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Abstract: The nature of the interaction between chlorometh-
anes CH,_,Cl,, and Pt(ll) complexes has been studied by high-
pressure X-ray diffraction and infrared spectroscopy in combi-
nation with DFT calculations. In case of electron rich complexes
such as d8-Pt(btz-N,N’)(phenyl)L with L = phenyl, Cl, Br and btz =
2,2’-Bi-5,6-dihydro-4H-1,3-thiazine stable chloroform adducts
with bridging hydrogen atoms in the n'(C-H)Pt moieties were
\isolated which display highly activated C-H bonds. This activa-

~

tion is a consequence of a pronounced Pt(d,)—c*(C-H) back
donation and is signaled by large red-shifts of the isolated
v;s(C-H) stretching modes. The extent of the C-H bond activa-
tion and covalent Pt-H bond formation in the 1n'(C-H)Pt moie-
ties is thereby controlled by (i) the o/m donor capabilities of the
ligands L, (ii) the orientation of the coordinating C-H bond with
regard to the Pt(d,.) orbital and (ii)) the applied pressure.

%

The activation of carbon-hydrogen bonds is usually ham-
pered by their rather apolar covalent character and large bond
dissociation energies. For example the C-H bond dissociation
enthalpies in simple alkanes such as methane [DH,og =
439.28(13) kJ mol~"] are virtually as large as in the H, molecule
[DH.os = 435.998(13) kJ mol™'] displaying the prototype of a
strong covalent bond.l"! As a consequence, alkanes are neither
good electron donors nor good acceptors since the o(C-H)
bonding orbital is low in energy while the antibonding o*(C-H)
orbital is high lying. Hence, C-H bonds are generally considered
to be chemically rather inert and their selective activation re-
mains a challenge in organometallic chemistry.l>~*

This obstacle can be overcome by metal-assisted C-H bond
activation in cases where an alkane ligand coordinates either
end-on (') or side-on (n?) to a metal-ligand fragment ML,
(Scheme 1).56 In case of electron-rich late transition metal
complexes two bonding scenarios with short M--H,,—~C contacts
are usually observed for methane and halomethane d8-Pt com-
plexes, where H,, denotes a bridging hydrogen atom. These are
illustrated in case of the theoretical model systems
(CH3),Pt(NH3)(CH,) 1a and  (CH3),Pt(NHs),+(CHCl)  1b in
Scheme 1. We note, that all DFT calculations were performed
with ADF using the BP86 functional, the ZORA for the descrip-
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tion of scalar relativistic effects, and the TZ2P basis set as imple-
mented in ADF, see the Supporting Information (SI) for details.
A density dependent dispersion correction was essential and
applied in all cases.[”#!

fra]

n2(C-H) nl{(C-H)

Scheme 1.

Compound 1a represents the characteristic coordination ge-
ometry of 6 methane complex. Similar n?(C-H)Pt coordination
modes are also predicted for intermediates in Shilov/Periana
type catalytical oxidation reactions of methane.>?! Second or-
der perturbation theory of natural bond orbitals (NBO)''® sug-
gests that the asymmetrical W2 (C-H)Pt coordination of the
methane ligand [r(Pt--Hy,) = 2.00 A; r(Pt---C) = 2.60 Al in 1a is
a consequence of the competing 0*(Pt-C)<—0o (C-H) o donation
and Pt(d,,)—0* (C-H) &t back donation components. The result-
ing activation of the coordinating C-Hy, bond is indicated by a
distinct red-shift of the v,,(C-Hy,) stretching mode (2646 cm~!
in 1a; 3072 cm™" in CH,) and a subtle C-H,,, bond elongation of
ca. 0.03 A in comparison with free methane [r(C-H) = 1.096 A].
However, an energy decomposition analysis (EDA)!'" reveals
that the total bonding energy between the metal fragment and
the methane ligand is rather small (20.0 kJ mol™"). This is in line
with recent low temperature-NMR studies in solution on
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the Rh(l) complex (PONOP)Rh(CH,)* [where PONOP is 2,6-
(tBu,P0O),CsHsN and tBu is C(CH5);1.1'? These studies reveal that
the coordination of the methane ligand to the metal is weak
and the free energy of activation for methane dissociation is
merely 60.7 kJ mol™" at -87 °C. Despite the recent successes in
isolating relatively stable o alkane complexes in single crystals
by solvent coordination!" or via hydrogenation of transition
metal olefin species via gas-solid reactions,® the trapping and
isolation of o-methane complexes remains a challenge.l'>'4

In contrast to 1a the highly polar C®~-H®* bond of the
chloroform ligand prefers an axial coordination in (CHs),Pt-
(NH3),+(CHCI5) 1b by approaching the partially occupied Pt(d,.)
orbital at the metal center and a short Pt--H,, distance of
2.186 A. This suggests that the 16e cis-(CHs),Pt(NHs), fragment
can act as a nucleophile forming Pt>*+..H>*-C®~ metal hydrogen
bonds."> However, the enormous red-shift of the isolated
stretching mode, v;,(C-Hy,), by 570 cm™ relative to uncoordi-
nated CHCl; (3073 cm™") proposes a rather covalent bonding
scenario. Indeed, second order perturbation theory NBO-analy-
sis reveals that the Pt(d,.)—>0*(C-H) back donation is comple-
mented by additional Pt(RY)«a(C-H) o donation into unoccu-
pied extravalent (“Rydberg”) d orbitals at the metal.

A natural population analysis suggests that the Pt(RY)«
0(C-H) back donation is a consequence of the partial depopula-
tion of the Pt(5d,.) orbital (1.78 e) in the cis-(CHs),Pt(NHs), frag-
ment. An EDA analysis shows that the absolute value of the
orbital interaction energy between the chloroform ligand and
the metal fragment in 1b is surprisingly large (-85.8 kJ mol™)
and comparable with that in the n?(C-H)Pt o methane complex
1a (-72.8 kJ mol™). The charge density characteristics at the
Pt---H,,, bond critical point (BCP) also support a noticeable cova-
lent Pt-Hy, character in 1a and 1b. Accordingly, both model
compounds display negative total energy densities H(r). of
-0.063 and —0.059 hartree A3 in combination with significant
density accumulations p(r). = 0.36 e A-3 and 0.28 e A3 at the
Pte-sHy,, BCPs, respectively. The corresponding delocalization in-
dices, 9§, of 0.24 (1a) and 0.21 (1b) are nearly as large as those
in -agostic benchmark systems of late transition metals such
as [EtNi(d'bpe)l*[BF,4]~ (d‘bpe = tBu,PCH,CH,PtBu,) with 6 =
0.297.1'71 Hence, 1b might be considered as a '(C-H)Pt o com-
plex characterized by a predominant Pt(d,.)—0*(C-H) o back
donation component, while 1a represents a highly asymmetric
N2(C-H)Pt o complex with a strong Pt-H,, bond and a weak
secondary Pt-:H",, interaction. This is witnessed by the large
r(Pte-H’y,) distance of 2.38 A, a lacking Pt---H’,, BCP, and a small
delocalization index of 6 = 0.12, respectively.

In the following we have inspected the potential energy sur-
face of 1'(C-H)Pt moieties experimentally by high-pressure X-
ray diffraction and infrared spectroscopy studies to gain further
insight into the control parameters of the C-H activation proc-
ess and the unusual bonding in square-pyramidal d®-Pt chloro-
form complexes. The experimental model system d®-Pt(btz-N,N’)-
(phenyl),+(CHCI5) (2) which has first been isolated by Bruno et
al."® marked the starting point of this systematic study (Fig-
ure 1a). 2 displays a short r(Pt-Hy,) distance of 2.315 [2.332] A
and a Pt-Hy, bond critical point of 0.20 e A-3 in the theoretical
electron density distribution obtained by DFT which is slightly
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smaller than in model system 1b (see above). Note, that theo-
retical values will be specified in square brackets in the follow-
ing, when compared with experimental data. The £PtH,,C an-
gle of 176.8° [171.6°] in 2 hints for predominant Pt(d,.)—
0*(C-H) back donation which provides the major electronic sta-
bilization of the chloroform coordination as in model 1b.

z

Vie(C-Hy,) = 278072731
vis(C-Dyy) = 2089/2020

Vis{C-Dyr) = 2133/2102

Figure 1. Structural models of 2 and 4 at ambient pressure by X-ray diffraction
studies at 100 K (50 % ellipsoids). Hydrogen atoms at the phenyl and btz
ligands are omitted for clarity reasons. Salient bond lengths (ref 16) are given
in A, v,(C-Hy,) and v;(C-Dy,,) stretching modes are given in cm™'. Experimen-
tal and theoretical values are specified in red and blue color, respectively.
The ELF envelope maps [n(r) = 0.61] as obtained from DFT calculations are
shown at the platinum atoms.

We note, that the metal-ligand interaction in 2 has been
originally classified as purely electrostatic in terms of a metal
hydrogen bond."! According to Thakur et al. complexes form-
ing Pt2*...H,,,2*~C® metal hydrogen bonds are usually charac-
terized by a non-activated or even shortened r(C-Hy,) dis-
tance.l"® However, inspection of the IR data clearly reveals that
the n'(C-H)Pt unit of 2 displays - like our model system 1b -
a highly activated C-H,, bond as reflected by an isolated
vi(C-Hy,) stretching mode of 2780 cm~" which is significantly
red-shifted with respect to the free chloroform ligand
[Vis(C-H) = 3034 cm™] in the gas phase.?*® We can also rule
out that the observed C-H bond activation in 2 is merely a
consequence of the crystal packing since molecular DFT calcu-
lations reproduce virtually the same structural parameters for the
1'(C-H)Pt moiety and also the distinct red-shift of the corre-
sponding v;(C-Hy,) stretching mode, i.e. 2731 cm™'] in 2 and
[3086 cm™'] in non-coordinated CHCl; (Figure 1a). Utilizing
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McKean's empirical correlation,?'221 which links r(C-H) bond
lengths to isolated v;(C-H) stretching frequencies, the red shift
of v;4(C-Hy,) is connected to a small but significant C-Hy,, bond
activation in the n'(C-H)Pt moieties of 2 {r(C-H,,) = 1.114
[1.114] A} relative to free CHCl; {r(C-H) = 1.080(2)23! [1.090] A}.
Hence, the metal-induced C-H,, bond elongation in 2 is ca.
0.034 A [0.024 A] and accompanied by a significant red-sift of
vis(C-Hp,) by ca. 254 cm~" which compares well with those ob-
served in transition metal alkyls displaying pronounced agostic
interactions.?*! Rather clear evidence for the covalent character
of the 1'(C-H)Pt moieties emerges from a distinct band broad-
ening of the v;(C-Hy,) stretching modes in the IR pattern of 2
(Figure 2). This characteristic feature also provides clear evi-
dence for the bridging character of the coordinating hydrogen
atoms within the partially covalent n'(C-H)Pt moieties in 2.12>:26]
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Figure 2. Pressure-dependency of the v;;(C-Hy,) stretching mode and the first
overtone of the 6(C-H,,) deformation mode of the coordinating chloroform
ligand in 2. Only the v;(C-Hy,) and the 8(C-H,,) modes of the n'(C-H)Pt units
show a distinct red-shift up to 3.4(1) GPa due to the activation of the metal-
coordinating (C-Hy,) bond. In contrast, all remaining v;(C-H) stretching
modes in 2 are blue-shifted and compressed upon increasing the hydrostatic
pressure.

The electronic motivation to form a stable chloroform com-
plex is stressed by the finding that 2 can accommodate a
second coordinating CHCl; molecule yielding the complex
Pt(btz-N,N")(CeHs),(CHCI3), (2a; see the Supporting Information
for experimental data). Both chloroform ligands in 2a compete
electronically via the Pt(d,)—0"(C-H) back donation mecha-
nism for the same density accumulation at the metal. As a re-
sult, the calculated r(Pt-Hy,) distances of 2.356 A and 2.363 A
in 2a are somewhat larger than in 2 (2.332 A). Even longer
r(Pt-Hy,) distances of 2.397 A and 2.443 A were calculated for
Pt(btz-N,N")(CeHs)(X)(CDCl5) {X = Br (3) and Cl (4)}, respectively.
3 and 4 can be derived from 2 by the replacement of one of
the phenyl ligands at the Pt atom by an electron withdrawing
bromo or chloro substituent. DFT studies predict that the C-H
bond activation decreases with increasing electronegative char-
acter of the substituents at the metal atom: r(C-Hp,) = 1.114 A
(2) > 1.107 A (3) > 1.106 A (4). This trend is in line with the
experimentally observed blue shift of the corresponding
V;s(C-Dy,) stretching modes when one phenyl group in 2
[vis(C-Dy,) = 2089 cm™"] is replaced by a bromo or chloro ligand:
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Vi(C-Dp,) = 2139 cm™ and 2133 cm™ in 3 and 4, respec-
tively.?? Accordingly, the diminished C-Hy, bond activation in
3 and 4 might be taken as direct evidence for a reduced
Pt(d,-)—0"(C-H) back donation as a consequence of the elec-
tron withdrawing character of the halogen ligand at the plati-
num atom. In case of model system 1b substitution of one
methyl group by a chloro ligand also leads to a weakening of
the PteHy,~C interaction (PteH,, = 2.276 A). The Pt(d,.)—
0"(C-H) back donation is further controlled by the polarity of
the H®*-C® bond of the respective chloromethane ligand. A
reduced C-H polarity weakens the Pt(d,.)—o"(C-H) back dona-
tion in line with increasing Pt-Hy,, bond lengths in the series
(CH53),Pt(NH3)5+(CH,_,Cl,): 2186 A (n = 3) < 2294 A (n = 2) <
2466 A (n=1) <2838 A (n=0).

This electronic trend in the series (CH3),Pt(NH5),+(CH,_,Cl,)
as well as in the experimental models 2, 3 and 4 is, however,
reversed in case of N2(C-H)Pt o complexes with a predominant
Pt<—o(C-H) o donation component such as model system 1a.
Early theoretical studies by Cundari'?”! showed that in case of
the related square planar model systems Ir(PH3),X(1'-CH,)
[X = H (5a), Cl (5b)] the C-H bond activation increases in con-
trast to 2, 3 and 4 when X represents an electron withdrawing
ligand. Hence, n'(C-H)Pt 0 complexes with predominant Pt(d)—
0"(C-H) back donation (1b, 2, 2a, 3, 4) should be discriminated
from 1n%(C-H)Pt complexes (1a, 5a, 5b) where the Pt«o(C-H)
o donation component prevails.

To provide further evidence, that 2, 2a, 3 and 4 should be
classified as n'-0 alkane complexes we analyzed their potential
energy surface (PES) by high-pressure studies. This methodol-
ogy has been introduced recently by one of us to study the
related bonding scenario of o agostic interactions and o silane
complexes.'282291 We will show in the following that application
of hydrostatic pressure can also be used to compress the
N'(C-H)Pt moieties in single crystals of 2 to push the C-Hy,
bond of the chloroform ligand closer to the metal. As a conse-
quence we might systematically enhance the Pt(d,;)—0*(C-H)
back donation and Pt(RY)<—o(C-H) o donation to trigger the
C-H bond activation upon increasing pressure similar to the
electronic situation in o-agostic d® Ni complexes.l?® This pres-
sure-induced C-H bond activation is accomplished by placing
single crystals of 2 in a diamond anvil cell while the structural
and electronic changes are observed in-situ by X-ray diffraction
and IR studies. A mixture of n-pentane/isopentane was used as
pressure-transmitting medium for the diffraction experiments
and liquid nitrogen for the corresponding IR studies.

Figure 2 depicts the observed pressure-dependency of the
vis(C—Hy,) stretching modes of the 1'(C-H)Pt moiety of 2 which
clearly signals an increasing softening of the C-H,,, bond of the
chloroform ligand with increasing pressure [vi(C-H,,) =
2780 cm™' at 0 GPa and v;(C-Hy,) = 2706 cm™' at 3.4(1) GPal.
Using again McKean's empirical correlation we can relate the
vis(C=Hy,) red shift of 74 cm™ [90 cm™ @ 4.0 GPa] with a pres-
sure-induced activation of the coordinating C-H bond.12"22
This yields an activated r(C-Hy,) bond length of approx. 1.121 A
in 2 at 3.4(1) GPa which is nearly 4.1 pm larger than the non-
activated r(C-H) bond in free chloroform and nearly as large
as the agostic r(C-H) bond length (1.13 A) in EtTiCl3(dmpe)B3®
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representing the textbook example of an agostic transition
metal alkyl complex.

In the next step of our analysis we tried to clarify whether
the pressure-induced C-H bond activation in 2 is connected
with a stronger interaction between the bridging C-H bond of
the chloroform ligand and the Pt(d,.) orbital. Figure 3a provides
an overlay of the individual structures of 2 at 0.0 and 2.6(1)
GPa. In this pressure regime the C-Hy,, bond activation is corre-
lated with a virtually linear shift of the chloroform ligand along
the PteH,, vector. The observed shortening of the r(Pte:Hy,)
distance by ca. 0.25 A [0.13 A @ 2.0 GPa] significantly enhances
the overlap between the Pt(d,) and the o/0*(C-H) orbitals
which span two 3c2e orbitals of bonding and non-bonding
character, respectively.

Figure 3. Overlay of the ball and stick models of 2 obtained by experimental
X-ray diffraction studies using a diamond anvil cell (DAC) at 2.6(1) GPa (green)
with the structure models at a) ambient pressure (ca. 0.0 GPa) and b) 3.9(1)
GPa (orange).

The structural changes above 2.6(1) GPa, however, reduce
the Pt(d,.)-+Hy,,—C interaction - in line with the observed blue-
shift of the v,(C-Hy,) bands (Figure 2). Figure 3b depicts the
corresponding structural changes between 2.6(1) and 3.9(1)
GPa.

Detailed charge density analyses of Hirshfeld-surfaces®" re-
veal that pressure-induced intermolecular interactions between
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the btz ligand and one of the phenyl rings enforce an out-of-
plane rotation of the latter (Figure 3b) at elevated pressures (SI).
As a consequence of this out-of-plane rotation the intramolec-
ular repulsion between the phenyl H16 atom and one of the
chlorine substituents of the coordinating chloroform ligand (SI)
increases. At pressures above 3.4(1) GPa this results in a distinct
shift of the coordinating chloroform ligand away from the axial
lobes of the Pt(d,) orbital. Thus, the donor-acceptor inter-
actions become reduced at pressures above 3.4(1) GPa by
the decreased overlap of the Pt(d,;) atomic orbital with the
0/0*(C-H) orbitals. Hence, our high-pressure study allowed us
to study the potential energy surface of 2 by mapping the
structural and electronic changes upon shifting the coordinat-
ing C-Hy,, bond either approximately parallel (in z-direction) or
perpendicular to the lobes of the Pt(d,.) orbital.

The strict dependency of the C-Hy,, bond activation on the
overlap angle between the Pt(d,;) and the o/0"(C-H) orbitals
clearly supports the presence of a covalent 1'(C-H)Pt moiety.
This finding is further in line with the pronounced broadening
of the isolated v;{(C-Hy,) stretching modes in the infrared stud-
ies. In case of agostic interactions and the related o silane com-
plexes?*321 we have shown that the presence of local Lewis
acidic sites at the transition metal center M provides a neces-
sary prerequisite for the establishment of covalent M-H,~C
interactions. This is actually also the case for the Pt--:H,,,~C inter-
actions in 2, 2a, 3 and 4. In all three cases the bridging C-H
bonds of the choroform ligands point to a center of charge
depletion in the valence density of the platinum atom signaling
the partial depopulation of the natural Pt(5d,.)-type orbitals in
the metal ligand fragments (Figure 1).

These depletion sites are also revealed by minima in the elec-
tron localization function (ELF)!3334 at the platinum atom along
the local z-axis (Figure 1). The extent of these depletion sites
appears to be directly connected with the strength of the
Pt---H,,—C interaction and thus decreases in Pt(btz-N,N')(CgHs)-
(X)(CDCl3) with increasing electron-withdrawing character of X:
X = Phenyl (2) > Br (3) > Cl (4).

To conclude, combined high-pressure X-ray and infrared
studies allowed for the first time to study a pressure-enhanced
C-H bond activation in an organometallic complex. The d® plat-
inum complexes 2, 2a, 3 and 4 employed in this study could
be characterized as 0 complexes displaying n'(C-H)Pt moieties.

Experimental Section

Complexes 2-4 were synthesized according to modified literature
methods (see ref 18 and the SI). The high-pressure single crystal
diffraction experiments of 2 were conducted with a Merrill Bassett
DAC with 0.6 mm culet conical diamond anvils. A crystal was placed
into a pre-indented stainless steel gasket and surrounded by a 1:1
mixture of n-pentane and isopentane acting as pressure-transmit-
ting medium. Details of the X-ray diffraction experiments at high
pressures (2) and at low temperatures (2-4) are given in the SI.
Pressure-dependent transmittance measurements were conducted
in the frequency range of 550-8000 cm™" using a Bruker IRscope |l
coupled to a Bruker IFS 66v/s FT-IR spectrometer. A Diacell Cryo-
DAC-Mega with type lla diamonds was used with a pre-indented
CuBe gasket and nitrogen as hydrostatic pressure-transmitting me-
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dium. The periodic B3LYP DFT calculations at various pressures used
the CRYSTALO9 code; see the Sl for further details.

CCDC 1926196 (for 2), 1926197 (for 2a), 1926198 (for 3), 1926199
(for 4), and 1926200-1926204 (for 2 at high pressure) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre.
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