA. Its emission profile actually increased in intensity
between 0 and 1 equivalent of NDBA. When 2-12 equivalents
of NDBA were introduced, the emission spectra first reaches an
intensity plateau at 2 equivalents before getting quenched
between 4 and 12 equivalents (Fig. 9, and Fig. S667). This
unexpected increase in emission intensity up to a 1:1
(3-Cu: NDBA) stoichiometry suggests that the complex under-
goes a structural change upon irradiation in the presence of
NDBA, possibly due to reaction with the NDBA fragmentation
products. At super stoichiometric amounts of NDBA, an
additional collisional quenching mechanism likely dominates.

As we observe emission quenching for complexes that did
not crystallize with NDMA, it appears that the binding inter-
action between the NDMA oxygen and copper is rather weak.
The interaction of NDMA was also investigated by NMR for 5-
Cu-ClO, (Fig. S41 and S421) and 5-Cu-HI (Fig. S461) and both
did not show significant changes in chemical shifts upon
NDMA introduction. Therefore, the observed emission quench-
ing in solution is likely a result of collisions between NDBA
and the excited complexes rather than the formation of a static
NDBA-Cu complex.

2.2.4 Quantifying emission responses to NDBA. We per-
formed fluorescence titration measurements on 1-Cu-4-Cu as
well as 5-Cu-PF¢ and 5-Cu-ClO, to assess their potential for
detection of NDBA. Using the same NDBA sample for each of
the five Cu(1) complexes, we added increasing amounts of
NDBA to the solutions and tracked their changes in emission
spectra at 610, 605, 530, 530 and 675 nm respectively. Except
for 3-Cu, all other complexes had their emission quenched by
NDBA. We therefore performed linear fitting over the range of
NDBA equivalents added to obtained Stern-Volmer constants

x1 05 I ‘ I I x )‘((Intlensity) Iat
s 6.0 530 nm (3-Cu) | 4
c :‘5.0— x o 0.8
2w x % ==
S 0n4.0-
T E ' lo6s
o 3309 % . I (T
@ C,p. £+ 1 1 10.4
uEJ 1.0 y = -0.56744 x + 0.98568 - (0.2

’ R?=0.98033
0.0 — T T . T .

0 2 4 6 8 10 12
NDBA Equivalents

Fig. 9 Stern—Volmer analysis performed on 3-Cu when adding increas-
ing amounts of NDBA to the same sample. F, = normalized emission
intensity at 0 equivalents NDBA. X = mean emission intensity value. Error
bars represent one standard deviation from the mean.

3226 | Dalton Trans., 2023, 52, 3219-3233

View Article Online

Dalton Transactions

(Ksy) of 0.146, 0.0562, 0.0600, 0.127 and 0.0757 respectively
(Fig. S671).

Due to its unusual response to NDBA among the complexes
examined, more data points were collected for 3-Cu, which
had a linear response towards NDBA between 0 and 1 equi-
valent (Fig. 9). Fitting of the data and solving for the amount
of NDBA that would give a normalized emission intensity
value (F,/F) corresponding to three times the standard
deviation®>®° from the emission intensity at 0 equivalents
NDBA (F,) gave a limit of detection value at 0.12 equivalents,
or 2.8 ppm (18 pM) at the complex concentration used
(150 pM) for titration (Fig. S667).

2.2.5 Role of anion and solvent in 5-Cu. Both 5-Cu-PFg and
5-Cu-ClO, share similar features in their absorption spectra in
both chloroform (Fig. 10a) and acetonitrile (Fig. 10b).
However, their absorptions in MeCN more closely resemble
that of free phosphine 5 which suggests that the more coordi-
nating MeCN may be fragmenting the binuclear structure.
This is supported by their lower ¢ values in MeCN compared to
in CHCI; (Fig. S69b,T and Table 2). In CHCl;, the complexes’
absorption spectra display a blue shifted maxima (from 333 to
316 nm) and a shoulder around 380 nm when compared to 5.
Fig. 10c and d shows the same absorption spectra classified by
anion rather than by solvent, illustrating that 5 exhibits less
solvatochromism when compared to 5-Cu-PF¢ and 5-Cu-ClO,.
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Fig. 10 Absorption spectra of 5, 5-Cu-PFg¢ and 5-Cu-ClO,; between
250 and 500 nm classified by solvent (a and b) and anion (c and d). Each
spectrum was normalized to its highest absorbance value. (e and f)
Emission spectra showing the concentration of 5, 5-Cu-PFg and 5-Cu-
ClO,4 used, classified by solvent. The asterisk (*) at 410 nm indicates
where the Raman scattering signal of residual water was before back-
ground subtraction.
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Fig. 11 (a) Absorption spectra of 5, 5-Cu-ClO4 and 5-Cu-Il in MeCN between 250 and 500 nm, normalized to each spectra’s highest absorbance

value. (b) Emission spectra (lex = 365 nm) of 5-Cu-ClO,4 and 5-Cu-Il in MeCN solution when exposed to increasing equivalents of NDBA. (c) Stern—
Volmer analysis on 5-Cu-ClO4 and 5-Cu-Il using different equivalents of NDBA. Fy = normalized emission intensity at O equivalents NDBA. X = mean
emission intensity value. Shaded region in emission spectra represents one standard deviation from x.

In the emission spectra, 5-Cu-ClO4 has a similar spectral
shape to 5-Cu-PF, although the former is less emissive in
CHCl; (Fig. 10e) and has a slightly redshifted emission
maximum (695 compared to 675 nm). In MeCN, the trend is
reversed with the emission of 5-Cu-PF¢ essentially absent
whereas 5-Cu-ClO, has a prominent emission at 458 nm
(Fig. 10f). Comparisons with the emission of phosphine 5 in
the two solvents demonstrate free phosphine is not present in
significant amounts in solutions of 5-Cu-PF¢ and 5-Cu-ClO,.
Therefore, the anion appears to primarily affect the excited
state rather than the ground state of the cationic core. It is
possible that similar effects may be observed for the other
phosphine ligands (1-4) when switching between weakly coor-
dinating anions.

2.2.6 Role of Cu(u) when complexing with 5. Substituting
Cu(Cl0O,),6H,0 for [Cu(MeCN),]ClO, as the copper source
gave 5-Cu-II which has a markedly different absorption profile
compared to 5-Cu-ClO, (Fig. 11a). This is consistent with the
Cu(u) complex having a different structure compared to its Cu
(1) analogue as illustrated earlier (2.1.7) since 5-Cu-II adopts a
square planar geometry and its ligands are now phosphine
oxides. Compared to 5-O, 5-Cu-II has a shoulder in its absorp-
tion spectra at 365 nm as well as fewer fine features overall.

We were initially puzzled that luminescence measurements
on 5-Cu-II gave a detectable signal as Cu(u) ions are often used
as quenching agents.®’®* However, there is some literature
precedence for luminescent complexes bearing Cu(u) where
the ligands are porphyrins®*™®° and salens.®” To ensure that
our observed emission did not come from impurities, as well
as to remove potential side reactions during our initial attempt
of oxidizing phosphine 5 in presence of Cu(ClO,),6H,0, we
assembled 5-Cu-II using an alternate route (Scheme 2). As out-
lined in route (B), we first oxidised phosphine 5 to its phos-
phine oxide 5-0. Cu(ClO,4),-6H,0 was then used to introduce
Cu(u) for complexation. Compared to route (A), the resulting
material from route (B) gave a cleaner 'H spectrum without
the sharp peaks between 7.5 and 8.6 ppm while maintaining
the broad features likely due to the paramagnetic nature of the
complex (Fig. $471). No *'P signals were observed for material
obtained via route (B), while a signal at —6.9 ppm was

This journal is © The Royal Society of Chemistry 2023

measured for material obtained from route (A). These
extraneous signals do not match those from either 5 or 5-O
and may hence represent intermediate species during phos-
phine oxidation.

Nonetheless, 5-Cu-Il synthesized from route (B) still dis-
played luminescence in acetonitrile solution. At first glance,
one possible origin for this emission may be uncoordinated 5-
O, given that the normalized emission spectra of 5-Cu-II and 5-
O are highly similar (Fig. S70a and S70bt}). However, the pre-
normalization data indicates that even at triple the concen-
tration, 5-O has a lower emission intensity in MeCN compared
to 5-Cu-IL. Furthermore, the lack of a *'P signal after extended
data acquisition indicates that the ligand interacts strongly
with Cu(u) and no free ligands are present in solution. The
excitation spectra of 5-O and 5-Cu-Il are also different,
suggesting that 5-Cu-II has a distinct excited state (Fig. S70c
and S70dt). Hence, we believe that the complex itself is the
most likely source of emission.

5-Cu-II also displayed a more intense emission in MeCN
compared to 5-Cu-ClO, and showed a slightly blue shifted
maximum at 430 rather than 458 nm (Fig. 11b), even though 5-
Cu-II had the lowest molar absorption coefficients (Fig. S69b¥,
Table 2). We were not able to produce crystal structures with
NDMA, however 5-Cu-II was more sensitive to NDBA addition
than 5-Cu-ClO,. Similar to 3-Cu, both 5-Cu-ClO, and 5-Cu-II
demonstrated increasing emission intensity up to one equi-
valent of NDBA before undergoing quenching at higher equiva-
lents (Fig. 11b and c).

3. Conclusions

A series of bidentate heterocyclic phosphine compounds and
their corresponding Cu(r) complexes were synthesized. Their
interactions with two N-nitrosamines were then examined in
solution and in the solid state for 1-Cu. In stoichiometric
excess, N-nitrosamines were found to be emission quenchers
in solution, possibly via a collisional pathway. Crystalline
NDMA complexes were prepared for some of the Cu(i) com-
plexes, wherein the N-nitrosamine displaces a coordinated
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solvent molecule. When coordinated to copper, NDMA dis-
played bond lengths resembling more of its polar resonance
form. In solution, some Cu(i) complexes demonstrated the
ability to differentiate between N-nitrosamines and a second-
ary amine and a ppm level limit of detection was determined
for 3-Cu. Studies on structural activity relations using different
weakly coordinating anions, solvent and oxidation states of
copper were also performed. Weakly coordinating anions unex-
pectedly influenced the photophysical properties of the binuc-
lear cationic core. Cu(ClO,4),:6H,O was demonstrated to
oxidize phosphine 5 in situ during complexation and gave a
different coordination complex 5-Cu-II, which was more emis-
sive in acetonitrile solution than 5-Cu-ClO,.

4. Experimental
4.1 General

All reagents were purchased from commercial sources (Sigma-
Aldrich, TCI, Strem) and used as received unless stated other-
wise. Solvents were degassed by sparging with nitrogen where
mentioned. Synthesis of phosphines were performed under
inert atmosphere unless stated otherwise. Complexation reac-
tions may be performed either under ambient conditions or
inert atmosphere. Anhydrous MeCN was obtained by drying
over activated 4 A molecular sieves. NDMA was synthesized by
Robert G. Croy.

NMR spectra were acquired at the MIT Department of
Chemistry Instrumentation Facility (DCIF) on Bruker Avance-
III HD Nanobay (400 MHz) and Bruker Avance Neo spec-
trometers (400 and 500 MHz) at ambient temperatures.
Referencing was performed during data acquisition using uni-
versal chemical shift referencing against the deuterated
solvent used. Data in NMR spectra were reported as detailed
below: chemical shift (ppm), integration, peak shape (br =
broad, s = singlet, d = doublet, t = triplet, m = multiplet, qu =
quintet), coupling constant (Hz). EPR spectrum was acquired
on a Bruker EMX-Plus spectrometer with an X-band resonator
at 4.5 K.

High resolution mass spectra (HRMS) were acquired on a
JEOL AccuTOF 4G LC-plus equipped with an ionSense DART
(Direct Analysis in Real Time) source for phosphines 1-5.
HRMS for complexes 1-Cu-5-Cu were obtained on an Agilent
6545 mass spectrometer coupled to an Agilent Infinity 1260 LC
system running a Jet Stream electrospray ionization (ESI)
source.

UV-visible spectra were obtained on an Agilent Cary 4000
running software version 4.20 (468) using a 1 cm path-length
quartz cuvette. Fluorescence measurements were performed at
room temperature on a Horiba Jobin Yvon Fluorolog 3 and
spectra acquired were corrected for solvent background signals
as well as for variances in detector sensitivity for different
wavelengths. Excitation measurements were made on the same
instrument and the data are only corrected for solvent back-
ground signals. Quantum yield measurements were performed
on a Horiba Quanta-¢ F3029 integrating sphere.
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Crystallographic data were collected on a Bruker Photon3
CPAD diffractometer using Mo Ko radiation. Structural solu-
tion was obtained using SHELXT-2015 and refinement was
performed using SHELXL2018/3. The CIF data of complexes
are deposited in the Cambridge Structural Database with
CCDC numbers of 2218757, 2218758, 2218759, 2218760,
2218761, 2218762, 2218763, 2218764, 2218765 and 2218766.F

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Thermo Scientific K-Alpha + X-ray photo-
electron spectrometer using an Al Ka radiation source.

4.2 Synthesis of diphenylarylphosphines 1-5

4.2.1 Ph,P(2-pyrimidine) (1). This was synthesized using
an adapted procedure from literature.”®°® 2-Chloropyrimidine
is a white solid which may be purified from browned commer-
cial samples by extraction with hexanes, filtration to removed
undissolved solids and removal of solvent in vacuo. Ph,PH
(1 ml, 1.07 g, 5.75 mmol) was added to an oven dried Schlenk
flask with a stir bar, placed under nitrogen and diluted with
anhydrous THF (4.25 ml). The mixture was placed in a cooling
bath (1:2 MeOH:H,O in dry ice) and brought down to
—20 °C. n-BuLi (1.6 M in hexanes, 3.6 ml, 5.76 mmol) was then
added dropwise in 2 batches and stirring continued for
60 min. 2-Chloropyrimidine (656.1 mg, 5.75 mmol) was then
added in 4 batches under positive nitrogen flow. The cooling
bath was removed and the mixture warmed up to room temp-
erature while stirring over 4 hours. The reaction was quenched
with D.I. H,O (5.8 ml) and extracted with EtOAc (3 x 5 ml). The
combined organic layer was dried with brine (7 ml) before
being removed in vacuo to give the crude product as a yellow
solid. Recrystallisation was performed twice (MeOH:DCM =
5:1) to give the pure product as white translucent crystals
(378 mg, 1.43 mmol, 25% yield). Characterization data
matches literature values.

8y (400 MHz, CDCl;, ppm): 8.73 (2 H, d, J = 5.0 Hz),
7.61-7.49 (4 H, m), 7.43-7.38 (6 H, m), 7.15 (1 H, d, J = 5.0 Hz).

Spgry (162 MHz, CDCl3, ppm): 1.76.

HRMS(DART+): [Cy¢H14N,P]" m/z =
265.08891.

4.2.2 Ph,P(2-quinazoline) (2). This was synthesized using a
modified literature procedure for Pd catalyzed coupling.®® Pd
(OAc), (1.3937 mg, 0.01 mmol), KOAc (92 mg, 0.93 mmol),
2-chloroquinazoline (107.5 mg, 0.62 mmol) and diphenyl-
phosphine (0.13 ml, 0.74 mmol) were added in that order to
an oven dried pressure tube with a plunger valve under a posi-
tive flow of nitrogen. Anhydrous dimethylacetamide (DMAc)
(0.70 ml) was added and the resulting mixture freeze-pump-
thawed four times. During the last cycle, the headspace was
evacuated and backfilled with nitrogen thrice before thawing.
It was then placed in a pre-heated oil bath at 130 °C (21.5 h).
After cooling the reaction to r.t., D.I water (5 ml) was added to
the reaction, resulting in the phase separation of an aqueous
phase and a red viscous phase stuck to the walls. The aqueous
phase was removed before diluting the viscous phase with
DCM (7 ml). The organic phase was then washed with water
(12 ml) followed by brine (3 ml). It was then dry loaded onto

265.08811, caled =
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neutralized silica (treated by Et;N in hexanes) and eluted with
2:1 hexanes: EtOAc and Et;N (1 vol%) to give the desired
product as a pale yellow solid (36.8 mg, 0.12 mmol, 16% yield).
The purified product turns increasingly yellow over time under
ambient conditions and should be stored under inert
atmosphere.

3P NMR of the yellowed material shows the development of
a signal likely from the phosphine oxide.

8y (400 MHz, CDCl;, ppm): 9.35 (1 H, s), 8.00 (1 H, d, J =
8.6 Hz), 7.91-7.85 (2 H, m), 7.64, (1 H, t, ] = 6.9 Hz), 7.63-7.58
(4 H, m), 7.43-7.36 (6 H, m).

Spgyy (162 MHz, CDCl;, ppm): 1.85.

8¢ (101 MHz, CDCl;, ppm): 172.29, 172.17, 159.45, 159.37,
150.00, 134.76, 134.56, 134.05, 129.13, 128.56, 128.45, 128.37,
127.90, 127.16, 123.18.

HRMS(DART+): [CpoH;N,P]" m/z =
315.10456.

4.2.3 Ph,P(3-isoquinoline) (3). This was synthesized using
a modified literature procedure.”® 3-Chloroisoquinoline
(943.8 mg, 5.77 mmol) was placed under N, and dissolved in
anhydrous THF (1 ml) in an oven dried flask with a stir bar.
Separately, HPPh, (1 ml, 1.07 g, 5.75 mmol) was also put
under N, before diluting with anhydrous THF (3 ml) and
cooled to —20 °C (1:2 MeOH : H,O in dry ice) in an oven fried
Schlenk flask with a stir bar. n-BuLi (3.6 ml, 1.6 M in hexanes,
5.76 mmol) was added dropwise while stirring to give a deep
red solution. Stirring was continued at —20 °C for 10 min after
complete addition before removing the cooling bath and stir-
ring for a further 50 min. The 3-chloroisoquinoline solution
was then added dropwise and the dark red mixture was stirred
overnight (22 h) at r.t. (19 °C). D.I. H,O (5 ml) was used to
quench the reaction. The aqueous layer was extracted once
with EtOAc (4 ml) and the combined organic layer was washed
with brine (7 ml). The solvent was then removed in vacuo to
give the crude product as a viscous yellow oil which was
further purified via column chromatography (hexanes : EtOAc)
to give the desired product as a pale-yellow solid (150 mg, 9%
yield). Subsequent washing of the solid by minimal cold
MeOH removed remaining phosphorus impurities.

Characterization data matches literature values.

8y (500 MHz, CDCl,, ppm): 9.35 (1 H, s), 7.98 (1 H, d, J =
8.3 Hz), 7.69-7.61 (3 H, m), 7.48-7.42 (5 H, m), 7.41-7.36 (6 H,
m).

Spyy (203 MHz, CDCly, ppm): —4.61.

dopy (126 MHz, CDCl;, ppm): 155.98, 155.93, 152.93,
152.83, 136.44, 136.36, 135.58, 135.55, 134.33, 134.18, 130.63,
129.05, 128.67, 128.61, 127.84, 127.60, 127.51, 126.61, 125.64,
125.51.

HRMS(DART+): [C,;H{;NP]" m/z =
314.10931.

4.2.4 Ph,P(2-quinoline) (4). This was synthesized using a
modified literature procedure.>® 2-Chloroquinoline should be
a white solid which may be purified from browned commercial
samples by extracting with hexanes, filtering off the solids and
removing the solvent in vacuo. Ph,PH (1 ml, 1.07 g,
5.75 mmol) was placed under nitrogen and diluted with anhy-

315.10445, caled =

314.10884, caled =
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drous THF (2 ml) and cooled to —20 °C (2:1 EtOH : H,O in dry
ice) in an oven fried Schlenk flask with a stir bar. N-BuLi
(3.6 ml, 1.6 M in hexanes, 5.76 mmol) was added dropwise
while stirring to give a deep red solution. The cooling bath was
removed after the solution was frozen and the mixture allowed
to thaw at r.t. (1 h). Additional anhydrous THF (2 ml) was
added to help dissolve residual yellow solid. 2-Chloroquinoline
(955.8 mg, 5.84 mmol) was then added in small batches. The
red solution turned darker before becoming green after 5 min
and increasingly cloudy. The mixture was stirred overnight at r.
t. (24 h). D.I. H,O (5 ml) was used to quench the reaction,
giving an orange solution phase. The organic layer was isolated
and diluted with EtOAc (10 ml) and DCM (10 ml) before filter-
ing off undissolved solids. The filtrate was then washed with
brine (5 ml) and dried over anhydrous MgSO,. The solvents
were removed in vacuo to give the crude product as a viscous
yellow oil which was diluted with 1:1 (EtOAc: hexane) and fil-
tered over a pad of silica. The purified product was obtained
via column chromatography (1:1 hexane: EtOAc) (317.8 mg,
1.01 mmol, 18% yield) as a pale yellow solid that turns increas-
ingly yellow over time under ambient conditions and should
be stored under inert atmosphere.

Characterization data matches literature values.

3P NMR of the yellowed material suggests some oxidation
to the phosphine oxide.

8y (500 MHz, CDCl;, ppm): 8.18 (1 H, d, J = 8.3 Hz), 8.02 (1
H,d,J=83Hz),7.79 (1 H,d,/=8.1Hz),7.73 (1 H, t,] = 6.8
Hz), 7.55 (1 H, t, ] = 6.93 Hz), 7.52-7.46 (4 H, m), 7.42-7.36 (6
H, m), 7.23 (1 H, d,J = 8 Hz).

Sp (203 MHz, CDCl;, ppm): —2.15 (quintet).

Somy (126 MHz, CDCl;, ppm): 164.91, 147.90, 136.37,
136.28, 135.40, 134.31, 134.16, 129.71, 129.69, 129.07, 128.67,
128.61,127.63, 126.90, 126.84, 124.39.

HRMS(DART+): [C,yHy,NP]" m/z =
314.10931.

4.2.5 Ph,P(1-isoquinoline) (5). This was synthesized using
a modified literature procedure.”® 1-Chloroisoquinoline
(949.7 mg, 5.83 mmol) was dissolved in anhydrous THF (1 ml)
in an oven dried flask with a stir bar. Separately, HPPh, (1 ml,
1.07 g, 5.75 mmol) was diluted with anhydrous THF (3 ml)
and cooled to —20 °C (1:2 MeOH : H,O in dry ice) in an oven
fried Schlenk flask with a stir bar. n-BuLi (4.2 ml, 1.6 M in
hexanes, 6.72 mmol) was added dropwise while stirring to give
a deep red solution. Stirring was continued at —20 °C after
complete addition (15 min) before removing the cooling bath
and stirring for a further 1.5 h. The 1-chloroisoquinoline solu-
tion was then added dropwise and the resulting dark green
mixture was stirred overnight (21 h) at r.t. (19 °C). D.I. H,O
(2.4 ml) was used to quench the reaction, giving a white pre-
cipitate which was isolated via filtration. It was then washed
with H,O (10 ml) and Et,O (10 ml) before being dried to give
the crude product (1.028 g, 67% yield) which was used for sub-
sequent reactions without further purification.

Characterization data matches literature values.

81 (400 MHz, CDCl,, ppm): 8.67-8.63 (1 H, m), 8.61 (1 H, d,
J=7.1Hz),7.84 (1H,d,J=82Hz), 7.67 (1 H, t,J = 7.1 Hz),

314.10759, caled =
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7.60 (1 H,d,J=5.6 Hz), 7.53 (1 H, t,J = 7.1 Hz), 7.47-7.39 (4 H,
m), 7.38-7.31 (6 H, m).

Spgayy (162 MHz, CDCl;, ppm): —8.29.

dcpny (101 MHz, CDCl;, ppm): 163.73, 163.63, 143.20,
135.41, 134.60, 134.40, 132.19, 131.90, 130.08, 128.92, 128.44,
128.36, 127.35, 127.33, 127.19, 127.05, 126.82, 120.43.

HRMS(DART+): [C,,H;NP]" m/z = 314.10800,
314.10931.

4.2.6 Synthesis of Ph,P(1-isoquinoline) phosphine oxide
(5-0). This was synthesized following a modified literature
procedure.”®”* Ph,P(1-isoquinoline) (20 mg, 0.06 mmol) was
dissolved in EtOAc (3 ml) and H,0, (27% w/w aqueous solu-
tion, 100 pl) added. The mixture was stirred at r.t. (2 h) after
which the reaction was complete by TLC. The reaction mixture
was dried over Na,SO, before being filtered over a pad of
silica. The solvent was removed to give the desired product
(15.5 mg, 0.05 mmol, 83% yield).

Characterization data matches literature values.

8y (400 MHz, CDCl;, ppm): 9.47 (1 H, d, J = 8.5 Hz), 8.65 (1
H, d,J=5.5 Hz), 7.98-7.84 (2 H, m), 7.79-7.70 (2 H, m), 7.66 (1
H, t,J = 7.7 Hz), 7.61-7.42 (7 H, m).

Spgayy (162 MHz, CDCl;, ppm): 28.5.

HRMS(ESI+) [C,;H;,NPO]" m/z =
330.1048.

caled =

330.1047, caled =

4.3 Synthesis of tetrakisacetonitrilecopper(i) perchlorate ([Cu
(MeCN),]Cl0,)

CAUTION: Perchlorate compounds are strong oxidizers and
may pose explosion and fire hazards. Ensure proper protective
equipment is worn and exercise care when working with these
materials! This was synthesized using a literature
procedure.”>”? Cu,O (298.6 mg) was suspended in acetonitrile
(9 ml) and 70 wt% perchloric acid solution (0.34 ml) added to
the suspension. The mixture was stirred at r.t (2 h), during
which the black solids dissolved and gave a white precipitate.
Additional MeCN (20 ml) was added to dissolve the white
solids before filtering off any remaining insoluble material.
The solvent was removed in vacuo to give white crystals and
dried under vacuum (3 h). They were then stored under nitro-
gen (2.8 g). The solids gain a blue hue over time at room temp-
erature and should therefore ideally be prepared and used
fresh as required.

4.4 Complexation of Cu with phosphines 1-5

4.4.1 Synthesis of 1-Cu. This was synthesized following a
modified literature procedure.”® [Cu(MeCN),]JPF, (94.2 mg,
0.25 mol, 1 equiv.) was added to an oven fried schlenk flask
with a stir bar, dissolved in anhydrous MeCN (2.55 ml) and
placed under nitrogen, giving a clear solution. Ph,P(2-pyrimi-
dine) (103.2 mg, 0.38 mol, 1.5 equiv.) was then added and stir-
ring continued at room temperature overnight. The resulting
clear solution was added dropwise to Et,O (20 ml) and white
precipitate (100 mg, 0.08 mmol, 32% yield) isolated via fil-
tration over a polypropylene membrane (0.6 pm). A solution of
2:1 MeOH:DCM (5 ml) was added to the crude material
before centrifuging the mixture and isolating the supernatant.
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The supernatant was slowly evaporated overnight to give crys-
tals that fluoresce green.

6y (500 MHz, CD;0D, ppm): 9.10 (br s), 7.74 (br s), 7.44 (t, ]
=7.3 Hz), 7.28 (t, /] = 8.0 Hz), 7.16 (br s).

5p (203 MHz, CD;0D, ppm): 9.84 (br s), —144.60 (quintet, J
=707 Hz, PFy").

85 (471 MHz, CD;0D, ppm): —74.74 (d, J = 707.4 Hz, PFq").

HRMS(ESI+): [C4sH30CUNGP;]" m/z = 855.1743, caled =
855.1745. [C3,H,6CuN,P,]" m/z = 591.0922, caled = 591.0929.
[C16H13CuN,P]" m/z = 327.0109, caled = 327.0112.

4.4.2 Synthesis of 2-Cui. This was synthesized following a
modified literature procedure.”® Ph,P(2-quinazoline) (123 mg,
0.4 mmol) and [Cu(MeCN),]PFs (97 mg, 0.26 mmol) were
added to 1 dram vial. MeCN (1 ml) was added and the result-
ing yellow solution was stirred at r.t. (21 h), during which
some product may form and give a yellow suspension. Further
Et,O may be added to precipitate more product. The precipi-
tated solids were isolated via filtration and washed with Et,O
(5 ml) to give the crude product as a yellow powder that fluo-
rescence orange (8.1 mg, 5.8 pmol, 11% yield). It may be
further purified by redissolving it in minimal MeCN and preci-
pitating with Et,O twice.

5y (400 MHz, CDCl;, ppm) 9.94 (br s), 8.29 (br s), 8.09 (t, ] =
7.7 Hz), 7.94 (br s), 7.87 (t,J = 7.1 Hz), 7.16 (br s), 7.09 (br s).

Spary (162 MHz, CDCl;, ppm): 10.68 (br s), —144.03 (sept,
PF¢).

5c (101 MHz, CDCl;, ppm) 161.44, 149.10, 137.14, 133.14,
131.02, 130.80, 128.89, 128.22.

HRMS(ESI+): [C2H3CUN:|+ m/z = 103.9554, calcd = 103.9562.

+

[CooH4sCuNeP;]* m/z = 1005.2242, caled = 1005.2215.
[CioH30CuN,P,]" m/z = 691.1262, caled = 691.1242.
[CpH1gCuNzP"  m/z = 418.0545, caled = 418.0534.
[C20H15CuN,P]" m/z = 377.0271, caled = 377.0269.

4.4.3 Synthesis of 3-Cuf. This was synthesized following a
modified literature procedure.”® [Cu(MeCN),]JPF, (54 mg,
0.15 mmol) and PPh,(3-isoquinoline) (69 mg, 0.22 mmol) were
added to an oven dried Schlenk flask with a stir bar and
placed under N,. Anhydrous MeCN (1.6 ml) was added to the
solids and the resulting mixture was stirred at room tempera-
ture (23 h) to give a yellow solution containing a white suspen-
sion. The mixture was filtered through a syringe filter (0.2 pm)
to give a clear yellow solution. The filtered solution was then
added to Et,O (20 ml) and left to stand without stirring (1 h),
during which it separated into three layers. From top to
bottom: white cloudy suspension, clear yellow solution and
white crystals. The product was filtered off as white crystals
(34.1 mg, 0.02 mmol, 13% yield).

6y (500 MHz, CDCl;, ppm): 10.14 (br s), 9.75 (br s), 8.50 (br
s), 8.25 (br s), 7.82 (br s), 7.58 (br s), 7.09 (br s).

Spgry (203 MHz, CDCl;, ppm): 2.56 (br s), —144.00 (quintet,
PFg).

Somy (126 MHz, CDCl;, ppm) 155.78, 134.75, 132.89,
130.73, 129.04, 126.50.

1 Please refer to Experimental details section in ESI for more details.
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HRMS(ESI+): [CZH3CuN:|Jr m/z = 103.9554, calcd = 103.9562.

[CesHasCuN;Ps]" mjz = 1002.2375, caled = 1002.2357.
[CsoH3,CuN,P,]"  mjz = 689.1352, caled = 689.1337.
[CosH1CuN,P]"  mjz = 417.0590, caled = 417.0582.
[C,1H16CuNP]" m/z = 376.0321, calcd = 376.0316.

4.4.4 Synthesis of 4-Cuf. This was synthesized following a
modified literature procedure.*® Ph,P(2-quinoline) (99.7 mg,
0.32 mmol) and [Cu(MeCN),]PFs (76.3 mg, 0.21 mmol) were
placed under nitrogen and dissolved in anhydrous MeCN
(2 ml). The resulting solution was stirred at r.t. (18 h) before
removing insoluble solids using a syringe filter (0.2 pm) to give
a clear yellow solution. Et,O (20 ml) was added to the solution
to precipitate the product as a yellow powder with a lime green
fluorescence (68 mg, 0.05 mmol, 24% yield).

8y (500 MHz, CD5CN, ppm) 7.91 (br s), 7.80 (t, J = 8.8 Hz),
7.72 (t,J = 7.64 Hz), 7.61 (t, ] = 8.0 Hz), 7.54 (t, J = 7.9 Hz), 7.50
(t,J = 7.7 (Hz)), 7.40 (t, ] = 7.3 Hz).

dpayy (203 MHz, CD;CN, ppm): 0.26 (br s), —144.63 (sept,
PFy").

¢ (126 MHz, CD,CN, ppm): 135.18, 135.06, 131.44, 131.20,
129.81, 129.74, 129.01, 128.58, 128.06, 124.95, 124.77.

HRMS(ESI+): [C,H;CuN]" m/z = 103.9554, caled = 103.9562.

[CesHasCuN;Ps]" mjz = 1002.2385, caled = 1002.2357.
[CsoH3,CuN,P,]"  mjz = 689.1359, caled = 689.1337.
[CosHi1oCuN,P]" mjz = 417.0586, caled = 417.0582.
[C,1H16CuNP]" m/z = 376.0317, caled = 376.0316.

4.4.5 Synthesis of 5-Cu-PF,. This was synthesized following
a modified literature procedure.”® [Cu(MeCN),]PF; (76.4 mg,
0.21 mmol) was dissolved in anhydrous MeCN (2 ml) in an
oven dried flask with a stir bar. Separately, Ph,P(1-isoquino-
line) (99.8 mg, 0.32 mmol) was added to an oven dried
Schlenk flask with a stir bar. The copper(1) solution was added
dropwise to the phosphine while stirring and the resulting
pale yellow solution stirred at r.t. (21 h). It was then added
dropwise to rapidly stirred Et,O (48 ml) to give a yellow precipi-
tate. After complete addition, additional Et,0 (20 ml) was
added and stirring continued (15 min). The product was iso-
lated as a yellow powder that fluoresces red via vacuum fil-
tration (69.9 mg, 0.05 mmol, 24% yield).

8y (500 MHz, CDCl, ppm): 9.42 (br s), 9.27 (br s), 8.41 (br
s), 8.02 (br s), 7.68 (br s), 7.37 (br s), 7.16 (br s), 6.73.

8¢ (471 MHz, CDCl;, ppm): —73 (d, PFs").

Spayy (203 MHz, CDCl;, ppm): 14.60 (2 P, br s), 7.79 (1 P, br
s), —144.04 (2 P, quintet, PFq").

HRMS(ESI+): [C,H;CuN]" m/z = 103.9554, caled = 103.9562.

[CesHasCuN;Ps]" mjz = 1002.2332, caled = 1002.2357.
[CixH3CuN,P,]” mjz = 689.1354, caled = 689.1337.
[CosH1oCuN,P]" m/z = 417.0585, caled = 417.0582.
[C,1H16CuNP]" m/z = 376.0316, calcd = 376.0316.

4.4.6 Synthesis of 5-Cu-ClO,. This was synthesized follow-
ing a modified literature procedure.”® [Cu(MeCN),](ClO,)
(123.4 mg, 0.38 mmol) was suspended in MeCN (5 ml). Ph,P
(1-isoquinoline) (170.9 mg, 0.55 mmol) was added to the
cloudy suspension and stirred at r.t. (4 h) to give a yellow solu-
tion. Et,O (55 ml) was added to the yellow solution and the
mixture cooled in a fridge (1 h). The precipitate was isolated
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via filtration and washed with Et,O (15 ml). The product was
isolated as a yellow powder and dried overnight in vacuo
(201.3 mg, 0.15 mmol, 40% yield).

8y (500 MHz, CDCl;, ppm): 9.46 (1 H d, J = 4.1 Hz), 8.42 (1
H, br s), 8.00 (1 H, d, J = 8.0 Hz), 7.66 (1 H, t, ] = 6.9 Hz), 7.39
(1H,d,J=8.8Hz),7.18 7.26-6.9 (9 H, br d).

5p (203 MHz, CDCl;, ppm): 13.41 (2 P, br s), 7.10 (1 P, br s).

HRMS(ESI+): [CzH3CuN:|+ m/z = 103.9554, calcd = 103.9562.

[CesHasCuNsPs]" mjz = 1002.2305, caled = 1002.2357.
[CiH3,CuN,P," m/z = 689.1333, caled = 689.1337.
[CosHysCuNP]"  mjz = 417.0586, caled = 417.0582.
[C,1H16CuNP]" m/z = 376.0318, calcd = 376.0316.

4.4.7 Adding NDMA to 5-Cu-ClO,. NDMA was added to a
CDCI; solution containing 5-Cu-ClO,4 before acquiring the spectra.

6y (500 MHz, CDCl;, ppm): 9.42 (1 H, d, J = 5.5 Hz), 8.42 (br
s), 8.00 (1 H, d, J = 8.2 Hz), 7.65 (1 H, t, J = 7.3 Hz), 7.38 (1 H,
d, J = 8.1 Hz), 7.25-7.69 (2 H, br d), 3.82 (10 H, s, NDMA), 3.10
(10 H, s, NDMA).

8p (203 MHz, CDCl;, ppm): 13.34 (2 P, br s), 6.72 (1 P, br s).

4.4.8 Synthesis of 5-Cu-II from 5. This was synthesized fol-
lowing a modified literature procedure for complexation with
Cu(1).”® Cu(ClO,),-6H,0 (71.1 mg, 0.19 mmol) and Ph,P(1-iso-
quinoline) (92.4 mg, 0.30 mmol) were dissolved in MeCN
(2 ml) and stirred at r.t. under air (2.5 h). A dark green solution
initially forms and turns light green over 1 h. The solvent was
removed in vacuo to yield a light green solid as the crude
product. The purified product was obtained by recrystallizing
from MeCN-Et,O (27 mg, 0.03 mmol, 20% yield).

8y (500 MHz, CD;CN, ppm): 11.47 (br s), 10.39 (br s), 8.84
(br s), 8.59 (d, J = 8.7 Hz), 8.38(s), 8.30 (d, J = 8.5 Hz), 8.17 (t, ]
=7.9 Hz), 7.90 (t,] = 7.9 Hz), 7.65 (t, ] = 7.1 Hz), 7.60-7.50 (m),
7.24 (br s), 6.38 (br s), 5.90 (br s).

Sp (203 MHz, CD;CN, ppm): —6.88 (s).

HRMS(ESI+): [C4,H3,CuN,0,P,]" m/z = 721.1245, caled =
721.1235. [C,1H;sCUNOP]" m/z = 392.0266, calcd = 392.0266.
[C,1H,,NOP]" m/z = 330.1045, caled = 330.0970. [Cp3H;oN,OP]"
m/z = 433.0535, caled = 433.0531.

4.4.9 Synthesis of 5-Cu-II from 5-O. Ph,P(1-isoquinoline)
oxide 5-O (13.2 mg, 0.04 mmol) was suspended in MeCN
(1.2 ml). CuClO,-6H,0 (7.5 mg, 0.02 mmol) was then added to
the suspension while stirring. Immediately after addition of
Cu(u), the solution turned light blue and gradually darker
blue. DCM (approx. 2 ml) was added to help dissolve phos-
phine oxide above the MeCN solvent line. The solution was
stirred at room temperature overnight (19 h). The solvent was
then removed in vacuo to give a product as a blue solid which
was used for further characterisation (14.4 mg, 0.016 mmol,
78% yield).

5 (500 MHz, CD;CN, ppm): 10.7 (br s), 9.87 (br s), 8.55 (br
s), 7.64 (br s), 6.68 (br s), 6.23 (br s).

5p (203 MHz, CD;CN, ppm): no signal.

HRMS(ESI+): [C4,H3,CuN,0,P,]" m/z = 721.1241, caled =
721.1235. [C,,H;CuNOP]" m/z = 392.0268, calcd = 392.0266.

4.4.10 Adding NDMA to 5-Cu-Il. NDMA was added to a
CDCl; solution containing 5-Cu-Il before acquiring the
spectra.
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81 (500 MHz, CD,CN, ppm): 11.31 (br s), 10.29 (br s), 8.78
(br s), 8.60 (d, J = 9 Hz), 8.37 (m), 8.30 (d, J = 8.3 Hz), 8.18 (t, J
=7.8 Hz), 7.90 (t,J = 7.7 Hz), 7.61-7.61 (m), 7.60-7.49 (m), 7.31
(br s), 6.45 (br s), 5.97 (br s), 3.75 (s, NDMA), 3.03 (s, NDMA).
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