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ABSTRACT: In our search for novel main-group-based
redox-active platforms for solar fuel production, we have
synthesized CLSb"Pt"'Cl;(o-dppp), (2, o-dppp = o-
(Ph,P)C¢H,)), a complex featuring a highly oxidized
[PtSb]V" core. This thermally stable complex quickly
evolves chlorine upon irradiation with a Xe lamp, leading
to [CL,Sb™Pt'Cl(o-dppp),] (1) as the photoproduct. This
photoreduction is very efficient, with a maximum quantum
yield of 13.8% when carried out in a 4.4 M solution of 2,3-
dimethyl-1,3-butadiene in CH,Cl,. Remarkably, 2 also
evolves chlorine when irradiated in the solid state under
ambient conditions in the absence of a trap.

he photoreductive elimination of halogens from transition

metal complexes is a thermodynamically difficult process
which necessitates the activation of strong metal—halide bonds.
Given the relevance of such reactions to the photoinduced
splitting of hydrohalic acids," a great deal of effort has been
devoted to 1dent1fylng molecular platforms that support such
transformations.” Most platforms 1dent1ﬁed to date contain 2
late transition metal such as platinum,*® iridium,*® or gold.>
These systems can be mononuclear, as in the case of trans-
Pt(PEt;),(Br);Ar (A, Ar = 0-(CF;)C¢H,, Chart 1), which

Chart 1
C
/\
OFs B Cyz peyz / ||||
PEt; | | CI " W
Pf;B X ny 0 “ X ||| |u‘ |
/| tBUCN | | cr | Ph; Pu.,,P{!'...nPth

P L CyP_-PCy2 RzP\N/PR c (|: I\m
CH;

A, ®=82% B, ®=10% C, ®=38% D, ® =4.4%

R= -OCH,CF,

eliminates bromine with a very high quantum yield (®) of
829%.> Chlorine photoelimination has also been actively pursued
because of its relevance to HCI splitting. Two of the best
platforms reported to date for chlorine elimination are the
Au"-Ir" complex B (maximum ® = 10%, Chart 1) and the
PPt complex C (maximum ® = 38%, Chart 1).
common design element uniting these different systems is the
use of electron-withdrawing ligands which destabilize the high-
valent metal centers, thus favoring reductive elimination.
In a recent paper, we showed that the heterobimetallic Te
Pt"™ complex D (Chart 1) supports the photoreductive
elimination of chlorine with a maximum quantum yield of
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4.4%.* Although the quantum yield of this reaction is relatively
low, these results suggest that poorly exploited heavy mam-
group elements could be considered in lieu of noble metals.’
On the basis of these considerations, we have now chosen to
broaden the scope of our approach by testing the use of
antimony. Our choice of this element was prompted by the
realization that (i) antimony displays a rich III/V redox
chemistry, making it well suited for the targeted application,’
and (ii) the extra valence of tri- or pentavalent antimony when
compared to di- or tetravalent tellurium offers an opportunity
for a greater degree of electronic control through the
incorporation of an extra ligand. This logic led us to consider
[(0-(Ph,P)C¢H,),SbC], a ligand derived from [(o-(Ph,P)-
CgH,),Te] by replacement of the Te atom by a less-electron-
releasing SbCl moiety. This ligand could be accessed by
comproportionation of neat SbCl3 and (o-(Ph,P)C¢H,);Sb at
100 °C.°® Reaction of [(o-(Ph,P)C4H,),SbCl] with
(Et,S),PtCl, afforded complex 1 (Scheme 1). This complex

Scheme 1. Synthesis of 1 and 2
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displays a *'P NMR signal at 50.9 ppm and a Pt NMR signal
at —5164 ppm. The presence of '**Pt satellites in the *'P NMR
spectrum and the multiplicity of the Pt NMR resonance
(triplet, 'Jp._p = 2566 Hz) confirm the expected coordination of
the phosphine arms to the platinum. These spectroscopic
features are close to those observed for the stiboranyl complex
[(0-(Ph,P)CgH,),SbCIPh]PtCI (E, 5(*'P) = 53.9 ppm, 5(**°Pt)

Slb
Cl

E

= —5019 ppm, Jp_p = 2706 Hz),* suggesting the possible
insertion of the antimony atom into one of the Pt—Cl bonds.
This proposal was confirmed by a determination of the crystal
structure of 1, which shows a divalent square-planar platinum
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center with a dichlorodiarylstiboranyl ligand positioned trans
from the chloride ligand (Sb—Pt—ClI(3) = 175.25(3)°, P(1)—
Pt—P(2) = 169.86(5)°, Figure 1). The Sb—Pt bond of

27.55 % Sb/43.02% Pt

Figure 1. Solid-state structures of 1 (top left) and 2 (bottom left).
Thermal ellipsoids are drawn at the 50% probability level. Phenyl
groups are drawn in wireframe. Hydrogen atoms are omitted for
clarity. Pertinent metric parameters can be found in the text. NLMO
plots (isovalue = 0.05) of the Sb—Pt bond in 1 (top right) and 2
(bottom right) obtained from the NBO analysis. Hydrogen atoms are
omitted for clarity.

2.4407(5) A for 1 is notably shorter than that observed in E
(2.5380(8) A), a complex also formed by insertion of the
antimony atom into a Pt—Cl bond. The shorter bond observed
in 1 most likely originates from the geometry adopted by the
pentavalent antimony atom. In E, one of the antimony-bound
chloride ligands is located directly opposite from the platinum
center, thus lengthening the Sb—Pt bond via a trans influence.
In 1, we observe a very different situation, with the two
antimony-bound chloride ligands projecting in a direction
oblique to the Pt—Sb bond (Pt—Sb—CI(1) = 99.22(4)°, Pt—
Sb—Cl(2) = 107.51(4)°). The coordination geometry at
antimony is best described as square pyramidal, with the two
chlorine atoms CI(1) and CI(2) and the two carbon atoms
C(1) and C(2) defining the base (CI(1)—Sb—Cl(2) =
153.24(5)°, C(1)=Sb—C(2) = 153.7(2)°).

It became important to verify whether 1, with three electron-
withdrawing ligands decorating its core, would be amenable to
oxidation. While no reaction was observed with HCI in
CH,Cl,/Et,O mixtures, 1 quickly reacted with PhICl, in
CH,CI, to afford complex 2 as a deep yellow solid. The *'P
NMR spectrum of 2 displays a signal at 43.3 ppm with '*°Pt
satellites (}Jp,_p = 1842 Hz) as well as a "*Pt NMR resonance
at —3473 ppm. When 2 is compared to 1, its 'Jp_p coupling
constant is notably reduced and its Pt NMR resonance is
shifted downfield, consistent with oxidation of the platinum
center.” Although tetravalent glatinum complexes are known to
thermally eliminate halogens,”® *'P and 'H NMR spectroscopy
shows that 2 remains intact when heated to 70 °C in the solid
state for 12 h. The UV—vis spectrum of 2 displays an intense
low-energy band centered at 320 nm (& = 30005 M~ cm™),
which tails into the visible part of the spectrum (Figure 2). X-
ray diffraction confirms Cl, addition to the platinum center,
which now exhibits an octahedral geometry, with three chloride
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Figure 2. (a) Experimental (CH,Cl, solid line) and calculated
(dashed line) ultraviolet—visible spectra for 2. The calculated spectra
were obtained by TD-DFT calculations using the MPWIPW91
functional and a mixed basis set (peak half-width used for the
simulation: 0.25 eV). The computed excitations are shown as thin lines
with heights proportional to the calculated oscillator strengths. (b)
Plots of the LUMO (—0.120 eV) and LUMO+1 (—0.106 eV) of 2
(0.03 isosurface value). (c) Absorption spectra obtained during the
photolysis of 2 in CH,Cl, (2.23 x 10~ M) with monochromatic 320
nm light in the presence of 2,3-dimethyl-1,3-butadiene (7.07 X 107*
M). The final spectrum is identical to that of 1. The inset shows the
correlation between the quantum yield and the DMBD concentration.
(d) *'P NMR spectra of photolysis of 2 in CH,Cl, (0.011 M) in the
presence of 2,3-dimethyl-1,3-butadiene (1.77 M).

ligands arranged in a meridional fashion (Figure 1). It is
interesting to note that the bond distance of 2.4405(6) A
separating the platinum atom and the chlorine atom (CI(S))
trans from the antimony atom is longer than the Pt—Cl bond
distances involving the chlorine atoms trans from each other
(Pt—Cl(2) = 2.3429(5) A, Pt—Cl(4) = 2.3231(5) A). This
noticeable difference suggests that the antimony ligand is a
stronger o-donor than a chloride ligand. Oxidation of the
platinum center also induced some changes at antimony: (i) an
important shortening of the Sb—Cl bond from 2.494(3) A (av.)
in 1 to 2.402(2) A (av.) in 2 and (ii) a contraction of the
Cl(1)—Sb—Cl(2) angle from 153.24(5)° in 1 to 118.67(2)° in
2. As a result, the antimony atom displays a slightly distorted
trigonal-bipyramidal geometry, with C1(1)—Sb—Pt and CI(2)—
Sb—Pt angles of 119.99(2)° and 121.33(2)°, respectively.
Finally, the increase in the coordination number of the
platinum center is accompanied by a detectable lengthening
of the Sb—Pt bond from 2.4407(5) A in 1 to 2.560(2) A in 2.

A Natural Bond Orbital (NBO) analysis of 1 and 2 carried
out at the DFT-optimized geometry (Gaussian 09 program;
BP86 functional;’ mixed basis sets: Sb/Pt, cc-pVTZ-PP; P/Cl,
6-31g(d’); and C/H, 6—31g)10 shows that the Sb—Pt o-bond is
largely covalent for both complexes (see NLMO plots in Figure
1). For 1, the orbital contributions from antimony and
platinum (Sb, 49.09%; Pt, 45.12%) are almost identical,
indicating that the bond is essentially nonpolar. Because of
the covalent character of this bond and by analogy with formal
oxidation state assignments'’ in complexes with metal—metal
bonds such as B and C,*** we describe 1 as a Sb'Pt! complex.
In 2, the orbital contributions (Sb, 27.55%; Pt, 43.02%) show
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that the bonding pair is significantly shifted toward the oxidized
and thus more-electron-demanding platinum center. This shift
of the bonding density shows that oxidation impacts the core
electronic distribution of this heterobimetallic platfom. The
polarization of the Sb—Pt bond in 2 is best reconciled by
invoking the two resonance structures (a and b) shown in
Chart 2. Resonance structure a, which corresponds to a

Chart 2. Relevant Resonance Structures of 2
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Sb™Pt"™ complex, is the most important contributor to the
actual electronic structure of the complex. The second
resonance structure, b, which accounts for the polarization of
the Sb—Pt bonding pair toward platinum, corresponds to a
platinate (Pt") complex stabilized by a Z-type or c-accepting
stibonium (Sb") ligand."*

Computational methods have also been used to simulate the
UV—vis spectrum of 2 using time-dependent density functional
theory (TD-DFT). A good match with the experimental data is
obtained when the spectrum is simulated using the
MPWI1PW9I1 functional (mixed basis sets: Sb/Pt, cc-pVIZ-
PP; P/Cl, 6-31g(d’); C/H, 6-31g) and the SMD implicit
solvation model with CH,Cl, as a solvent (Figure 2a)."’
According to these calculations, the high oscillator strength
excitations labeled as E, and E, contribute to the 320 nm band
and involve the LUMO and LUMO+1 as the accepting orbitals.
As could be expected for an octahedrally coordinated platinum
species, these two orbitals have e,* character and are
antibonding with respect to the Pt—Cl bonds (Figure 2b). In
agreement with this spectroscopic assignment, irradiation of 2
in CH,Cl, results in a rapid quenching of the band at 320 nm,
suggesting photoreduction of the complex (Scheme 2, Figure

Scheme 2. Photoreduction of 2 Using a Xe Lamp (75 W)“
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“Conditions: (a) solution photolysis in CH,Cl, with DMBD (1.77 M)
in a glass NMR tube (complete conversion in 10 min); (b) solid-state
photolysis in a closed quartz cell with Na as a trap (conversion = 53%
in 10 h); (c) solid-state photolysis in an open quartz cell (conversion =
45% in 10 h).

2¢). This photoreduction can be monitored by *'P NMR
spectroscopy. When carried out in neat CH,Cl,, the reaction
affords 1 in ~85% yield, with some decomposition products
detected in the 10—37 ppm range (see SI). The presence of
these decomposition products can be assigned to side reactions
between the ligand and the chlorine generated by photolysis. As
documented in the literature, chlorine atoms can also be
trapped by reaction with the CH,Cl, solvent.'* Addition of 2,3-
dimethyl-1,3-butadiene (DMBD, 1.77 M) to the solution as a
chlorine scavenger makes the photolysis significantly cleaner,

with 1 as the sole phosphorus-containing species (Figure
2d).***™® This photoreductive elimination of chlorine is
efficient, with a maximum quantum yield of 13.8% measured
at a DMBD concentration of 4.4 M, using potassium
ferrioxalate as a standard actinometer.”” The high quantum
yield of this photoreductive elimination, which exceeds that of
the tellurium complex D,* is correlated to the destabilizing
effect of the five electron-withdrawing chlorine ligands on the
oxidized core of 2. This situation is reminiscent of that
described for the hexachlorodiplatinum complex C, for which a
maximum quantum efficiency of 38% has been reported.”® It is
also interesting to note that the quantum yield measured for the
photoreduction of 2 is comparable to the value of 19%
measured for the photoaquation of [PtCl¢]*~ (1 = 313 nm), a
reaction that proceeds through formation of a Pt(III)
intermediate via extrusion of a CI* radical.'®

To conclude these studies, we decided to test whether 2
would behave like C and evolve chlorine in the solid state.*® To
this end, a sample of 2 was loaded into a quartz cell at
atmospheric pressure, under nitrogen. A small sodium strip,
whose base was covered with Teflon tape in order to prevent
contact with 2, was placed inside the cell. The cell was tightly
closed and irradiated with a Xe lamp for 10 h (Scheme 2). The
temperature of the sample, which was monitored with a
mercury thermometer directly adjoining the cell, was kept
below 32 °C using a high-velocity fan during photolysis. After
10 h, the photolysis was stopped. The solid sample showed
noticeable signs of discoloration, in agreement with the
conversion of deep yellow 2 into pale yellow 1. The surface
of the sodium strip had tarnished significantly, suggesting
chlorine oxidation. In line with these observations, 'H and 3'P
NMR analysis of the photolyzed solid indicated a 53%
conversion of 2 into 1. The evolution of chlorine was
confirmed by dissolution of the sodium strip in water and
subsequent chloride analysis using ion chromatography. The
latter indicated that 72% of the expected chlorine had been
captured by sodium during the photolysis experiment. We
propose that the rest of the chlorine is incorporated in the
decomposition products observed by *'P NMR spectroscopy in
the 5—25 ppm range (see SI). Using single-point energy
calculations carried out with the B3LYP functional and a mixed
basis set (C/H/P/Cl, 6-311+g(2d,p); Sb/Pt, cc-pVTZ-PP), we
estimate that the photoreduction of 2 into 1 is endothermic by
544 kJ/mol, assuming the formation of two Cl* radicals, or by
300 kJ/mol, assuming the formation of Cl,. These values
provide a measure of the energy-storing potential of this
reaction. Finally, the solid-state photolysis of 2 into 1 can be
carried out with the cell open to air without sodium as a
chemical trap (Figure 3, conversion of 45% after 10 h). The
evolution of chlorine under such conditions shows that the title
SbPt complex is able to evolve chlorine on its own, without the
thermodynamic bias associated with a trap. To our knowledge,
no other bimetallic complexes have been tested under such
conditions. Complex C also evolves chlorine when irradiated in
the solid state, albeit under vacuum, with the chlorine
photoproduct captured in a low-temperature trap.>*

In summary, we describe a new SbPt platform for the high-
quantum-yield photoevolution of chlorine. The photoreduction
quantum yield of 2 is more than 3 times greater than that
measured for the TePt complex D previously investigated by
our group.* This increase supports the notion that replacement
of the TeCl unit in D by a less-electron-releasing SbCl, unit in
2 destabilizes the oxidized complex and facilitates its photo-
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Figure 3. *'P NMR spectra before and after solid-state irradiation of 2
with a Xe lamp (75 W) under ambient conditions in an open quartz
cell. The inset shows a schematic drawing of the experimental setup
used for this open-system solid-state photolysis. The spectral region
marked by an asterisk shows the presence of decomposition products.

reduction. Another unique feature of the title SbPt platform is
its ability to support this reaction in the solid state, in the
absence of a trap. We propose that such platforms may become
useful for the production of halogens as solar fuels. We are
currently investigating the mechanism of this solid-state
reaction and whether chlorine is evolved as CI® or Cl,."”
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