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Synthesis of a tetratopic bisphosphine ligand derived from
pyrimidine and its incorporation into gold and silver coordination
polymers.
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ABSTRACT: Herein we present the synthesis of a tetratopic bisphosphine ligand derived from 4,6-disubstituted pyrimidine
scaffold. This new ligand (2) was doubly alkylated using iodomethane to give bisphosphonium dication (3) as an iodide salt,
and was also coordinated to both gold(I) chloride to give the metal complex (4) and to silver(I) triflate to give a coordination
polymer (5), respectively. All compounds have been fully characterized using multinuclear NMR spectroscopy as well as
single crystal X-ray diffraction. Gold complex 4 was also found to exhibit weak emission at A, = 530 nm due to Au(I)-Au(I)
aurophilic interactions. Additionally we demonstrated that bisphosphine ligand 2 can be used as a tetratopic ligand, as
evidenced by the formation of the coordination polymer 5 in which both phosphine—>silver and nitrogen->silver
interactions were observed.

1. Introduction PR,
The development of multitopic ligands continues to be Fe PR ¢
a major research thrust globally.[1-6] While there are several @\R" iProP——Ni——PiPr,
categories of multitopic ligands available to the synthetic OSIPHOS Liand PPhs
. .. . igands: P X . X .
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nitrogen[3] donor sites, and more recently, multitopic catalysis
carbenes,[7, 8] have perhaps received the most attention. O—PtBu, [ RtBu,
Such ligands, especially those containing two or more NN VAR ‘H N\B i .
phosphine ligands such as JOSIPHOS[9g] (Figure 1), have N o . N_R‘h'--'cu3 % _/°_ 2
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enjoyed a rich and continuing history in the areas of z z o—PtBu, \_pegu,

catalysis,[10, 1] coordination chemistry,[6, 12, 13] molecular
recognition,[2] organometallic chemotherapeutics,[14, 15]
and as building blocks in MOFs[5] and COFs as well as
ligands in luminescent materials.[4] Indeed, homogenous,
organocatalysis, and more recently, photoredox catalysis[16,
17] are all underpinned by the use of phosphine ligands.

In the realm of multitopic ligands, the so-called pincer
ligands featuring diphosphino and/or triphosphino[i8]
ligands have been explored by several groups. A random
selection of the vast assortment of homogeneous catalysts
featuring some common pincer ligand motifs such as
PNP,[19] PCP,[20] PPP,[21] and PONOP[22] arrangements
are provided in Figure 1. Additionally, Peters,[23] Gabbai,[24,
25] and Ozerov[26, 27] have independently utilized
diphosphine-containing pincer ligands to stabilize main
group element/transition metal complexes for applications
in photoreductive elimination/redox-noninnocent catalysts
and homogeneous catalysis, respectively. (Figure 1).

In recent years, phosphine and the heavier arsine ligands
have been incorporated into MOFs. In this area, Wade[28]
and Humphrey[29] have successfully prepared immobilized
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Figure 1. Examples of the utility of multitopic diphosphine
ligands in synthesis and catalysis.



catalysts and uniquely confined Au,Cl,, which exhibited
enhanced catalytic activity and exceptionally short
aurophilic interactions, respectively. Indeed, Wade
demonstrated that the Zr-MOF supported POCOP-Pd(II)
catalysts was a highly active transfer hydrogenation catalyst,
when in contrast, a homogenous variant was found to
decompose under similar experimental conditions.

For the past decade, our research group has been
investigating the synthesis and reactivity of exceptionally =-
acidic carbene ligands. In an effort to prepare pincer-type
multitopic n-acidic carbenes featuring phosphino groups, we
became interested in utilizing 4,6-dichloropyrimidine, 1, as a
commercially available starting material. While we have
been unsuccessful in preparing multitopic carbene ligands to
date using compound 1, we have had some success in
introducing diphenylphosphino moieties into the 4- and 6-
positions of the pyrimidine scaffold to afford the tetratopic
bisphosphinopyrimidine, 2.[30, 31] Herein we report a new
synthesis, characterization, and coordination chemistry of
compound 2.

2. Experimental
2.1 General considerations

Unless noted otherwise, all procedures were carried out
using standard Schlenk techniques under an atmosphere of
dry nitrogen or in a nitrogen-filled glove box. Solvents were
dried and degassed by an Innovative Technology solvent
purification system and stored over 3 A molecular sieves in a
nitrogen-filled glovebox. 1,4-dioxane, dichloromethane-D2
(CD,CL,), chloroform-D (CDCI3), and acetonitrile-D3
(CD,CN) were dried over 3 A molecular sieves and distilled.
Potassium diphenylphosphide (KPPh,) and
(tht)gold(I)chloride were prepared according to literature
procedures. [32, 33] Diphenylphosphine (Ph,PH) was
purchased from Alfa Aesar, and 4,6-dichloropyrimidine (1)
was purchased from Matrix scientific; both were used as
without purification. Potassium hydride was purchased as a
30% w/w suspension in mineral oil from Thermo Scientific.
It was transferred into the glove box, poured into a sintered
glass frit funnel and washed with hexanes to remove the
mineral oil. All other reagents and solvents were used as
received. Elemental analyses were performed at Midwest
Microlabs, LLC (Indianapolis, IN). Fluorescence spectra were
obtained on a BioTek Synergy H4 hybrid microplate reader
equipped with a Take3 cuvette holder accessory.

2.2 Synthesis of compounds 2-5

Starting from commercially available 1, all compounds
were prepared in good to excellent yields according to the
scheme described in Scheme 1 below.

Synthesis of 2: Inside of a nitrogen-filled glove box, a 100
mL Schlenk flask was charged with 1 (0.500 g, 3.36 mmol),
potassium diphenylphosphide (1.66 g, 7.39 mmol), and THF
(50 mL). The flask was sealed and removed from the glove
box, whereupon it was stirred overnight at ambient
temperature. After that time, all volatiles were removed from
the yellow suspension. The residue was dissolved in
dichloromethane (50 mL) and then filtered over a one-inch

plug of silica topped with Celite. The solvent was then
removed in vacuo to afford compound 2 as a white crystalline
solid, 0.830 g, 1.85 mmol (55%, yield). 'H NMR (CDCL,): § 6.69
(s,1H),

Scheme 1: Synthesis of compounds 2-5.
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7.31-7.33 (m, 20H, PPh), 9.20 (s, 1H). 3C NMR (CDCL,): §
126.76 (t, 2Jc.p = 12.2 Hz, pyrimidine - C5),128.78 (d, Jc.p = 7.96
Hz, PhC), 129.62 (s, PhC), 133.60 (d, Jc.p = 8.9 Hz, ipso-PhC),
134.28 (d, Jep = 20.5 Hz, PhC), 156.83 (t, Jcpr = 9.45 Hz,
pyrimidine - C4/C6), 174.26 (d, Jcp = 7.00 Hz, pyrimidine -
C2).3P NMR (CDCL): 8 -3.12.

Synthesis of 3: A 5 mL thick-walled pressure tube
equipped with a Teflon screw cap was charged with 2 (100
mg, 0.223 mmol) and a magnetic stirring bar. To the flask 0.5
mL of iodomethane (1.14 g, 8.03 mmol) was then added. The
reaction tube was closed and the mixture was heated to 60
°C for 2 hours. After that time, the bright red-orange solution
was cooled to room temperature, and then diethyl ether (10
mL) was added. The reaction tube was again sealed and the
suspension was sonicated in an ultrasonic bath for 30
minutes to induce precipitation of the product as an orange
solid. The compound was isolated by filtration and dried in
vacuo to give 149 mg, 0.205 mmol (91% yield) of 3 as an
orange solid. 'H NMR (CDCL): § 3.42 (d, ?Ju.p = 13.92 Hz, 6H,
P-CH,), 7.57-7.61 (m, 8H, PPh), 7.69-7.71 (m, 4H, PPh), 8.07-
8.12 (m, 8H, PPh), 9.03 (m, 1H), 9.56 (s, 1H). 3C NMR
(CDCL,/CD,CN): 8 8.40 (d, Jc.p = 55.1 Hz, ipso-PhC), 129.71 (¢,
Jep = 6.87 Hz, PhQC), 131.10 (t, Jcp = 5.47 Hz, PhC), 135.10 (s,
PhC), 156.18 (d, Jc.p = 6.36 Hz, pyrimidine - Cs), 157.08 (d, Jc.p
= 6.44 Hz, pyrimidine - C2), 158.25 (t, Jcp = 16.37 Hz,
pyrimidine - C4/C6). 3P NMR (CDCL): § 19.30.

Synthesis of 4: Inside of a nitrogen-filled glovebox, a 10
mL Schlenk flask was charged with 100 mg (0.223 mmol) of
compound 2, and 144 mg (0.446 mmol) of (tht)AuCl. To the
solids was added dichloromethane (5 mL). The flask was
sealed, removed from the glovebox, and the reaction mixture



was stirred at ambient temperature for 16 hours. After this
time, all volatiles were removed in vacuo, then the residue
was washed with diethyl ether (5 x 5 mL). The solid was then
dried to give 182 mg (0.194 mmol) of compound 4 as a white
solid (87.5% yield). 'H NMR (CD,CL,): 8§ 7.48-7.51 (m, 9H,
PPh), 7.58-7.62 (m, 4H, PPh), 7.66-7.69 (m, 8H, PPh), 9.42 (s,
1H). 3C NMR (CD,CL,): 8 125.96 (d, Jc.p = 63.5 Hz, ipso-PhC),
129.71-130.06 (m, PhC), 133.32 (s, PhC), 135.18-135.29 (m, PhC),
159.17 (t, Jcp = 14.04 Hz, pyrimidine - C5), 166.43 (d, Jcp =
4.69 Hz, pyrimidine - C4/Cs), 167.03 (d, Jep = 4.71 Hz,
pyrimidine - C2). 3P NMR (CD,Cl,): § 33.33.

Synthesis of 5: Inside of a nitrogen-filled glovebox, a 25
mL Schlenk flask was charged with 100 mg (0.223 mmol) of
compound 2 and 114 mg (0.446 mmol) of AgOTf. Then 10 mL
of acetonitrile was added and the reaction was allowed to stir
at room temperature for 12 hours. After that time, the solvent
was reduced to approximately 3 mL then diethyl ether (20
mL) was added which induced precipitation of the product
as an off white solid. The product was isolated by filtration,
washed with ether, then dried in vacuo to give 175 mg (0.182

Table 1. X-ray crystallographic and refinement data for 2-5.

mmol) of compound 5 as an off-white solid (82 % yield).
Despite repeated washings with diethyl ether and drying in
vacuo, residual acetonitrile (~ 2 equivalents) could not be
removed for NMR analysis. 'H NMR (CD,CN): § 2.23 (s, 5H,
CH,CN), 6.32 (s, 1H), 7.41-7.46 (m, 16H, PPh), 7.51-7.58 (m,
4H, PPh), 9.15 (s, 1tH). 3C NMR (CD,CN): 8§ 122.13 (q, Jcr =
321.3 Hz, SO,CF),), 127.13 (m), 128.36 (d, Jc.p = 30.1 Hz, PhQ),
130.63 (d, Jcp = 10.7 Hz, Ph(), 133.02 (s, PhC), 135.27 (d, Jcp =
17.4 Hz, PhC), 159.19 (t, Jc.p = 16.4 Hz, pyrimidine - C5), 166.43
(d, Jep = 4.69 Hz, pyrimidine - C4/Cy), 170.74 (d, Jcp = 43.4
Hz, pyrimidine - C2). P NMR (CD,CN): § 10.38. “F NMR
(CD,CN): § -79.18.

2.2 X-ray crystallography

Data collections on colorless crystals of 2, 4, and 5 and
orange crystals of 3 were undertaken by securing single
crystals of each with dimensions of 0.35 x 0.27 x 0.25 mm3 (2),
0.46 X 0.31 X 0.15 mm?3 (3), 0.57 X 0.51 X 0.43 mm3 (4), and 0.27
X 0.24 X 0.19 mm3 (5) respectively to Mitegen mounts using

Compound 2 3 4 5-5 CH;CN Compound 2 3 4 5-5 CH;CN
ccne 2104157 2104158 2104159 2104160 o, mg/m?® 1232 1594 1.991 1.659
Formula CogHosNoPs | CiyiHsoClLNoPs | CegHacAusClN,P, C’“%“}g“sﬁzm , mm! 0.198 2.120 9.918 1.165
12F454
&‘,’r.“‘“"“ 44841 817.21 1826.50 2129.87 Scan  scan @ scan  scan o scan
eight
2225 3.160 1.855 - 2.142 -
Temp. 100(2) 100(2) 100(2) 100(2) 0 range, deg. 26.402 27483 25.122 28328
Space P2y/n P-1 P2/ PI Reflections 38013 21510 52200 23625
Group measured
a, A 12.8342(5) 8.9943(10) 12.4689(6) 12.6869(7) Ind. observed 4953 7812 10833 20125
reflections
Ind.
b, A 10.7259(3) 11.4776(13) 28.7431(12) 13.1818(7) reflections [I 4126 6409 8093 16082
>20]
Data/restraint | 4953/145/ | 7812/487/ | 10883/966/ | 20125/500/
¢, A 18.6563(7) 17.952(5) 18.0539(8) 13.8847(7) Jparamotors 51 263 o 220
a, deg. 90.00 75.765(5) 90.00 105.729(5) Rin 0.0274 0.0466 0.0474 0.0200
. Rl = Rl = Rl = Rl=
_ FinalR 0.0360 0.0456 0.0396 0.0473
B, deg. 109.702(4) 85.835(6) 109.644(5) 104.778(5) indices [1>
20] wR2 = wR2 = wR2 = wR2 =
0.0946 0.1138 0.0931 0.1067
Rl = Rl = Rl = Rl=
indi 0.0456 0.0566 0.0590 0.0670
v, deg. 90.00 71.448(5) 90.00 94.708(4) Riindices (all
data) wR2 = wR2 = wR2 = wR2 =
0.1016 0.1211 0.1026 0.1195
Vol. A3 2417.85(16) 1702.9(3) 6093.8(5) 2132.4(2) G"til’f(‘)';s;;"f' 1.023 1.048 1.016 1.022
z 4 2 8 1 Flack 0.04(3)
parameter

Paratone oil. All crystals had their single crystal
reflection data collected using Mo K, radiation (= 0.71073 A)
from a Rigaku Oxford Diffraction (ROD) SCXMini equipped
with a Mercury2 CCD detector. Data for all samples were
collected at 100 K. Data collection strategies to ensure
completeness and desired redundancy were determined
using CrystalClear [34]. Data processing for all samples was

done using CrysAlis™™ and included multi-scan absorption
corrections applied using the SCALE3 ABSPACK scaling
algorithm [35, 36]. All structures were solved via intrinsic
phasing using ShelXT [37] and subjected to a least-squares
refinement with ShelXL [38] within the Olex2 graphical user
interface [39]. The final structural refinements included
anisotropic temperature factors on all constituent non-



hydrogen atoms. Hydrogen atoms were attached via the
riding model at calculated positions using suitable HFIX
commands or in some cases located in the difference map
and freely refined. As a means to achieve reasonable bond
distances and thermal parameters within the structural
models, combinations of the SADI, SIMU, RIGU and EADP
constraints and restraints were used. A solvent mask was
applied to both 4 and 5 to regions of electron density
indicative of interstitial solvent molecules whose disorder
could not be satisfactorily modeled. The crystallographic and
refinement data for 2-5 are listed in Table 1. Figures
illustrating the structural models as well as their respective
packings were generated using Olex2.

3. Results and Discussion
3.1 Results

Compound 2 was prepared in a straightforward manner
by treating 4,6-dichloropyrimidine with potassium
diphenylphosphide in THF at room temperature for 12 hours.
The double nucleophilic aromatic substitution of the two
chlorine atoms with the two diphenylphosphino moieties
was confirmed by multinuclear NMR spectroscopy and
single crystal X-ray diffraction vide infra. With compound 2
in hand, we first interrogated the site of alkylation, e.g., the
nitrogen or phosphorus atoms, by treating the diphosphine
with an excess of iodomethane. Not surprisingly, exclusive
alkylation of the phosphorus atoms was observed, which
provided clean access to the bisphosphonium, 3, as its iodide
salt in excellent yields. Similar to compound 2, the identity
of 3 was confirmed via multinuclear NMR spectroscopy as
well as single crystal X-ray diffraction.

Owing to our group’s interest in unique N-heterocyclic
carbene architectures, we were also interested in N-
alkylation or arylation of compound 2 to afford appropriate
precursor molecules. However, we observed that regardless
of alkylating/arylating agent (including Meerwein reagents,
alkyl triflates, or diaryliodonium reagents), only P-alkylation
was observed, even under forcing conditions i.e. high
temperatures, excess reagents. We also explored the
potential to oxidize the phosphorus atoms in compound 2 to
access a bisphosphine oxide followed by N-alkylation then
reduction back to the bisphosphine, however these strategies
proved to be unsuccessful as well.

Despite the inability to alkylate the nitrogen atoms in
compound 2, we next set out to explore the coordination
chemistry of this potentially tetratopic bisphosphine ligand.
First, 2 was treated with (tht)AuCl (tht =
tetrahydrothiophene) in dichloromethane to give the
desired bisdiphenylphosphino-gold(I) chloride complex 4 in
excellent yield (88%). Compound 4 was a pale yellow, micro-
crystalline solid which exhibited a faint emission when
irradiated with a hand-held UV lamp. Emission of L-Au(I)Cl
complexes is not unknown and typically arises from Au-Au
aurophilic interactions in the solid state, as is the case for
compound 4 (vide infra). Similar to compounds 2 and 3, the
gold complex 4 was also fully characterized using
multinuclear NMR spectroscopy and single crystal X-ray
diffraction. Unfortunately, inspection of the solid state
structure of 4 indicated that although the ligand 2 has four

potential Lewis basic donor sites, ie. two pyrimidine
nitrogen atoms and two phosphine phosphorus atoms, the
nitrogen atoms did not appear to have any interaction with
the gold(I) centers which were exclusively coordinated by
phosphorus atoms.

In stark contrast, we found that treatment of 2 with two
equivalents of silver(I) triflate (AgOTf) in acetonitrile let to
formation of a silver(I) coordination polymer 5. The
polymeric nature of 5 was verified primarily single crystal X-
ray diffraction. In the crystal, coordination of both
pyrimidine nitrogen atoms and phosphino phosphorus
atoms to silver(I) cations concomitant with a single
coordinated acetonitrile molecule per silver atom observed.
Gratifyingly, we were able to fully characterize this
compound which illustrates that the extended polymeric
network observed in the solid state persists in CD3CN
solutions of 5 (vide infra). Altogether, the formation of 5 and
its persistence in solution demonstrated that bisphosphine 2
can serve as a tetratopic ligand.

3.2 Spectroscopic discussion

NMR spectra were recorded on Bruker Avance4oo0 MHz/
s52mm spectrometer. Chemical shifts (§) are given in ppm
and are referenced to the residual solvent: 'H: CDCL,
7.26ppm; CD,Cl,, 5.32 ppm; CD,CN, 1.94 ppm; 3C: CDCl,,
77.0 ppm; CD,Cl,, 53.84 ppm; CD;CN, 1.32 ppm; 3P: H;PO, o
ppm; 9F: CFCL o ppm. High resolution images of all NMR
data can be found in the Electronic Supporting Information
(ESI) for this manuscript.

All new compounds were characterized by
heteronuclear NMR spectroscopy as a means to confirm their
identity. For compound 2, the 'H NMR spectrum (CDCL)
exhibited two salient signals with both integrated top 1
proton, a triplet centered at 6.69 ppm (3Jup = 0.46 Hz)
corresponding the Cs-H nucleus and a doublet centered at
9.20 ppm (4Jyp = 0.60 Hz) corresponding to the C2-H
nucleus. The only other signal observed in the 'H NMR
spectrum of 2 as a large multiplet centered at 7.32 ppm which
integrated to 20 protons corresponding to the four phenyl
rings on the two diphenylphosphino moieties. The 3P NMR
spectrum of 2 (CDCL,) was also consistent with a molecule
containing a diphenylphosphino arene with a single
resonance observed at -3.12 ppm. Upon methylation of
compound 2 with iodomethane to give the bisphosphonium
salt 3, two key spectroscopic changes were observed in the 'H
and 3P NMR spectra (CDCL,). First, in the 'H NMR spectrum
of the appearance of a doublet centered at 3.42 ppm (*Jyp =
13.92 Hz) which integrated to 6 protons was observed, and
second, there was a single peak observed in the 3P NMR at
19.3 ppm. Both observations were fully consistent with
alkylation of both phosphorus atoms in compound 2 to give
the dication 3 which contained two chemically shift
equivalent methyl-diphenylphosphonium moieties. Further
evidence of the dicationic nature of 3 could be observed in
the *H NMR spectrum which also exhibited very downfield
signals corresponding to the C2-H and Cs5-H nuclei at 9.55
and 9.05 ppm, respectively.



The two metal complexes 4 and 5 were also
characterized using multinuclear NMR spectroscopy. For the
gold(I) complex 4, the 'H NMR spectrum (CD,Cl,) exhibited
a signature downfield signal at 9.42 ppm which
corresponded to the C2-H proton. Unlike compounds 2 and
3, the C5-H resonance was not well-isolated from the
diphenylphosphino aromatic protons, and could therefore
not be conclusively identified. The 3P NMR spectrum of
complex 4 exhibited a single resonance at 33.32 ppm, was
also consistent with previously reported triarylphosphino-
Au()X (X = Cl, OTf, NTf,, etc.) complexes (range: 29.9-32.7
ppm, ie. Ph3P>AuCl 3P chemical shift is 32.7 ppm in
CD,(l,).[40] As described in the previous section, complex 4
also exhibited a faint blue-green emission in both solution
and the solid state. To this end an emission spectrum was
obtained on solid powder of 4. The emission spectrum of 4
exhibited an emission band centered at A, = 530 nm (A =
480 nm), consistent with the color observed by the naked
eye. As described in the next section, we believe that this
emission likely originates from Au-Au aurophilic
interactions which were observed in the solid state structure
of 4.

Finally, the silver coordination polymer, compound s,
exhibited a similar '"H NMR spectrum (CD,CN) to the free
bisphosphine 2 with the C2-H and C5-H signals appearing at
9.15 and 6.32, respectively. However, we also observed a
singlet centered at 2.23 ppm which integrated to 6 protons.
Based on the single crystal X-ray diffraction data (vide infra),
we believe this signal corresponds to the two coordinated
acetonitrile molecules (one CH,CN per Ag(I) cation)
observed in the solid state structure. As described below,
there are two Ag(I) cations coordinated by a single ligand 2,
and therefore the coordination polymer persists in solution,
as evidenced by the two molecules of coordinated
acetonitrile per one molecule of ligand 2 observed in the 'H
NMR spectrum. per one molecule of ligand 2. In agreement
with this assessment, the 3'P NMR spectrum (CD3CN) which
revealed on a single resonance centered at 10.30 ppm was
also consistent with the formation of triarylphosphino
silver(I) triflate complexes, i.e. range of 3P NMR resonances
for Ph,P>Ag(I)OTf: 10.05-15.23 ppm in CD,Cl, and solid
state.[41, 42]

Recently, Artem’ev and coworkers reported Ag(I)
complexes supported by diphosphine 2 with NO, and BF,
counter ions  which  exhibited  thermochromic
luminescence.[31] Similar to those complexes, 5 was shown
to exhibit strong luminescence which likely arises from the
presence of argentophilic interactions (vide infra). In
contrast however, there was little to no temperature
dependence on the obversced emission of 5 in the solid state.
Instead, a bright yellow-orange emission for 5 (A., emission
=622 nm; A, excitation = 422 nm.

3.3 Structural description

The structural model for 2 crystallized in the
centrosymmetric monoclinic space group Pz,/n with one
molecule as the contents of the asymmetric unit. Within that
asymmetric unit, two of the phenyl rings demonstrated signs

of positional disorder over two positions. After being split
and application of suitable constraints and restraints, their
occupancies were freely refined to approximate ratios of
0.54/0.46 and 0.52/0.48 with respect to one another. Given
the lone pair of electrons present on the phosphorus atoms,
which are linked by the pyrimidine ring which forms the
linker in the bidentate phosphine, each shows distorted
pyramidal coordination geometry. When one considers the
orientation of one of the phenyl rings on each phosphorus
atom with respect to the pyrimidine ring and the phosphorus
atoms, the orientation of these forms a herringbone-like
motif. The two remaining phenyl rings (one bound to each
phosphorus) form a tweezer-like motif with a centroid-to-
centroid separation distance between the rings of 4.407(15)
A. Additionally, the angle for the tweezer-like motif
measured using the centroids of the phenyl rings and Ci4 on
the pyrimidine ligand is 69.38(3)°. Extended packing along
the b-axis suggests that additional structural stability is
provided by electron donation from the lone pair of electrons
on phosphorus atom P2 to the electron-deficient center of
the aromatic pyrimidine ring as evidenced by their being
superimposed upon one another at distance of 3.99(4) A. An
aniostropic displacement ellipsoid plot of 2 with ellipsoids
set to the 50% probability level as well as a packing
representation of the molecule in the crystallographic ac-
plane are shown in Figures 1 and 2.

Figure 1. Anisotropic displacement ellipsoid plot of 2
with ellipsoids set to the 50% probability level. Hydrogen
atoms and secondary conformations of disordered phenyl
rings were omitted for clarity.




Figure 2. Packing projection of 2 in the ac-plane with
anisotropic displacement ellipsoids set to 50% probability.
Hydrogen atoms and secondary conformations of disordered
phenyl rings were omitted for clarity.

The diphosphonium salt (3) crystallized in the
centrosymmetric triclinic space group P-1 with one dication,
two iodide counterions, and one interstitial molecule of
CH,Cl, as the contents of the asymmetric unit. All four
phenyl rings as well as the CH,Cl, solvent molecule were
disordered over two positions with occupancy ratios freely-
refined to 0.54/0.46, 0.55/0.45, 0.62/0.38, and 0.72/0.28
respectively.. Coordination of the methyl groups to each of
the phosphorus atoms forces the coordination environment
around each of those atoms to become a distorted
tetrahedron. Like 2, a herringbone-like motif involving a
phenyl ring on each phosphorus and the pyrimidine ring
separating those phosphorus atoms forms within the
structure of 3. Analogous to 2, the two remaining phenyl
rings within 3 also form a tweezer-like motif with a centroid-
to-centroid separation distance between the rings of
4.5915(15) A and an angle measured using the centroids of the
phenyl rings and Ci5 on the pyrimidine ligand of 70.59(6)°.
The two iodide anions needed to balance the charge from the
diphosphonium dication, while lying above and below the
plane of pyrimidine ring, do not directly superimpose over
the centroid of that ring. An aniostropic displacement
ellipsoid plot of 3 with ellipsoids set to the 50% probability
level as well as a packing representation of the molecule in
the crystallographic bc-plane are shown in Figures 3 and 4.

Figure 3. Anisotropic displacement ellipsoid plot of 3
with ellipsoids set to the 50% probability level. Hydrogen
atoms, secondary conformations of disordered phenyl rings
within the dication, and the disordered, interstitial CH,Cl,
were omitted for clarity.

Figure 4. Packing projection of 3 in the bc-plane with
anisotropic displacement ellipsoids set to 50% probability.
Hydrogen atoms, secondary conformations of disordered
phenyl rings within the dication, and disordered, interstitial
CH,Cl, molecules were omitted for clarity.

The gold coordination polymer (4) crystallized in the
centrosymmetric monoclinic space group P2,/n with two
molecules of phosphine 2 each bridging two Au(I) cations
whose charge is balanced by terminal chlorides as the
contents of the asymmetric unit. Seven of the eight phenyl
rings from the two phosphine molecules in the asymmetric
unit show are disordered over two positions with occupancy
ratios freely-refined to 0.61/0.39 (x2), 0.58/0.42, 0.52/0.48,
0.54/0.46, 0.71/0.29, and 0.53/0.47. With the coordination of
the gold atoms, each phosphorus atom adopts near-
tetrahedral coordination geometry while the terminal gold
atoms at the end of the asymmetric unit demonstrate linear
geometry. In the center of the asymmetric unit, the two
neighboring gold atoms are linked by an aurophilic
interaction of 3.0626(5) A (range for aurophilic interactions:
2.75 A- 3.50 A; [43, 44] sum of Au van der Waals radii =
3.60A[45]) which causes Auz and Au3 to have a T-shaped
geometry. Along the n-glide, the asymmetric unit orients
itself in a right-handed helical orientation with a turn
between another set of symmetry-equivalent gold
diphosphine helices stabilized by weak aurophilic contacts
of 3.4210(5) A between Au1 and Aug4. Analogous to 2 and 3,
diphenyl tweezers were also observed with centroid-to-
centroid separation distances between the rings of 4.4211(2)
and 4.5221(2) A and the measured angles of the phenyl
centroid to pyrimidine carbon atoms were 69.49(14)° and
71.73(13) ° for compound 4. An aniostropic displacement
ellipsoid plot of 4 with ellipsoids set to the 50% probability
level as well as a packing representation of the molecule
demonstrating the helices along the n-glide are shown in
Figures 5 and 6.



Figure 5. Anisotropic displacement ellipsoid plot of 4
with ellipsoids set to the 50% probability level. Hydrogen
atoms and secondary conformations of disordered phenyl
rings were omitted for clarity.

Figure 6. Projection of the helices within 4 along the n-
glide with ellipsoids set to the 50% probability level.
Hydrogen atoms and phenyl rings were omitted for clarity.

The silver coordination polymer (5) crystallized in the
non-centrosymmetric triclinic space group Pi1 and
encompassed two molecules of phosphine 2, four Ag(I)
atoms, four triflate anions, and both coordinated and free
CH,CN molecules as the contents of its asymmetric unit. For
the incorporated phosphine molecules, both the phosphorus
atoms and pyrimidine nitrogen atoms from the central
aromatic ring coordinate in a bidentate manner to two Ag*
cation pairs bridged by argentophilic interactions of
3.2043(10) (Ag2-Ag3) and 3.2631(9) A (Agi-Agq). These
observed distances are within the norm for known
intermolecular argentophilic interactions (range for
argentophilic interactions: 2.89 A- 3.50 A ; sum of Ag van der
Waals radii = 3.44A)[46] and are shorter than that observed
for analogous Ag(I) complexes feature ligand 2 (Ag-Ag =
3.3352(4) A). [31] Different coordination geometries around
the Ag* centers, including distorted trigonal bipyramidal,
distorted square pyramidal, and distorted square planar were
observed. To balance the charge within the asymmetric unit,
four triflate anions were included with three of them
coordinated to Ag* centers while one remained
uncoordinated. Three of the anions demonstrated evidence

of disorder over two positions with occupancy ratios of
0.83/0.17, 0.77/0.23, and 0.51/0.49 between the two
components. Signs of disorder were observed in three of the
constituent phenyl rings within the asymmetric unit and
their occupancy ratios were freely refined to 0.63/0.37,
0.53/0.47, and 0.50/0.50. Orientation of the phenyl rings
from the phosphines within the asymmetric unit also show
herringbone and tweezer-like motifs with centroid-to-
centroid separation distances between the rings within the
latter of 4.2004(3) and 4.4076(2) A respectively. Additionally,
the measured phenyl centroid to pyrimidine carbon atom
angles for the tweezers were 71.58(14)° and 68.87 (13)°. Four
of the five CH,CN molecules within the asymmetric unit are
coordinated to Ag* centers. As stated previously, a solvent
mask was applied to a second uncoordinated CH,CN
molecule (6th overall) whose disorder could not be
satisfactorily modeled. An anisotropic displacement
ellipsoid plot of 5 with ellipsoids set to the 50% probability
level as well as a figure highlighting the packing of the
molecule in the ab-plane are shown in Figures 7 and 8.

Figure 7. Anisotropic displacement ellipsoid plot of 5
with ellipsoids set to the 50% probability level. Hydrogen
atoms, secondary conformations of disordered phenyl rings
and triflate anions, and the free, interstitial CH;CN molecule
located in the difference map were omitted for clarity.



Figure 8. Packing projection of 5 in the ab-plane with
anisotropic displacement ellipsoids set to 50% probability.
Hydrogen atoms, secondary conformations of disordered
phenyl rings and triflate anions and the interstitial CH;CN
molecule were omitted for clarity.

As previously noted, Artem’ev and co-workers reported
the crystal structures of two Ag(I) complexes supported by
diphosphine 2 with NO, and BF,, counter ions.[31]
Interestingly, the former crystallized with a completely
different arrangement of the Ag(I) cations with respect to the
ligand 2. When AgNO; was employed as the Ag(I) source, the
silver cations were found to coordinate exclusively to the
phosphino moieties, i.e. the pyrimidine nitrogen atoms did
not interact with the metal. On the other hand, when 2 was
treated with AgBF, in acetonitrile, the resultant complex was
nearly isostructural with our silver coordination polymer s,
but with subtle differences.

Firstly, whereas our Ag(I) complex 5, with triflate
counter ions, crystallized in the triclinic space group Pi,
Artem’ev’s compound, with BF, counter ions, crystallized in
the orthorhombic P232,2, space group. In Artem’ev’s
compound, the polymer chains are built up from alternating
ligand (2) molecules and [Ag,(MeCN),] units, where one
silver cation is ligated to one acetonitrile molecule, and the
other is ligated to two; the BF, counter anions are non-
coordinating to the metal centers. In stark contrast, our
compound 5, which features the more coordinating triflate
counter anions, the ligand bridges 4 unique, repeating
silver(I) centers.

In 5, Ag1 is coordinated by two acetonitrile molecules
and makes an argentophilic interaction to Ag4 (Agi-Ag4 =
3.2631(9) A), and Agy is coordinated by two triflate counter
anions. The other two unique silver cations Ag2 and Ag3
exhibit a stronger argenetophilic interaction of 3.2043(10) A;
with Ag2 coordinated by a triflate ion and an acetonitrile
molecule and Ag3 coordinated by a single acetonitrile
molecule. Both sets of argentophilic interactions observed in

5 were markedly shorter than that observed in Artem’ev’s
compound (Ag-Ag interaction of 3.3352(4) A. This disparity
is presumably due to the increased electron withdrawing
ability of the coordinated triflate anions in compound 5
when compared to only acetonitrile ligands in Artem’ev’s
compound. Given these structural differences are subtle, yet
real, they may result in the observed disparity observed when
comparing the luminescent properties of 5 to its BF,
analogue (vide supra).

4. Conclusions

In conclusion, we have reported the synthesis and
characterization of 4,6-bis(diphenylphosphino)pyrimidine,
2, a novel multitopic diphosphine ligand. The reaction of
bisphosphine 2 with electrophiles such as iodomethane to
give bisphosphonium 3, (tht)gold(I) chloride to give complex
4, and with silver(]) triflate to give the coordination polymer
5 was also investigated. It was found that gold complex 4
xhibited weak emission in solution and the solid state
centered at An. = 530 nm owing to Au(I)--Au(I) aurophilic
interactions. The preparation of novel organogold
compounds continues to garner the interest of several
chemists globally with many investigations into the
supramolecular chemistry of gold complexes supported
through aurophilic interactions.[47-50]

The formation of coordination polymer 5, which
exhibited coordination of both phosphorus and nitrogen
Lewis bases in 2 to the silver(I) cations demonstrated that
bisphosphine 2 may be utilized as a tetratopic ligand. Future
efforts are being devoted to exploring the coordination
chemistry of ligand 2 with Rh, Pt, and Pd which may lead to
unique catalysts in their own right. We are also actively
exploring the chemistry of bisphosphonium 3.
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