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ABSTRACT: Isostructural, “clamshell”-like,
neutral dimeric pyrophosphato complexes
of general formula {[M(bipy)],(#-P,0-)}
[M =Pd" (1) or Pt" (2)] were synthesized
and studied through single-crystal X-ray dif-
fraction, IR, *'P NMR spectroscopy, and
MALDI-TOF mass spectrometry. Compound
1 was synthesized through the reaction of
palladium(II) acetate, 2,2’ -bipyridine (bipy),
and sodium pyrophosphate (Na,P,0-) in
water. Compound 2 was prepared through
two different routes. The first involved the
reaction of the Pt" precursor Na,PtClg, bipy, and Na,P,O; in water, followed by reduction in DMF. The second involved the reaction of
the Pt" precursor K,PtCl,, bipy, and Na,P,0 in water. Both complexes crystallize in the monoclinic chiral space group Cc as hexahydrates,
1-6H,0 (1a, yellow crystals) and 2- 6H,O (2a, orange crystals), and exhibit a zigzag chain-like supramolecular packing arrangement with
short and long intra/intermolecular metal—metal distances [3.0366(3)/4.5401(3) A in 1a; 3.0522(3)/4.5609(3) A in 2a]. A second
crystalline phase of the Pt species was also isolated, with formula 2 - 3.5H,0 (2b, deep green crystals), characterized by a dimer-of-dimers
(pseudo-tetramer) structural submotif. Green crystals of 2b could be irreversibly converted to the orange form 2a by exposure to air or
water, without retention of crystallinity, while a partial, reversible crystal-to-crystal transformation occurred when 2a was dried in vacuo. *'P
NMR spectra recorded for both 1 and 2 at various pHs revealed the occurrence of a fluxional protonated/deprotonated system in solution,
which was interpreted as being composed, in the protonated form, of [HO=PO;]™ (P,) and O=PO; (Pg) pyrophosphate subunits.
Compounds 1 and 2 exhibited two successive one-electron oxidations, mostly irreversible in nature; however, a dependence upon pH was
observed for 1, with oxidation only occurring in strongly basic conditions. Density functional theory and atoms in molecules analyses

{[Pd(bipy)]2(u-P207)}-6H:20 {[Pt(bipy)]z{u-P:Oﬂ}—BH:O

showed that a d®—d® interaction was present in 1 and 2.

B INTRODUCTION

In recent years, pyrophosphate (P,0,*, PPi) compounds have
been extensively investigated due in large part to the ubiquity
of this tetra-anion in biological systems.' * The multidentate
nature of PPi also makes it an ideal ligand for the construction
of molecule-based materials with tunable dimensionality and
properties. A number of PPi coordination complexes of first-
row transition metal ions have now been prepared, and they have
shown intriguing and varied structural motifs, biological activity,
and/or magnetic properties.” ’ On the other hand, structural
reports on PPi cor[r\ljplexes with heavy metal ions are still rare;* in
fact, only a few Pt" monomeric compounds and a dinuclear Pt"
species have been structurally characterized to date.”*

Recently, one of us (R.P.D.) synthesized a number of Co", Ni",
and Cu" mono-** and dinudlear*® pyrophosphato complexes, and
these complexes demonstrated significant inhibitory concentrations

against ovarian cancer cell lines.”® The preparation of PPi—Pt"
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analogues seemed a natural extension of this research, to perform
comparative studies as well as mechanistic investigations. The
paucity of structural reports on PPi complexes, with second- and
third-row transition metal ions,* also inspired us to expand our
studies to include Pd". In fact, we were particularly interested in the
possibility of understanding the origin of the diverse chemistry
exhibited by Pd" and Pt" d°—d® dimers upon photoexcitation.®
Many square planar dimers of Rh', Ir', and Pt"! featuringg aweak
attractive d®—d® interaction between the metal centers’ display
interesting photophysical properties and reactivity.'® Electronic
excitation results in an increase in the M—M bond order from
slightly greater than zero to one (Figure 1).® Recently, given the
scarcity of information about the chemistry, photophysical
properties, and bonding of Pd" analogues,'' one of us (N.H.)
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Figure 1. Orbital energy level diagrams for interactions along the
metal—metal axis of two d° square Planar units, in both ground and
excited states, as applicable to Pt Rh', and It dimers. Here, a weak d®—
d® interaction between the metal centers results from overlap in the axial
direction between the valence d.. orbitals and symmetry-allowed mixing
of the d_> with the (n + 1) metal s and p, orbitals. This creates four key
orbitals related to metal—metal bonding in the following order of
increasing energy: one strongly bonding (do), one weakly antibonding
(do*), one weakly bonding (po), and one strongly antibonding (po™*).
Only the first two are filled, and hence, there is a weak metal—metal
interaction. In general, the HOMO of these complexes is the weakly
antisbonding orbital do*, and the LUMO is the weakly bonding orbital

po.

performed a study investigating the photophysical properties of a
family of Pd" dimers of the type [(2-phenylpyridine)Pd(u-X)],
and [(2-p-tolylpyridine)Pd(u-X)], (X = OAc, acetate; or
TFAc™, trifluoroacetate) and examined the bonding in known
Pd" dimers containing short Pd—Pd distances (less than 3.10
A).® We discovered that the LUMO in these systems is either a
low-lying ligand-centered orbital or a d,.—,. antibonding orbital,
so that the increase in Pd—Pd bond order upon HOMO—
LUMO excitation only results in one-half that of the other d*—d®
dimers. We postulated that the reason for the noted difference in
orbital ordering between the Pd" and Rh' and the Ir' and Pt"
species may be related to the “intrinsic”, unusually large ener
gap between Pd 4d,. and Ss/Sp orbitals compared with RhY Ir,
and Pt", which results in less symmetry-allowed mixing, but were
unable to compare complexes with the same li%and set.” Thus, we
set out to synthesize dimeric, isostructural Pd", and Pt pyropho-
sphato complexes and analyze their electronic structure.

We report here the synthesis and in-solution characteriza-
tion of neutral, “clamshell”-like dimers of general formula {[M-
(bipy) ],(u-P,0,)} [M = Pd" (1)" or Pt" (2)], where bipy
=2,2/-bipyridine. In both cases, crystals were grown and analyzed
through single-crystal X-ray diffraction to get one crystalline form
of 1, 1:6H,0 (1a, yellow prisms) but two different phases of 2,
namely 2+6H,0 (2a, orange prisms) and 2-3.5H,0 (2b, deep
green plates), these latter }%roviding arare case of polymorphism
among not-monomeric Pt ! species. In addition, we use DFT, as
well as the atom in molecules (AIM) approach to investigate the
bonding in 1 and 2 and demonstrate that they have identical
electronic structures.

B EXPERIMENTAL SECTION

Materials and Methods. Solvents and chemicals were of labora-
tory grade and were used as received. Water was distilled and deionized
to 18.6 MQ using a Barnstead Diamond Reverse Osmosis machine
coupled to a Barnstead Nano Diamond ultrapurification machine.
Centrifugation was carried out on a Sorvall RT machine at 4000 rpm

for 10 min at room temperature. Infrared spectra were recorded on a
Nicolet Magna-IR 850 Series II spectrophotometer as KBr pellets. FT-
IR signals are reported as sh = sharp, br = broad, s = strong, m = medium,
and w = weak. Electronic absorption spectra were obtained on a Varian
Cary 50 Bio spectrophotometer in 1 mL quartz cuvettes between 200
and 500 nm at room temperature. For molar extinction coefficient
derivations, compounds were dissolved in distilled water with final
concentration in the range of 107°—107° M [1: max 3.3 x 10~°
M, min 4.9 X 10 °M; 2: max 2.4 X 10> M; min 4 X 10~ ° M]. NMR
measurements were carried out on a Bruker Avance DPX 500 MHz
instrument, with samples typically made in 10% D,O. *'P NMR
chemical shifts are reported with respect to 85% phosphoric acid.
Aqueous 0.1% trifluoroacetic acid (TFA) and 0.1 M NaOH were used
during pH-dependent experiments. Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry was per-
formed on a Bruker Autoflex III Smartbeam machine by combining
matrix and samples typically in a 5:1, 10:1, or 20:1 v/v ratio. The matrix
consisted of a saturated solution of 0t-cyano-4-hydroxy-cinnaminic acid
(CHCA) in 0.1% TFA spiked H,O/MeCN (1:1 v/v). Elemental
analysis (C, H, N) were performed by QTI Intertek, Whitehouse, NJ.

Synthesis of [Pd(bipy)l>(#-P>07) (1). Palladium(II) acetate
(0.224S5 ¢, 1 mmol), 2,2'-bipyridine, bipy, (0.1249 g, 0.8 mmol), and
sodium pyrophosphate tetrabasic, Na,P,0-, (0.1595 g, 0.6 mmol) were
dissolved in 50 mL of water at 60 °C with stirring, and the reaction
mixture was left for 2 h. Suitable crystals for X-ray diffraction, identified
then as 1:6H,0 (la), were obtained within a few days by slow
evaporation of the solvent at room temperature. Yield 85% based on
bipy (limiting reagent). Analytical data for 1-5.SH,O (after drying
overnight in vacuo), CyoHy;N,O;,sP,Pd, (MW = 798.24 g/mol):
Caled. C, 30.09; H, 3.41; N, 7.02. Found: C 30.12, H 3.58, N 7.0S.
FTIR (KBr): 3403(br), 3077(sh), 1638(br), 1449(sh), 1203(s), 1112-
(sh), 1035(s), 1001(sh), 876(w), 767(sh) cm™'. MS (MALDI-TOF):
[M + H]" requires m/z 700; found 699.72. *'P NMR (10% D,0) (0):
10.74 ppm (pH 4—S5); 2.82 ppm (pH 10). UV—vis (H,0): 4., /nm (&/
M 'em ™) 208.0 (87200); 241.0 (41900); 304.0 (32800).

Synthesis of [Pt(bipy)],(#-P>07) (2). Method A. Sodium hexa-
chloroplatinate(IV), Na,PtClg, (0.5619 g, 1 mmol), bipy, (0.1249 g,
0.8 mmol), and Na,P,0, (0.2659 g, 1 mmol) were dissolved in S0 mL
of water at 60 °C with stirring, resulting in a bright yellow solution. The
reaction mixture was left to react for 2 h at this temperature. Yellow
needle-shaped crystals precipitated as the solution cooled, and these
were separated by centrifugation and identified as Pt(bipy)Cl," via
single-crystal X-ray diffraction (Supporting Information). DMF was
then added to the filtered solution in a 1:1 v/v ratio, and several
crystallization vials were prepared by layering S mL of this new solution
with § mL of CH,Cl,. Dark orange prismatic crystals of 2-6H,0 (2a),
suitable for X-ray analysis, were observed within several months
(estimated yield 20—25%), together with traces of well-shaped, deep
green plates of 2-3.5H,0 (2b).

Method B. Potassium tetrachloroplatinate(II), K,PtCl,, (0.4151 g,
1 mmol), bipy (0.1249 g, 0.8 mmol), and Na,P,0; (0.2659 g, 1 mmol)
were dissolved in 50 mL of water at 60 °C with stirring, and the reaction
mixture was left to react for about 45 min at this temperature. A brown
powder precipitated out of the pale yellow-brown solution, and this was
collected by centrifugation and subsequently dissolved in hot DMSO,
resulting in a dark-yellow-brown solution. X-ray quality crystals of
2-3.5H,0 (2b) grew as deep green plates from the DMSO solution
after about one month (estimated yield S—10%). When filtered from the
DMSO solution and exposed to humidity in the air, those crystals rapidly
converted to the orange form (vide infra). Preliminary attempts to
produce a Pt™ dimer via oxidation with HNO;/NaNO, failed, resulting
instead in the isolation of the Pt" monomer of formula Pt(bipy)-
(NO,),Cl, (3, Supporting Information). Analytical data for 2-
4.5SH,0 (after drying 2a overnight in vacuo), CyoH,sN4O;;sP,Pt,

2508 dx.doi.org/10.1021/ic1023373 |Inorg. Chem. 2011, 50, 2507-2520



Inorganic Chemistry

Table 1. Summary of Crystal Data for {[Pd(bipy)],(#-P,0,)]-6H,0} (1a), {[Pt(bipy)].(u-P,0,)]-6H,0} (2a),
{[Pt(bipy)],(u-P,0,)]-3.5H,0} (2b), and {[Pt(bipy)CL,(NO,),]} (3)

compound

formula

M,

crystal system
space group
a (A)

b/A

c(A)

o (deg)

B (deg)

7 (deg)

v (A%

V4

D, (gem™)
T (K)
F(000)

1 (Mo Ky (mm ™)

refl. collected

refl. indep. (Rin)
refl. obs. [I > 20(I)]
R* [I>20(1)] (all)

wR,! [I>20(1)] (all)
goodness-of-fit on F

abs. struct. param.

APrmax, min (eAis)

1:6H,0 (1a)

CaoH,8N4013P,Pd,
807.20
monoclinic

Cc

16.5454(8)
12.5799(8)
13.4291(8)

90

105.905(1)

90

2688.1(3)

4

1.995

98(2)

1608

1.531

6192

6192 (0.0000)
6040

0.0207 (0.0216)
0.0484 (0.0490)
1.041

0.000(14)
0.637 and —0.394

2:6H,0 (2a)

CaoH2sN4O 3P, Pty
984.58
monoclinic

Cc

16.5752(8)
12.5881(8)
13.5528(8)

90

105.973(1)

90

2718.6(3)

4

2.406

223(2)

1864

10.471

5997

5997 (0.0000)
5744

0.0209 (0.0224)
0.0413 (0.0418)
0.827

0.003(S)

1.256 and —0.984

2-3.5H,0 (2b)

Ca0H23N4010.5P>Pty

939.54
monoclinic
C2,/c
22.472(4)
12.765(2)
18.517(3)

90

111.797(8)

90

4932(1)

8

2.531

98(2)

3528

11.485

25756

5907 (0.0829)
4564

0.0513 (0.0734)
0.0865 (0.0923)
1.169

1.300 and —1.432

3

C,0HgCLN,O,Pt
514.19

triclinic

P-1

8.809(2)
9.011(2)
10.564(2)
98.40(2)
104.943(4)
118.56(1)
674.8(2)

2

2.531

223(2)

480

10.813

7050

3072 (0.0361)
2681

0.0338 (0.0457)
0.0604 (0.0638)
1.064

1.164 and —1.000

“Ry = Y (|Fo| —IF)/S|Fo|- " wRy = {3 [w(F,> — 21/ [w(F,>)*1} > and w = 1/[0*(F,*) + (mP)* + nP] with P = (F,> 4 2F.*) /3, m = 0.0270
(1a), 0.0000 (2a), 0.0254 (2b), 0.0233 (3), and n = 0.0000 (1a), 0.0000 (2a), 34.0724 (2b), 0.9889 (3)

(MW = 957.54 g/mol): Calcd. C, 25.09; H, 2.63; N, 5.85. Found: C
24.55; H, 2.18; N, 5.86. FTIR (KBr): 3448(br), 3077(sh), 1634(s),
1454(s), 1214(s), 1192(s), 1036(sh), 1001(sh), 878(w), 776(sh) cm ™.
MS (MALDI-TOE): [M + H]" requires m/z 877; found 877.02. *'P
NMR (10% D,0) (9): 14.03 ppm (pH 3.5—6.8); 2.85 ppm (pH 11).
UV—vis (H,0): Ama/nm (&/M 'em™') 203.0 (42700); 248.0
(38500); 307.0 (21000); 320.0 (16800); 363.0 (3850).

Crystal Structure Determination and Refinement. X-ray
crystallographic data for 1a and 2a were collected with a Bruker-AXS
SMART CCD diffractometer at 98 K using graphite monochromated
Mo K radiation (4 = 0.71073 A). The crystals where coated with
Paratone oil, attached to a glass fiber, and quickly transferred under the
cold nitrogen stream of the diffractometer. For data collection and
integration, the Bruker SMART™ and SAINT'® softwares were em-
ployed. Empirical absorption corrections were calculated using SADABS.'
The structures were solved by direct methods and subsequently completed
by Fourier recycling using the SHELXTL'” software packages and refined
by the full-matrix least-squares refinements based on F* with all observed
reflections (Friedel opposites not merged). All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms on water molecules of crystal-
lization in the structures of 1a and 2a were located on the AF map and
refined with restraints, with thermal factors fixed to 0.04 A%; hydrogen atoms
on the bipy ligands were refined using a riding model.

X-ray crystallographic data for 2b and 3 were collected with a Rigaku
Mercury 275R CCD (SCX mini) diffractometer at 223 K using graphite
monochromated Mo,K,, radiation. Data were collected and processed
using CrystalClear (Rigal(u).18 Data were corrected for Lorentz and
polarization effects; an empirical absorption correction was applied as
well. The structures were solved by direct methods,"” expanded using
Fourier techniques and refined by the full-matrix least-squares

refinements based on F* with all observed reflections. The non-hydro-
gen atoms were refined anisotropically, except O(1w) in the structure of
2b, to which only half occupation has been assigned because of disorder.
This water molecule, in fact, occupies a position close to a symmetry
element (the screw axis), which generates a symmetry-related water
position at a distance of only 1.18 A. Hydrogen atoms on water
molecules of crystallization in 2b were neither found nor calculated;
hydrogen atoms on the bipy ligands were refined using a riding model.
Neutral atom scattering factors were taken from Cromer and Waber.*°
Anomalous dispersion effects were included in Foy.g;>" the values for Af
and Af” were those of Creagh and McAuley.** The values for the mass
attenuation coefficients are those of Creagh and Hubbell.>* All calcula-
tions were performed using the CrystalStructure*® crystallographic
software package except for refinement, which was performed using
SHELXL-97."” Crystal data for 1la—3 are summarized in Table 1.
Selected bond lengths and angles for each compound are collected in
Table 2, while information related to hydrogen bonds is given in the
Supporting Information. CCDC reference numbers are 801206—
801209.

Electrochemistry. Electrochemical measurements were made on
aPrinceton Applied Research Versastat 4—400 potentiostat/galvanostat
using a standard three-electrode configuration. A basal plane graphite
electrode (surface area: 0.09 cm?) was used as the working electrode to
minimize background water oxidation. The electrode consisted of a
brass cylinder, sheathed in a Teflon tube. At the tip of the brass, a two-
part Ag conducting epoxy (Alfa Aesar) was used to firmly attach the basal
plane carbon electrode surface to the brass. Finally, the tip was sealed
with the organic solvent-resistant, electrically insulating, two-part epoxy
Tra-bond 2151 (Emerson and Cuming, Canton, MA). Immediately
prior to experiments, the working electrode was polished with 1 um
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Table 2. Selected Bond Distances (A) and Angles (deg) for
1a, 2a, and 2b“

la 2a 2b

M1-01 2.027(2) 2.036(4) 2.019(5)
M1-05 2.019(2) 2.038(3) 2.018(6)
MI1—-N1 1.992(2) 1.991(4) 1.953(7)
M1—N2 1.985(3) 1.975(4) 1.970(7)
M2—02 2.030(2) 2.049(4) 2.018(6)
M2—06 2.015(2) 2.031(3) 2.016(6)
M2—N3 1.990(2) 1.987(4) 1.968(8)
M2—N4 1.988(2) 1.974(4) 1.971(7)
MI---M2 3.0366(3) 3.0522(3) 3.0318(6)
01-M1—-05 91.73(8) 90.4(1) 89.5(2)
O1—MI1—N1 92.8(1) 93.8(2) 93.8(3)
O1—M1—N2 172.6(1) 173.6(2) 173.7(3)
05—M1—N1 175.3(1) 175.4(2) 176.3(3)
0O5—MI1—N2 94.2(1) 94.8(2) 94.9(3)
N1—-M1—N2 81.3(1) 81.1(2) 81.7(3)
02—M2—-06 91.1(1) 89.6(1) 92.0(2)
02—M2—N3 94.0(1) 95.2(2) 92.7(3)
02—M2—N4 175.6(1) 176.6(2) 174.5(3)
06—M2—N3 173.9(1) 174.0(2) 175.2(3)
06—M2—N4 93.4(1) 93.8(2) 93.3(3)
N3—M2—N4 81.5(1) 81.5(2) 82.0(3)

“ Symmetry operation used to generate equivalent atoms for 1a, 2a: (a)
x,1—y,—05+zfor2b: (a) 1.5 —x,0.5—y,1—z (b) +x1+y,+z
See Figure 6.

alumina paste, washed with copious amounts of water, and allowed to
dry completely. Then, the surface of the working electrode was
resurfaced with tape to restore the gray, basal surface. For aqueous
electrochemical experiments, a platinum wire was used as the counter
electrode, and a Ag/AgCl reference electrode (Bioanalytical Systems,
Inc.) was used as the reference electrode (NHE vs Ag/AgCl: +197 mV).
Experiments were carried out in unbuffered solutions containing
0.1 M KNOj; (Johnson Matthey, electronics grade) as the supporting
electrolyte.

Computational Details. All geometry optimizations were per-
formed using Gaussian 09 Revision A.02.>° The LANL2DZ basis set was
used for Pd and Pt, and the 6-31G++(d,p) basis set was used for all
other atoms. The LANL2DZ pseudopotential was used for Pd and Pt.
Frequency calculations were performed on all optimized structures to
ensure that they were true minima. Fragment analysis was performed
using the Amsterdam Density Functional (Version ADF2007.01)
package, with the geometry determined from the Gaussian optimi-
zation.”® TZP basis sets were used with triple-£ accuracy sets of Slater-
type orbitals, with polarization functions added to all atoms. Relativistic
corrections were made using the ZORA (zero-order relativistic ap-
proximation) formalism,*” and the core electrons were frozen up to 1s
for C, N, O, and F, 2p for P and Cl, 3d for Pd, and 4d for Pt. The local
density approximation of Vosko, Wilk, and Nusair’® was utilized. All
quoted electronic structure data from optimized structures use an
integration grid of 6.0. The fragment analyses used the MOs of the
chosen fragments as the basis set for the molecular calculation, and initial
spin restricted calculations were carried out on the fragments with the
geometry that they had in the molecule; thus, the fragments were in a
prepared singlet state. Neutral fragments were chosen as this assisted in
drawing up the MO diagrams. Topological analyses of the electron
density were performed using the XAIM program,” which located and
characterized the critical points.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Compound 1 was synthe-
sized in good yield by reacting palladium(II) acetate, either in its
monomeric Pd(OAc), or trimeric [Pd(OAc),)]; form, with
solid bipy and sodium pyrophosphate in water, in a quasi-
stoichiometric molar ratio. The reaction mixture was stirred
and heated at 60 °C for two hours. Typically, bipy was added
to the Pd" salt solution in less than the required 1:1 molar ratio to
minimize any loss of metal as a homoleptic bipy species (as found
in the ESI mass spectrum of the crude stoichiometric reaction),
while PPi was added in slight excess (0.6:1vs 0.5:1 molar ratio) to
ensure metal coordination. Prismatic yellow crystals with com-
position 1:6H,O (1a) were grown by slow evaporation of the
mother liquor in about a week. Palladium(II) chloride, dissolved
in water by means of KClI addition, was also used as a source of
Pd". In this case, a larger excess of PPi (typically 4—5 fold) was
required to form the dimer, presumably due to the considerable
amount of chloride ions in solution competing for metal co-
ordination. A third route via Pd(bipy) (NO3), as starting material
has also been reported by ref 12.

Compound 1a was characterized by elemental analysis, powder
and single-crystal X-ray diffraction, >'P NMR and IR spectroscopy,
and mass spectrometry. The IR spectrum of 1a as a KBr pellet
showed a large broad band centered at 3403 cm™ ' and a small
sharper one at 3077 cm™ ' due to the presence of water molecules
involved in hydrogen bonding; bands associated to the bipy ligand
are observed at 1693 and 1449 cm™ > The pyrophosphate P—O
stretch, which usually appears as a broad band centered around
1100 cm™ " with shoulders at +30—100 cm ™, appeared instead as
two sharp bands at 1036 and 1001 cm ', suggesting a strong
dependence on the coordination environment, as already pointed
out elsewhere.” MALDI-TOF mass spectrometry performed
using water or aqueous 0.1 M KNOj solutions of la gave the
[M + H] " ion centered at m/z 700 [{H[Pd(bipy)],(P,0,)} 1.
Other relevant fragments, such as {[Pd(bipy)],(PO,)}" (m/z
620) and {H[Pd,bipy](P,0,)} " (m/z 545), were also identified.
In each case, the observed patterns were consistent with the
natural isotopic distribution (Supporting Information).

Compound 2 was prepared using two different routes, sum-
marized in Scheme L In the first route (method A), a solution
containing sodium hexachloroplatinate(IV), bipy, and sodium
pyrophosphate in a 1:0.8:1 ratio was reacted in pure water for 2 h
at 60 °C. The solution was cooled to room temperature, and then
DMEF was added to prepare a 1:1 v/v solution. Layering with
dichloromethane generated orange crystals after seven to eight
months, which were confirmed as {[Pt(bipy)],(u-P,O,)]"
6H,0}(2a) by X-ray crystallography. This synthetic method
was highly reproducible, although the yield of 2 was only around
20—25% after crystallization. We believe that DMF is the
reductant for the reduction of Pt" to Pt".3" If the reaction was
performed in absence of DMF, we obtained high-quality single
crystals of Pt(bipy)Cly,"* with no evidence for a Pt" product
(Supporting Information). Along with the isolated orange crys-
tals of 2a, small dark green plates were also observed in the
reaction mixture. They usually appeared, in trace quantities, after
the removal of the first aliquot of orange crystals from the
reaction mixture. Single-crystal X-ray diffraction experiments
determined that these crystals were a different polymorph of 2,
with composition 2+3.5H,O (2b).

Investigation of the H,O/DMF reaction mixture via MALDI-
TOF spectrometry indicated that the formation of 2 is a very slow
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Scheme I. Compound 2
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process, given that the complex could only be detected in solu-
tion after several weeks. Dimer formation could be accelerated by
adding a larger excess of pyrophosphate and heating for longer
times. In particular, an aqueous solution containing Na,PtCly,
bipy, and Na,P,0O, in a 1:1:2 molar ratio was prepared and
incubated at 50 °C for two weeks. This solution was mixed with
DMF in a 1:1 v/v ratio and then separated in several vials and
layered with CH,Cl,. X-ray quality crystals of 2a (but not 2b)
were observed growing at the interface after 4—5 weeks in low
yield.

Compound 2 was also synthesized starting directly from Pt"
(method B). In this case, potassium tetrachloroplatinate(1I),
bipy, and sodium pyrophosphate were mixed in water in a 1:0.8:1
ratio. The reaction was heated at 60 °C for 30—4S5 min, resulting
in a pale yellow-brown solution (longer reaction times resulted in
the precipitation of a certain amount of black Pt°). The reaction
mixture was allowed to cool to room temperature, which caused a
brown powder to precipitate out of solution. After centrifugation,
the solution was decanted, and the precipitate was dissolved in
hot DMSO, producing a dark yellow-brown solution. X-ray
quality crystals of 2b appeared in this solution after about one
month, as deep green (“black”) plates. Although this method
could be repeated with a high level of reproducibility, analysis of
the dried brown precipitate from the initial reaction mixture
using IR spectroscopy did not suggest the presence of any
pyrophosphate in the sample. Moreover, if this dried precipitate
was dissolved in hot DMSO, no crystal formation was observed.
On the basis of the IR spectrum and the solubility in hot DMSO,
we hypothesize that this initial precipitate may be Pt(bipy)Cl,.*>
Compound 2 only crystallizes because of the small amount of
pyrophosphate incorporated in the reaction mixture as a con-
sequence of the decanting process. This appears to be consistent
with the extremely low yield detectable via this route (estimated
5—10% based on Pt). However, we have been unable so far to
generate 2 in control experiments involving preformed Pt-
(bipy)Cl, dissolved in DMSO in the presence of sodium
pyrophosphate. This suggests that the exact concentration of
the reagents may play an important role, and that the system
requires further investigation to be fully understood.

Interestingly, the deep green crystals of 2b obtained as a major
product from method B and a minor product from method A
turned orange very rapidly when left standing in air on filter paper
or exposed to a minimum amount of water (Figure 2). We
believe that this color change is caused by incorporation of

Figure 2. (Left) Rapid transformation of 2b (deep green) into 2a
(orange) with the crystals being in touch with a minimum amount of
water. (Right, a—d) Monitoring the drying effect on X-ray quality
crystals of 2a (orange): Note the transition from a bright orange color
to opaque “black”. (e) Effect of adding a drop of water into the vial
containing the dried crystals (d).

additional solvent molecules in the crystal, resulting in larger
dimer—dimer separation. X-ray diffraction analysis (vide infra)
strongly supports this hypothesis, as the orange polymorph
contains more water molecules than the deep green one. The
process did not happen with retention of crystallinity, and orange
crystals obtained by solvation of the deep green crystals were not
suitable for X-ray diffraction. Further support for the proposal
that the color change is attributable to different levels of solvation
was obtained from the following experiment: when X-ray quality
crystals of 2a grown following method A were dried in vacuo, a
progressive and slow color change from bright orange to opaque
“black” was observed, presumably as some solvent was removed.
Complete conversion to a black material did not happen even
after prolonged drying in vacuo, and the material returned back
to the “original” bright orange color after a few minutes of
exposure to air. This “reconversion” to the orange product occurs
instantaneously with addition of a drop of water to the partially
opaque-“black” crystals (Figure 2 and Figures S1—S2 of the
Supporting Information).

Elemental analysis conducted on a crystalline sample of 2a
dried overnight in vacuo were consistent with the formulation
2+4.5H,0. This supports our hypothesis that 2a cannot be fully
converted to 2b. The infrared spectra of 2a and 2b as KBr pellets
in the range 4000—400 cm ™ were superimposable and almost
identical to the spectrum of 1a, showing again the pyrophosphate

P—O stretch as two sharp bands at 1036 and 1001 cm .
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Figure 3. *'P NMR spectra of 1 (a) and 2 (b) in H,O (10% D,O)
recorded at various pHs. For analogous plots in aqueous 0.1 M KNO;
(Supporting Information).

MALDI-TOF mass spectrometry performed using water or
aqueous 0.1 M KNOj solutions of 2a/2b gave the [M + H] ™"
ion centered at m/z 877 [{H[Pt(bipy)],(P,0,)} "], as well as
the sodium and potassium adducts [M + Na] ™ (m/z 899) and
[M + K] (m/z 915), respectively. The fragment {[Pt(bipy)],-
(PO,)} " (m/z797) was also identified. In each case, the observed
patterns were consistent with the natural isotopic distribution
(Supporting Information). *'P NMR and electronic absorption
spectra (vide infra) of either 2a or 2b dissolved in water were
identical.

3P NMR Characterization. *>'P NMR spectra of la and
either 2a or 2b recorded at various pHs [approximate range
3.5—12] in pure water or aqueous 0.1 M KNOj solutions
unexpectedly displayed two different peaks at pHs close to
neutrality (Figure 3 and Figure S3 of the Supporting In-
formaiton), indicating the presence of (i) two different species
or (i) two nonequivalent phosphate atoms, P, (A) and Pg (B).
As the pH was lowered or raised, full conversion to a single
product was observed, suggesting the occurrence of an equilib-
rium between protonated—deprotonated states of the PPi anion
[hypothesis (i)]. The exact site of protonation is unknown but
presumably occurs at one of the P=O bonds (Scheme II). The

Scheme II. AA Ab, and BB Systems

\\“/°\°‘// \\ﬂ/ \a// - °\\3/°\'?=.// P
1™ 1 ™o e 1™
Sy sty Oy
AA system AB system BB system (1 or 2)

Possible protonation/deprotonation pathways:
(a) AA<— AA+BB-— BB
(b) AB-<—AB+BB -—BB

protonation event is fully reversible, and it is possible to cycle
between 1 or 2 and the protonated species, with no decomposi-
tion. Clearly, the product of protonation is either symmetrical or
fluxional on the NMR time scale, as only one phosphorus
environment is observed at low pH. Two possible explanations
can be found to justify the observed situation: (a) the existence of
a symmetrical AA + BB system (H,P,0,> + P,0,*: 2P, +
2Pg) at neutral pH, with form BB being prevalent at high pH
values and form AA prevalent at low pH values or (b) the
occurrence of an “AB (low pH) — (AB + BB) (neutral pH) —
BB (high pH)” type of pH-dependent equilibrium, where the
intermediate AB is only protonated at one phosphorus atom. In
this case, fast proton exchange on the NMR time scale pre-
sumably results in only one *'P resonance for AB. In both cases,
the singlet observed at high pH should be attributed to 1 or 2
(with two equivalent Pg atoms). Mass spectrometry data re-
vealed the presence of the [M + H] " ion in acidic solutions of 1
and 2. On this basis, we believe that route (b) is most likely to
describe the in-solution behavior of these systems, especially
given that a double protonation of the PPi would greatly increase
the possibility that the ligand would dissociate completely. It
should be noted that a third hypothesis could have been made,
i.e., the existence of a nonfluxional AB system (HP,O,> : Py +
P,g) at neutral pH, which gradually interconverts into symme-
trical AA (H,P,0,”": 2P,) or BB (P,0," : 2P4) when ap-
proaching acidic or ba51c pHs, respectively. Thls, however, would
have required the observation of identical integrations for the
two peaks observed around neutral pH, which we do not observe.

Chemical shift data (water solution) for the protonated—
deprotonated species are 10.74 (P,,) and 2.82 (Pg) ppm for 1 and
14.03 (Py) and 2.85 (Pg) ppm for 2, respectively. Only minimal
differences can be observed between the spectra recorded in
water or 0.1 M KNOj solutions, with both peaks shifted by about
+0.1 ppm in the latter case with respect to the former. These
numbers are in good agreement with chemical shift values in the
range of 1.8— 2 4 reported by Bose et al. for fully de ;)rotonated
monomeric Pt" and Pt" pyrophosphato complexes.

Solid State Structures of {[Pd(bipy)l,(#-P,0;)]-6H,0}
(1-6H,0 = 1a), {[Pt(bipy)],(«-P,0,)]-6H,0} (2-6H,0 = 2a),
and {[Pt(bipy)l>(«-P>07)]-3.5H,0} (2-3.5H,0 = 2b). The
solid state structures of compounds 1 and 2 consist of neutral,
“clamshell”-like dimers made up of two [metal-(bipy)]*" units
linked together by a classical bis-bidentate tetra-anionic pyropho-
sphate group. The geometry around the metal center is distorted
square planar. Compound 1 crystallizes in the monoclinic chiral
Cc space group as hexahydrate, 1-6H,0 (1a, see also ref 12),
while 2 exists in two solid-state forms: 2+ 6H,0 (2a) (Cc space
group, orange polymorph) and 2-3.5H,0 (2b) (C2,/c space
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Pt--Pt=23.0522(3) A

Pt---Pt=3.0318(6) A

Figure 4. ORTEP (30% probability level) of the dimeric unit in 1, 2a, and 2b, with the atom numbering scheme.

group, deep green polymorph). In each case, the crystallographic
asymmetric unit is composed of the entire (noncentrosymmetric)
dimeric unit and the solvent molecules. A perspective drawing of the
{[M(bipy)]o(u-P,O;)} complex in la and 2a/2b is given in
Figure 4; the same atom numbering scheme has been adopted for
all compounds. Selected bond distances and angles are listed in
Table 2, while details of bonds involving hydrogen atoms are given
in Tables S1—S2 of the Supporting Information.

The structures of the two hexahydrated analogues 1a and 2a
are virtually identical in terms of unit cell parameters (Table 1)
and atomic positions, either within the dimeric unit or the solvent
region. In both cases, the distance between the two metal centers
is around 3 A [3.0366(3) A in 1a (3.0511(3) A according to ref
12) and 3.0522(3) A in 2a]. This is consistent with a weak d*—d*
interaction (the sum of the van der Waals radii for Pd and Pt are
3.26 and 3.50 A, respectively®®), although geometrical con-
straints of the ligands may in principle be crucial in determining
the metal—metal separation, and a theoretical investigation of
the bonding is thus required to establish that (vide infra). The
two bipy molecules do not deviate substantially from planarity,
and the dihedral angle between their main plane is about 3.7—
3.8°. The interplanar distance (calculated by averaging the
distance from each ring centroid to the main plane defined by
the opposite molecule) is about 3.5 A. These values are indicative
of a strong intramolecular 77— interaction. The dihedral angle
between the two metals coordination planes is also very small for
this class of “clamshell”-like complexes, being 17.0(1)° in 1a and
17.5(1)° in 2a (note that the O« +O distance in the bridging
O—P—0 moiety is about 2.5 A versus the 2.2—2.3 A span offered
by the most commonly used bridged ligands). The M—O and
M~—N distances are as expected, and the average torsion angles

Scheme III. M1 and M2 Coordination Planes

M2 coordination
plane

[X—M1---M2—X/; X = O, NJ are about 5.1° in 1a and 4.8°
in 2a.

The introduction of additional quantities here may be useful to
provide a more detailed description of the molecular distortion
along an “ideal” direction, normal to the average metal coordina-
tion plane (usually one of the unit cell axes): the dihedral angles
between the M1—M?2 direction and the direction of the projec-
tion (i) @, of M2 on the M1 mean plane, and (ii) &, of M1 on the
M2 mean plane (Scheme III). For an ideal coplanar and eclipsed
conformation, oL = @’ = 0°. For an eclipsed (but not coplanar)
conformation & = @’ # 0° and for a noncoplanar and non-
eclipsed conformation, o # o', In the case of 1a and 2a, 0. and o
assume values of 12.2 and 10.2°, and 11.9 and 10.3°, respectively.
Beside accounting for the already noted small dihedral angle
between the two metal ion coordination planes, these values also
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Figure S. Side and top views of the 1-D arrangement of [Pt(bipy)],(u-
P,0,)] dimersin2a (a) [(a) x, 1 —y,—0.5+z] and 2b (b) [(a) 1.5 — x,
05—y 1—z(b)+x1+y+z]

indicate that the two metal ions in the dimeric unit are almost
perfectly eclipsed along an “ideal” axial direction, which in this
case corresponds to the crystallographic ¢ axis (Figure ).

In the polymorph 2b, the metal—metal separation is 3.0318(6)
A, while the interplanar distance between the two bipy molecules is
about 3.5 A, in agreement with that already observed in 2a and 1a.
This suggests the nature of the bridging and capping ligands dictate
key molecular parameters, independently from crystal packing
effects. However, several slight differences can be noted between
the dimeric molecule in 2a/la and 2b. First, the dihedral angle
between the two Pt" jons coordination planes is 19.3(1)° in 2b, and
the angle between the two bipy main planes is 8.9(1)°, indicating a
weaker intramolecular 77— overlap with respect to the one
detected in the first two structures. The average torsion angle
[X—M1- - -M2—X/; X = O, N] is about 4.4°, while the previously
defined ot and o' angles assume values of 5.8° and 18.5°, respec-
tively. This large difference between ot and 0/, not noted in 2a/1a, is
an indication that in 2b the two metal ion coordination planes are
significantly shifted with respect to each other along the direction
perpendicular to coordination (in this case, the crystallographic b
axis), and in fact, the {[Pt(bipy)],(4-P,O;)} unit is more “dis-
torted” in 2b with respect to 2a (Figure 4).

The analysis of the crystal packing in la—2a/2b revealed
significant analogies and differences that can be found between

the Cc and the C2;/c unit cells. In both cases, the dimeric units
are arranged in supramolecular chains running along the crystal-
lographic ¢ (for 1a/2a) or b (for 2b) axis, mainly driven by
hydrogen bonding interactions. Intermolecular t—s overlap
between the bipy ligands are also observed in the Cc packing
(1a/2a), with adjacent dimeric units twisted by about 60° with
respect to one another (Figure Sa). This results in a zigzag
arrangement of the dimeric units along the ¢ axis, with long
metal—metal intermolecular separations [4.5401(3) A in 1a and
4.5609(3) A in 2a] and M2—M1—M2a and M1—M2a—MIla
angles of about 154 and 136° in la and 155 and 137° in 2a,
respectively [(a) x, 1 — y, —0.5 + z, see Figure Sa]. No such
interdimeric aromatic interactions are observed instead in the
C2;/c unit cell, given that two closely packed dimeric units
are related by an inversion center and, thus, tilted 180° with
respect to one another (Figure Sb). The resultant dimer-of-dimers
(pseudo-tetramer) structural submotif is characterized by inter-
dimeric and intertetrameric Pt- - - Pt distances of 3.1177(8) and
4.5033(9) A, respectively, and Pt2—Pt1—Ptla and Ptla—Pt2a—
Pt2b angles of about 151° and 137° [(a) 1.5 — ,0.5 —y, 1 — z;
(b) + x, 1 + y, + z, see Figure Sb].

The “clamshell”-like geometry adopted by this series of
complexes, although not common, has been observed in a few
other square planar Pd" and Pt" dimers characterized, as in 1 and
2, by a mixed bridging/capping ligand set. >3 However, to
the best of our knowledge, 1 and 2 represent two rare examlples of
isostructural®* as well as neutral dinuclear Pd" and Pt" com-
pounds. This latter point appears particularly relevant when
considering the polymorphism exhibited by 2. In fact, after a
thorough search in the Cambridge Structural Database
(November 2010), the occurrence of a similar packing variance
could be only detected for one literature Pt"" species, the cationic
complex of formula {[Pt(NH3), ],(0t-pyrrolidonato), }>*, which
was found to crystallize as isolated dimers (P-1 space group,
colorless crystals)* or “dimer-of-dimers” (C2,/c space group,
brown-yellow crystals),**® depending on the presence of sulfate
or mixed nitrate/hexafluorophosphate counterions, respectively.
The existence of the two crystalline forms of 2, given the neutral
nature of the complex, is associated with solvation effects.

Interestingly, the “dimer-of-dimers” structural motif found in
2b and the brown polymorph®® of the cited a-pyrrolidonato
system, typical of the famous mixed-valent “platinum blue”*®
class of materials, is still quite unusual among Pt (Table 3)*® or
Pd" complexes,”” and it appears now well established that pseudo-
tetranuclear structures of this type immediately separate into
dimers upon dissolution in aqueous media.**® Of note, the
pyrophosphato-dach [dach = trans-1,2-cyclohexanediamine]
Pt" analogue of formula {[Pt(dach)],(u-P,0,)]-4H,0},
recently described by Bose et al.,”* also shows this type of
crystal packing, although no evidence of polymorphism have
been reported by the authors for this species.

When analyzing the polymorphism exhibited by 2, with
interdimeric Pt- - -Pt interactions present in the dark green
(“black”) polymorph 2b but not in the orange phase 2a, other
structural considerations are due. For instance, an analogy
between 2b—2a and the crystal packing of the “red” (Cmcm unit
cell, close Pt- - - Pt contacts) and “yellow” (Pbca unit cell, lon,
Pt- - - Pt separations) forms of the prototypical Pt(bipy)CL,>
monomer species can be easily found. Interestingly, although
shorter intermolecular Pt- - - Pt interactions have been found to
generally result in less dense structures,>® this principle does not
apply to 2a and 2b (Table 1).
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Table 3. Dimeric Pt" Complexes with a Dimer-of-Dimers (Pseudo-Tetramer) Packing Motif* b

Brideing lizand Co- Counterion Crystallization Space M-M . Crystal CCDC
ging s ligand solvent group distance/A" color Refcode (ref)
. 3372
PPi dach - H,O0 P-1 3237 colorless (7a)
1Bu
dach, . 3037
. )\NW NH, ClO, acetone P2l/n 3226 colorless GELYIG (36a)
Pivalamidato
iPr
. 2.988,3.025 IQUGUW
O)\o, NH, Clo, - Pl 3262.3.305  Yellow (36b)
Isobutyrato
HOOC | \
. 2902 dark
) . NH, NO, H,O C2/c 3182 green AJUHOC (36¢)
©

5-Carboxy-a-Pyridonato

H

H;C,,,‘ CH;
J/il bipy NO; H.O
o” ™y

2.833,2.845 deep

P-1 3201 violet WIMJUX (36d)
¢}
3.3-Dimethylglutarimidato
& . . 3.029 brown-
" o NH, PF,,NO, H,0 C2le 185 yellow JASMOF (36¢)
a-Pyrrolidonato
ch\
3 3.131
o%;o NH, NO, H,0 P-1 3204 yellow  BOTFIZ (36f)
1 -Melhylh?dantoinalo
AN . ) 2.991 CATMEP
Q en NO, P2l/c 3235 yellow (362)
N o . ) 2.877 green-
N P%donaw NH, NO, P2l/n 3129 yellow PRDPTC (36h)

¢ CCDC search November 2010. ® Intradimeric distance, interdimers (intratetrameric) distance.

Electrochemistry. Cyclic voltammograms of 1—2 in aqu-
eous 0.1 M KNOj are shown in Figures 6 and 7. Note that CVs
were recorded at different pHs for 1. *'P NMR spectroscopy was
used to confirm that the KNOj; electrolyte does not react with 1
or 2, and it was demonstrated that the presence of KNOj; does
not interfere with the protonation event, which occurs around
neutral pH. The CV of 1 at pH 10.5 shows two irreversible
oxidations at 1.25 and 1.55 V versus NHE. By analogy to our
previously described [(2-phenylpyridine)Pd(u-X)], and [(2-p-
tolylpyridine)Pd(u-X)], (X = OAc™, acetate; or TFAc
trifluoroacetate) systems,® we assi§n these to the Pd"—Pd"/
Pd"—Pd" and the Pd""'—Pd™/Pd"—Pd™ couples. The poten-
tials of the Pd"—Pd"™/Pd"—Pd" as well as the Pd"'—Pd"/
Pd"—Pd™ couples in 1 are also comparable with those reported
recently for a binuclear palladium benzoquinoline acetate
complex.® At pH 8.5, the CV of 1 still displays two irreversible
oxidations, but the area under the peaks is diminished. At pH S.5,
no oxidations are observed. Presumably at pH 5.5, the solution
only contains the protonated version of 1, which would be
expected to be much more difficult to oxidize. At pH 8.5, a

mixture of 1 and the protonated species is present, reducing the
intensity of the observed oxidations. The CV of the Pt complex
2 is similar to the Pd complex. The voltammogram displays two
quasi-reversible oxidations centered at 0.9 and 1.1 V versus
NHE, and these have been assigned to the same oxidation
events as for Pd. Not surprisingly, it is easier to oxidize the
heavier transition metal. Preliminary attempts to produce Pd"™
or Pt""" dimers by chemical oxidation of 1 or 2 failed, resulting
instead in complex decomposition and formation of monomers
with the metal ion in either a 42 or +4 oxidation state. In the
case of platinum, a new species was isolated by reacting 2a (or
2b) with NaNO, and concentrated HNO;, the Pt"Y monomer
of formula Pt(bipy) (NO,),Cl, (3, see Table 1 and the Support-
ing Information).

Photophysics. UV—vis absorption spectra of 1 and 2 are
shown in Figure 8; molar absorptivity data are listed in Table 4.
Both 1 and 2 obey Beer—Lambert’s law in low concentration
conditions (10 °—10"° M, see Experimental Section), which
suggests that no aggregation of the dimeric units is occurring in
solution.® The absorption profiles are similar for both Pt and Pd,
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Figure 6. Cyclic voltammogram of 1 in aqueous 0.1 M KNOy3, at various
pHs.

Potential (mV vs. NHE)

Figure 7. Cyclic voltammogram of 2 in aqueous 0.1 M KNOj (the
dotted line is the 0.1 M KNO; control).

and neither compound absorbs strongly in the visible region. The
high energy peaks are probably attributable to [7—7*] intra-
ligand (IL) transitions, while the peaks at the edge of the visible
region are most likely the result of metal to ligand charge
transfer.*”®® In most cases, the bands for the Pt species are
found at slightly lower energy compared to the analogous bands
in the Pd species, and an additional broad band is seen at 363 nm
for 2. The origin of this band is unclear at this time. In contrast to
other d®*—d°® dimers, luminescence was not detected from either
1 or 2 at room temperature upon excitation of any of the UV—vis
bands. This is consistent with the results of our analysis of
bonding (vide infra).

Density Functional Theory Analysis of Bonding in Com-
pounds 1—2. As mentioned earlier, compounds 1 and 2
represent a rare example of isostructural Pd and Pt compounds,

20,000

0 T T v T N T N T v T i

200 250 300 350 400 450 50C
wavelength (nm)

Figure 8. Electronic absorption spectra of 1 and 2 in water solutions

(pH 7).

Table 4. Electronic Absorption Data for 1 and 2

1 2
Ao () Ep M em™Y) A (am) g (M em ™)
208.0 87200 203.0° 42700
241.0 41900 248.0 38500
304.0 32800 307.0 21000
320.0 16800
363.0 3850

“This band is observed at the edge of the spectral window, and the molar
absorption coeflicient may not be accurate.

which appear to potentially feature a d®—d® interaction. We
performed a DFT study in order to further understand the
bonding in these species. In general, DFT is poor at modeling
weak interactions such as 77-stacking, hydrogen bonding, and van
der Waals interactions.*® Optimization of the geometry of 1 and
2 using density functional theory proved extremely difficult
(Tables S6 and S7 of the Supporting Information). A variety of
different functionals were tested, and the majority gave poor
results. In general, functionals that gave the wrong structure
predicted a “pseudo” planar geometry with no short metal- - -
metal distances and no intradimeric 77— stacking between the
bipyridine rings. The exact reasons why some functionals per-
formed better than other are unclear, and there appear to be no
obvious trends for determining which functionals performed
best. All pure functionals failed (TPSS could not even produce an
optimized structure) and the performance of hybrid functionals
was mixed. Interestingly, the hybrid functionals BH&H and
BMK were able to reasonably accurately reproduce the experi-
mental geometry for the Pd complex 1, but failed for the Pt
complex 2. A MP2 calculation on 1 gave the correct “clamshell”
geometry. However, the Pd---Pd distance was significantly
shorter than the experimental value, and the molecule took
almost one month to optimize on eight processors. The best
results were obtained with the SVWNS functional (see the
Supporting Information for full comparison), which is essentially
a local spin density approximation, and all further analysis was
performed using this method.
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Figure 9. Graph of relative total energy of 1 as the intradimeric
Pd- - - Pd distance is varied (the lowest energy point, Pd- - - Pd = 2.98
A, is defined as 0).

In order to determine the importance of the M- - - M distance
to the overall energy of the molecule, a linear transit calculation
was performed on 1. In this calculation, the Pd- - - Pd distance
was held constant at several different values, while the rest of the
molecule was optimized. The results are shown in Figure 9.
Surprisingly, given the problems optimizing the structure of 1,
the potential well is reasonably steep, and small changes
(anything greater than 0.15 A) to the Pd- - - Pd distance result
in a large change to the energy of the molecule. As the Pd- - -Pd
distance is decreased, the bipyridine rings twist, so that the rings
are no longer perfectly aligned. This geometry change presum-
ably occurs because as the Pd- - -Pd distance is shortened, the
rings are brought closer together, and the 77— interactions start
to become repulsive. In contrast, as the Pd- - -Pd distance is
increased, the rings stay aligned, but the metal—metal interaction
almost certainly becomes weaker. This suggests that the experi-
mental metal—metal distance is a combination of the optimal
distance for a metal—metal interaction and a 77—/ interaction,
although the importance of the geometrical constraint imposed
by the PPi ligand is not easily derivable by this analysis.

In order to probe the bonding in 1 and 2, a fragment analysis was
performed in which the molecules were split into Pd, (or Pt,),
P,05, and (bipy), units. The calculations indicate that 1 and 2
possess the same electronic structure. In both cases the HOMO is a
mixture of a d,- 0 M—M antibonding orbital combined with the
lone pairs of the oxygen atoms of the bridging pyrophosphate
ligands, while the LUMO and close-lying empty orbitals are located
on the bipyridine rings and possess mainly ligand character. The
M—M o-bonding character orbital (a mixture of both d_. and dxy) is
spread over three MOs and mixes with the pyrophosphate ligands.
As expected, there are a number of occupied nonbonding metal
orbitals and ligand-based orbitals between the HOMO and the M—
M bonding orbitals. One of these orbitals, HOMO-5, includes
another lower energy linear combination of the HOMO, a d.. o*
M—M antibonding orbital combined with oxygen lone pairs.
Selected molecular orbitals of 1 are shown in Figure 10. Table §
gives the percentage contribution from the Pd" or Pt" ions to key
orbitals of 1 and 2, respectively.

The percentage contribution from the metal centers to the key
orbitals involved in M—M bonding clearly demonstrates that
mixing between the valence d_: and (n + 1) s and p orbitals is
occurring. As expected from our previous studies, the contribu-
tion from the (n + 1) p and s orbitals is greater for Pt" than Pd".®
From the fragment analysis, a Pd—Pd bond order of 0.19 was

HOMO -12 HOMO -11

HOMO -10 HOMO -5

HOMO LUMO

Figure 10. Selected molecular orbitals of 1.

calculated for 1, and a Pt—Pt bond order of 0.20 was calculated
for 2.*' This is consistent with a weak bonding interaction. The
AIM approach,* which uses topological analysis of the electron
distribution to characterize bonding interactions, confirms the
presence of metal—metal bonding interactions in 1 and 2. In
both cases, (3, —1) bond critical points (indicative of the
presence of a bonding interaction)** centered between the two
Pd (or Pt) atoms were found. The ellipticity values were 0.06 for
1 and 0.04 for 2, indicating a 0-bonding interaction.

From these calculations, it is clear that the bondin% inland?2
is very similar, and that both species feature a weak d*—d® inter-
action. Because of the ligand-centered LUMO, upon excitation,
the M—M bond order only increases by 0.5, and as a result 1 and
2 are not expected to display the photophysical properties of Pt,
Rh, and Ir d®*—d® dimers, which undergo an increase in the M—
M bond order of 1 upon excitation. The electronic structure of 1
is similar to those that we have previously described for a number
of other d*—d® Pd complexes; however, to the best of our
knowledge, 2 is the first example of a Pt system with a clearly
elucidated d®—d® interaction, in which the bond order only
increases by 0.5 upon excitation. It is likely that there are many
other examples of Pt complexes of this type in which the bonding
has not yet been examined.

On the basis of our results here and that of earlier reports,® we
suggest that there should be two different classes for describing
d®—d® interactions in Pd", Pt", Rh), and Ir' dimers. Class
(i) encompasses species such as Pt-pop {Pt,(u-P,OsH,),* }*
and {[Rh(CNPh),],>" }** in which there is an increase of approxi-
mately 1 in the M—M bond order upon excitation, whereas class
(ii) comprises species such as [(2-phenylpyridine)Pd(u-X)],
(X = OAc™ or TFAc ),® as well as complexes 1 and 2, in which
there is an increase of 0.5 in the M—M bond order upon excitation.
Class (i) species are more likely to undergo photochemically
initiated reactions, but in principle, it should be just as easy to
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Table 5. Percentage Contribution from Pd or Pt to Key
Orbitals of 1 and 2

orbital Pd" contribution in 1 Pt contribution in 2
HOMO-12 46% 4d,. 33% 5d.
4% Ss 19% 6s
1% Sp 1% Sp
HOMO-11 28% 4d,. 20% Sd,.
10% 4d,. 3% 5d.
HOMO-10 43% d,. 50% d,.
HOMO-5 23% 4d.. 4% 5d..
6% Ss 3% 6s
HOMO 14% 4d.. 20% 6s
5% Ss 14% 5d..
4% d.. 8% d,.
2% 6p
LUMO 4% d,, 5% d,.,

oxidize species from both categories, as this will cause the M—M
bond order to increase to 1 in both cases. Computationally, it is
straightforward to determine whether a species belongs in class
(i) or class (ii) by looking at the nature of the LUMO; class (i) will
have a LUMO that is weakly metal—metal bonding, whereas class
(ii) will givea LUMO that is either ligand centered or metal—ligand
antibonding in nature. Spectroscopy can also be used to differentiate
between the two categories. To the best of our knowledge, all class
(i) species give rise to fluorescence upon excitation of the M—M
bond, whereas class (ii) species do not. In general, because of the
unusually large energy gap between the Pd 4 d,. and Ss/Sp orbitals,
Pd complexes are most likely to belong in class (i), whereas Pt, Rh,
and Ir species are more likely to belong in class (i). We have now
shown that, with the right ancillary ligand, a Pt species that can be
classified as class (i) can be prepared.

Bl CONCLUSIONS

Isostructural, “clamshell”-like, neutral dimeric PPi complexes
of general formula {{M(bipy)],(u-P,0,)} [M = Pd" (1) or Pt"
(2)] have been synthesized and spectroscopically studied.
Although the synthesis of the Pd" species 1 is straightforward and
high yielding, the synthesis of 2 is complicated and low ?rieldinl%
Compound 2 can be synthesized starting from either Pt" or Pt
precursors, and further work is required to understand the
mechanism of PPi coordination and dimer formation. *'P
NMR studies indicate that both 1 and 2 undergo reversible
protonation events at neutral pH, and higher synthetic yields may
be obtained by carefully controlling the pH of the reaction
mixture during complex synthesis. As part of this work, the
solid-state structures of both 1 and 2 were elucidated. Two
different polymorphs of 2 were obtained, and they reveal a strong
dependence of the crystal color upon the presence/absence of
Pt- - -Pt short contacts through the packing, which is in turn
determined by a certain hydrogen bonding pattern (different in
one polymorph to the other). One of the polymorphs of 2 is
isostructural to the solid state structure of 1, and complexes 1 and
2 represent a rare example of isostructural neutral dinuclear Pd"

and Pt" compounds with a short M—M distances. The existence
of two distinct crystalline phases of 2 is noteworthy because the
phenomenon of polymorphism has been observed for the most
part in mononuclear Pt" species. DFT and AIM analyses showed
that short M—M distance arises in part due to a weak d*—d®
interaction, and 1 and 2 have virtually identical electronic
structures. In both cases, the HOMO is a weakly antibonding
do* orbital, while the LUMO is a ligand-centered orbital,
suggesting that on excitation the M—M bond order would only
increase by 0.5. We have classified d*—d® systems, which under-
go an increase in M—M bond order of 0.5 upon excitation as class
(ii) d®*—d® dimers. Class (i) d®*—d® dimers are those, which
undergo an increase in M—M bond order of 1 on excitation. To
the best of our knowledge, 2 is the first example of a Pt'" system
that calculations have shown can be considered a class (ii) species.
In contrast, at this stage it appears that all Pd" d®—d® dimers are class
(ii), and it remains a challenge of the field to prepare Pd complexes
that belong to class (i).
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