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Zeise’s salt, potassium trichloro(ethylene)platinate(IT), with
the formula K[PtCl;(C,H,)]-H,O, has long been known as the
first organometallic compound. The salt was named after its
inventor, William Christopher Zeise, who reported its syn-
thesis in the 1820s.'! The chemical bonding and molecular
structure of this compound remained largely unknown and
was intensely debated® for over a hundred years until the
1950s, when the Dewar—Chatt-Duncanson (DCD) model®*
was introduced. According to that model, a normal molecular
dative bond involving the overlap between the filled ethylene
m orbital and an empty Pt 5d6s6p* orbital forms a o bond,
which is reinforced by back-bonding that involves the Pt
donating electrons from the filled 5d6p orbital back to the
empty ethylene mt* anti-bonding orbital, yielding a coopera-
tive mt* anti-bond. Such a bonding scheme would require the
ethylene to be oriented perpendicularly to the PtCl; plane,
forming an n’ ethylene ligand. This structural arrangement
was confirmed by X-ray and neutron diffraction studies in the
1970s,5¢1 150 years after the original discovery of the plati-
num-ethylene complex. Many experimental studies have been
conducted to probe the structure and bonding of Zeise’s salt,
including X-ray and neutron diffraction,>® vibrational spec-
troscopy,*”" and ultraviolet solution absorption spectrosco-
py.'>*? The ethylene ligand symmetrically interacts with the
Pt atom, with the C—C axis being perpendicular to the PtCly
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plane. The three Pt—Cl bonds are not all equal, with the trans
bond being slightly longer. The C-C distance is approxi-
mately 4% longer than the corresponding one in free
ethylene, with the four C—H bonds bent away from the Pt
atom."! The C—C stretching frequency is also red-shifted."”)
These findings can be qualitatively explained by the DCD
bonding model,** and have been essentially confirmed by
earlier molecular orbital calculations!'*!* and related theo-
retical studies.'>2!

Besides being a historically key species in the field of
organometallic chemistry in defining new chemical concepts
(such as hapticity) and modes of chemical bonding, Zeise’s
salt and its dimer have also been found to be effective in many
important catalytic processes,”' > as well as being used as
versatile chiral derivatizing agents in asymmetric synthe-
sis.*®! The Br analogue of Zeise’s salt is an important
intermediate and was shown to activate the hydroamination
of ethylene.”*?”! The accurate description and detailed
electronic structural information on Zeise’s complex, espe-
cially the degree of activation of the complexed ethylene,
relate directly to the reactivity of the complex towards
nucleophilic species in various homogeneous catalytic pro-
cesses.”®!

To date, all experimental data on Zeise’s anion and the Br
analogue of the complex have been reported in the condensed
phase, a fact that often prevents detailed characterization
because of complications that arise from solvation, counter
ions, and crystal packing. There have also been no results
reported thus far for the I analogue. A gas phase study is
therefore highly desirable to unravel the subtle properties of
the isolated Zeise’s species and the trends involving its
heavier halogen analogues without the complications of the
condensed phase environment.

As has been previously shown, gas-phase anion photo-
electron spectroscopy (PES), when combined with accurate
gas-phase electronic structure calculations, represents a pow-
erful approach for probing the electronic structure and
bonding properties of isolated metal complexes.” ! Herein,
we present a combined experimental and theoretical study of
Zeise’s anion and its Br and I analogues.

Figure 1 shows the T=20 K PES spectra of [PtX;(C,H,)]~
(X=Cl, Br, I) at 193 (blue) and 157 nm (red). A wealth of
well-resolved sharp features corresponding to electronic
transitions from the ground state of the anion to the ground
and excited states of the corresponding neutral species are
observed for each species, yielding unprecedented electronic
structure information for the neutral species. Within the
single particle framework (Koopmans’ approximation), these
observed spectral features can be viewed as originating from
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Figure 1. The 193 (6.424 eV, ——) and 157 nm (7.867 eV, —) photo-
electron spectra of [PtX;(C,H,)]” at T=20 K. Short vertical bars denote
the excited states of the neutrals, as calculated with TDDFT (|) and
CR-EOMCCSD(T) (]).

the detachment of electrons from the occupied molecular
orbitals of the anion, thus directly reflecting the chemical
interactions and bonding of Zeise’s anion and its analogues.

The adiabatic detachment energy (ADE) of the anion
[PtX5(C,H,)]~, measured from the onset threshold of each
spectra, is relatively high and decreases with halogen size:
4.57 (C1), 4.51 (Br), and 4.18 eV (I) (Table 1). The observed
vertical detachment energies (VDEs), determined from the
peak maxima, represent the transitions from the ground state
of the anion to the ground and excited states of the neutral
species at the anion’s geometry, and are also listed in Table 1.
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Table 1: Observed and calculated vertical (VDE) and adiabatic (ADE)
detachment energies for [PtX;(C,H,)]” (X=Cl, Br, I) and state assign-
ments.

X ADE [eV] VDE [eV]
Exp.1! Exp. AE-exp® TD-DFT  CR-EOMCCSD(T)
Calc.bd
Cl 457" X4.72(2) 0 0 0
[4.45]""  X'4.86(5) 0.14 0.20 (B,) 0.15 (B,)
(4.44)9  A5.17(2) 0.45 0.52(B;)  0.35 (A)
B5.45(5) 0.73 0.52 (A;) 0.71 (B)
C5.61(2) 0.89 0.73 (B,)  0.75 (B,)
D5.77(2) 1.05 135 (A)  1.26 (A)
E6.27(2) 1.55 1.63 (B,) 1.74 (By)
F6.72(2) 2.00 2.06 (B,)  2.00 (B,)
G7.002) 2.28 241 (A) 238 (A)
H7.34(5) 2.62 245 (By) 241 (A)
17.48 (5) 2.76 248 (A) 2.75 (By)
Br 4512 Xx4.632) 0 0 0
[4.40® X 0.12 (B;) 0.17 (By)
(4.39)9  A4.92(2) 0.29 0.31 (B, 0.21 (B
B5.22(2) 0.59 0.40 (B,)  0.34 (A)
B'5.32(5) 0.69 0.51 (A)  0.50 (B,)
C5.47(2) 0.84 1.05 (A)  1.03 (A)
D5.90(2) 1.27 1.21 (B,) 1.39 (By)
E6.28(2) 1.65 1.60 (B,) 1.62 (By)
F6.62(2) 1.9 210 (A) 212 (A)
G7.042) 2.4 212 (A) 217 (A)
H7.16(2) 2.53
I 4182 X4.27(22) 0 0 0
[4.25"  A4.45(2) 0.8 033 (A) 0.25(A)
(411)9  B4.86(2) 0.59 0.37 (B;) 0.37 (By)
B'4.92(2) 0.65 0.61 (A))  0.54 (A)
C5.102) 0.83 0.69 (B,)  0.56 (By)
D5.59(2) 1.32 1.24 (B,) 1.42 (By)
E5.782) 1.51 138 (A)  1.45 (A)
F6.24(2) 1.97 1.50 (B;)  1.58 (B)
G6.75(5) 2.48 2.00 (B) 219 (A)

[a] Estimated by a straight line at the leading edge of the ground state
transition and adding a constant (2.5% of the kinetic energy of the
detached electrons as calibrated using the second |~ peak (4.002 eV) at
the same conditions) to the intercept with the binding energy axis to
account for the resolution of the instrument. These also represent the
electron affinity of the neutral [PtX;(C,H,)]. [b] Calculated energy differ-
ence between the anion and neutral species at their respective optimized
geometries with B3LYP (including zero-point corrections) [c] Includes
spin-orbital splitting. [d] Measured from the peak maxima. [e] VDE
differences relative to VDE (X) (first peak).

A single vibrational progression was discernibly resolved
for the ground state (X) and two excited state (A,D)
transitions of [PtCl;(C,H,)] ™ at 193 nm, both with a frequency
of [320+20] cm™' (Figure 2). However, no similar structure
was observed for the Br and I analogues. According to the
reported vibrational frequencies obtained from the solid-state
and solution-phase studies,”’ both the Pt—C, and the Pt—Cl
symmetric stretching of the anion have frequencies in that
range. The observation that only the spectrum of the CI
analogue exhibits this vibrational fine structure suggests that
the observed vibrational excitation is due to the symmetric
Pt—Cl stretching in the neutral potential energy surface and,
in turn, implies that the highest occupied molecular orbital
(HOMO) of [PtCl;(C,H,)]” mainly consists of the PtCl,
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Figure 2. The 193 nm photoelectron spectrum of [PtCl;(C,H,)]™ at
T=20 K, showing vibrational progressions in the ground (X) and two
excited states (A, D), both with a frequency of [320+20] cm™.

moiety, a fact that is confirmed by the theoretical analysis (see
below).

The geometries of both the anions and the neutrals,
optimized without any symmetry restrictions, converged to
the familiar bonding picture in which the linear ethylene
ligand interacts perpendicularly with the mostly planar PtX;~
moiety to form a dative () bond (Supporting Information,
Figure S1). The C=C bond of ethylene is significantly
elongated compared to that of free C,H, (1.339 A), with the
trans Pt—X bond length being longer than the cis bond for all
species. The binding energy between C,H, and PtX;™ is found
(at the DFT/B3LYP level) to decrease monotonically with
halide ligand size: 1.54, 1.37, and 1.10 eV for the Cl, Br, and I
species, respectively. This trend is consistent with the fact that
the Cl analogue was the first one synthesized, whereas the
I species had not been reported prior to our study. The weaker
interaction between PtBr;- and C,H, also provides an
explanation of why the Br analogue is more reactive than
the Cl analogue in several catalytic processes.”*?”! The
calculated ADEs, including spin-orbit effects, lie within
0.1 eV of the experimentally measured ones, and they exhibit
the observed decreasing trend. Spin-orbit effects have a mar-
ginal effect on the Cl and Br species, whereas they are
stronger for the I species. (Table 1).

Itis challenging to accurately describe the excited states of
open-shell species, in particular those involving 5d transition
metals, where a delicate treatment of electron correlation and
possibly multi-reference character are essential. The calcu-
lated excitation energies were found to be in good agreement
with the experimentally determined ones for both the time-
dependent density functional theory (TD-DFT) and equa-
tion-of-motion coupled cluster (EOMCC) methods (Table 1).
Although all excited states listed in Table 1 are dominated by
single excitations from the ground state, they all have strong
multi-reference character. The calculated excitation energies
(vertical bars) are listed with respect to the first VDE of each
species, and compared with the observed ones, as shown in
Figure 1 and Table 1. The TD-DFT and EOMCC stick spectra
yield a similar spectral pattern and are in good overall
agreement with experiment. Five closely spaced electronic
states exist in the low binding energy region for each anion:
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X, X', A, B, C for the Clspecies; X, X', A, B, B’ for the
Br species; and X, A, B, B’, C for the Ispecies. These are
followed by an energy gap and a few relatively separated
peaks at higher energies.

Shining light on Zeise’s anion results in detaching the
excess electron from the highest occupied molecular orbitals
(MOs), which define the nature of the chemical bonding for
each species. The rich and well-resolved spectrum (Figure 1)
provides a means of probing the chemical bonding and
electronic structure for this important class of molecules. Our
MO analysis reveals that the highest occupied MOs for
Zeise’s anion and its counterparts are localized within PtX;
(see MO composition percentages in Figure 3), whereas
deeply bound MOs have significant contributions from both
PtCl; and C,H, in line with the DCD model (Supporting
Information, Figure S2), and consistent with previous theo-
retical studies.'"*!”! The vibrationally resolved [PtCly(C,H,)]~
spectrum (Figure 2) further supports the aforementioned MO
analysis: the first two features (X and A) are relatively broad,
with a long vibrational progression owing to excitation of the
Pt—Cl stretching with a calculated frequency of 363 cm™
(B3LYP/aug-cc-pVTZ). The observed trend in the ADEs
also indicates that the HOMO of this class of anions arises

132 B2 B
LUMO X D N ) X
Clp024 Hs0.12 Brp0.28 1p0.29
Cls014 Cs0.10 Brs0.18 150.22
Ptd0.14 Ptd0.16 Ptd0.16
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HOMO e - N
Clp 0.49 Brp 0.54 >< 1p0.72
Ptd0.28 Ptd0.26
L7 S bi
HOMO - 1 —~ h a °
Clp 052 >< Brp0.67 1p0.58
Ptd0.19 Ptd0.26
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Increasing shielding on halide

Figure 3. Frontier MOs of [PtX;(C,H,)]”, demonstrating how increased
shielding on the halide ligand affects the MO ordering. The dominant
(>10%) atomic orbital contributions are indicated for each case.
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mainly from the contribution of PtX;™ and the decreased
ADE for the heavy halogen species is primarily due to the
lower ADE of the corresponding halide. An interesting
reordering of frontier MOs is observed from our calculations,
as indicated by the arrows in Figure 3. Going down the series,
there is a reordering of some of the MOs, largely owing to
increased shielding of the heavier halide atoms (see magnified
atoms). This results in more diffuse orbitals, an effect that in
turn stabilizes bonding-like orbitals and destabilizes anti-
bonding-like ones.

In conclusion, the activation of olefins by transition metals
is a key process that is important to many homogeneous
catalytic reactions, for which significant ligand substitution
effects have been observed. Both the electron binding and the
interaction energies of ethylene with platinum tri-halide are
observed to decrease with halide size, a fact that is consistent
with stronger shielding. We believe that our results can serve
as a benchmark for a fundamental understanding of the
interactions in this class of compounds and enhance our
understanding beyond the DCD model description.

Experimental Section

The PES experiment was performed using a low-temperature ESI
source PES apparatus, the details of which were recently published.!!
The gaseous Zeise’s anion, [PtCl;(C,H,)]|~, was readily produced by
spraying a ca. 10~*M acetonitrile/water (3:1 volume ratio) solution of
K[PtCl;(C,H,)]-H,O, whereas the Br and I analogues were obtained
by halide ligand exchange from Zeise’s salt mixed with KBr or Nal.
However, the same procedure using KF failed to produce the
F analogue, [PtF;(C,H,)]". All anions produced were guided by two
RF-only quadrupoles and a 90° bender into a cryogenically controlled
ion trap, where they were accumulated and cooled by collisions with
a buffer gas of ca. 0.1 mTorr (20 % H, balanced with helium) for 20—
80 ms, before being pulsed out into the extraction zone of a time-of-
flight mass spectrometer with a 10 Hz repetition rate. All ions were
pre-cooled to 20 K. The low temperature serves to eliminate hot
bands in the spectrum.

For each PES experiment, the desired anions were first mass
selected and decelerated before being intercepted by a probe laser
beam in the photodetachment zone of a magnetic bottle photo-
electron analyzer. In the current experiment, light at both 193 nm
(6.424 eV) from an ArF excimer laser and at 157 nm (7.867 eV) from
an F, laser was used. The laser was operated at a 20 Hz repetition rate
with the ion beam off at alternating laser shots for shot-by-shot
background subtraction. Photoelectrons were collected at nearly
100 % efficiency by the magnetic bottle and analyzed in a 5.2 m long
electron flight tube. Time-of-flight photoelectron spectra were
collected and converted to kinetic energy spectra, and calibrated by
the known spectra of I~ and [Cu(CN),]™. The electron binding energy
spectra were obtained by subtracting the kinetic energy spectra from
the detachment photon energy. The electron energy resolution (AE/
E) was about 2%, which amounts to ca. 20 meV for 1 eV electrons.

Theoretical Details

All calculations were performed with the NWChem computational
chemistry suite.*>*] We have carried out excited state calculations
using time-dependent density functional theory (TD-DFT) and the
equation-of-motion coupled cluster (EOMCC) method.P¥ In the
latter case, we employed the completely renormalized
EOMCCSD(T) (CR-EOMCCSD(T)) approach, which perturba-
tively includes the effect of triply excited configurations.®>*! For
the ground-state DFT calculations, all geometries were optimized
using the B3LYP exchange-correlation functional.®” The excited-
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state TD-DFT calculations were performed using the CAM-
B3LYPP functional. The attenuation parameter (y) was set to 0.33,
which has been previously shown to yield excitation energies that are
in excellent agreement with high-level coupled-cluster (CC) calcu-
lations.?® All DFT and CC calculations for C, H, Cl, and Br atoms
were performed with the aug-cc-pVTZ basis set.”” For T atoms, the
aug-cc-pVTZ-PP basis set with the Stuttgart-Kéln MCDHF RSC
ECP (28 core electrons)“! was used. For Pt atoms, the (8s,7p,6d)—
[6s,5p,3d] basis set,*!! in conjunction with the Stuttgart-Koln
MCDHF RSC ECP (60 core electrons)*”! was used. Spin-orbit effects
were estimated using the CRENBL ECP* All ECPs and basis sets
were obtained from the EMSL Basis Set Exchange.*!
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