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ABSTRACT: In contrast to the reported CCC-NHC pincer
ligands that contain normal N-heterocyclic carbenes (NHC),
herein we report an imidazole-based abnormal NHC (aNHC)
pincer ligand, CCC-aNHC. The CCC-aNHC pincer Pt complex
with two aNHC donors was synthesized via the in situ metalation
and transmetalation methodology. The 1,3-phenylene(bis-2-
phenyl-3-butyl imidazolium) diiodide salt was reacted with
Zr(NMe2)4 to generate a CCC-aNHC pincer zirconium complex
in situ. It was transmetalated to Pt using [Pt(COD)Cl2].
Electrospray ionization of the Pt pincer complex [(BuCa‑iCa‑iCBu)-
PtI] in acetonitrile generated an intense peak at m/z = 696.2375,
which was assigned to the dinitrogen adduct [M−I+N2]+ of the
cationic CCC-aNHC pincer Pt(II) complex [(BuCa‑iCa‑iCBu)Pt−
N2]+, representing a rare example of the platinum dinitrogen organometallic complex. The super electron-donating ability of the
pincer ligands with abnormal NHC enabled the cationic CCC-aNHC pincer Pt(II) complex to selectively bind N2 over MeCN in a
first-order analysis. A collision-induced dissociation (CID) study was conducted on the N2 and MeCN adducts, suggesting that more
energy was required to dissociate N2 than MeCN. A computational study suggested that the N2 adduct was kinetically stable in the
gas phase whereas the MeCN adduct was thermodynamically preferred. The computational results reconciled the mass spectral data
experiment with an attempt to isolate the N2 adduct. DFT computation suggested that N2 dissociation is more challenging due to
higher energy transition states, and there is a competitive pathway of N2 tumbling within the coordination sphere of the Pt. This
tumbling path is not available from the MeCN ligand due to ligand structural differences.

■ INTRODUCTION

The main challenge of ammonia (NH3) production is the high
energy demand for dinitrogen activation and dihydrogen
generation.1 The production of ammonia is important for the
synthesis of fertilizers to feed the world.2 Ammonia is also an
important commodity used in the production of pharmaceut-
icals and cleaning agents, contributing to the advancement of
modern living standards.3 Biologically, the nitrogenase enzyme
converts the N2 into ammonia using the iron−molybdenum−
sulfur protein known as the FeMo-cofactor.4 While much of
the mechanism of the operation of such N2 fixation has been
elucidated, there are still aspects of this process that remain
speculative.5 The method employed industrially to activate N2
molecules to produce ammonia is the Haber−Bosch (HB)
process.6 Even though it is effective for producing ammonia
from molecular N2 and H2, it requires a high energy input. The
HB process requires 200−400 atm and 400−650 °C to activate
dinitrogen and molecular hydrogen in the presence of
heterogeneous catalysts.7 Another major concern is that the
hydrogen used for ammonia production comes from methane

reforming, which produces a large volume of carbon dioxide
(CO2).

8 CO2 contributes to the greenhouse gas effect and
raises environmental concerns.9 Therefore, less energy-
consuming techniques and more environmentally friendly
procedures are desired for the activation of molecular N2 and
H2 to produce ammonia.10 These concerns have encouraged
scientific investigations in search of catalysts that might operate
to activate dinitrogen and molecular hydrogen at lower
temperatures and pressures.11 Organometallic catalysts have
been envisioned as a way to explore dinitrogen functionaliza-
tion. These catalysts will allow the exploration of the
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mechanisms to find better conditions to produce ammonia and
other value-added chemicals.12
The report of the first ruthenium dinitrogen complex by

Allen and Senoff13 encouraged numerous research groups to
study the coordination chemistry of dinitrogen complexes.
Since then, many dinitrogen complexes of various metals
across the periodic table have been reported. With each
advancement, the importance of the ligands that surround the
metal center becomes increasingly significant.14 Group 6
dinitrogen complexes have been reported with bidentate
ligands such as bis(diethylphosphino) ethane and bis-
(diphenylphosphino) ethane. Molybdenum and tungsten
complexes of the bidentate phosphino ligands were used as
catalysts to functionalize N2 at 20 °C to obtain 0.7 and 1.9
ammonia per Mo and W atoms, respectively.15 Previous
reports of tripodal,16 tetrapodal,17 and pentapodal17a Mo
dinitrogen complexes with various proton sources function-
alized N2 to NH3 and H2N-NH2.

18 Additionally, the group 4,
6, 7, 8, and 9 transition metal complexes containing amido,
phosphine, and N-heterocyclic carbene (NHC) pincer ligands
have also been reported to functionalize N2 to ammonia under
ambient conditions.19 Organometallic complexes of group 10
metals are routinely used as homogeneous catalysts to
transform organic substrates and activate small molecules to
produce useful chemicals.20 Among the group 10 organo-
metallic complexes, only a few organonickel complexes have
been characterized and demonstrated to bind N2.

21 However,
sterically hindered ligands are used to synthesize nickel N2
complexes.22 There have been no reported synthetic method-
ologies for the isolation of N2 complexes of either platinum or
palladium. No single X-ray crystal structure of N2 organo-
platinum or organopalladium complexes is yet known. A low-
frequency vibrational technique has been employed to observe
Pd−N2 and Pt−N2 bond stretching modes on the surfaces of
those metals.23 Ethylene bound to platinum metal as an
organometallic complex was proposed by Zeise with many
variations having been reported afterward.24 However, there
are no reports of Zeise’s platinum complexes of N2 having been
isolated yet. An electrospray ionization mass spectrometry
analysis of K2[PtCl4] (Zeise’s salt) solutions has been reported

recently to generate ions corresponding to N2 adducts of
trichloroplatinate(II) [PtCl3(N2)]− species.25 Ions such as
[Pt(NH3)2(N2)Cl]+, [Pt(NH3)2(N2)OH]+, and [PtCl3N2]−

were reported by Cui and co-workers when studying the
hydrolysis of cisplatin using a Fourier transform ion cyclotron
resonance mass spectrometry technique.26 Furthermore, an
electrospray ionization of group 10 complexes of phenanthro-
line was reported to generate inorganic fragments [(phen)Pt]+
of N2, O2, and H2O in the gas phase.27 These reports
stimulated us to speculate that having strong electron donating
ligand(s) around the Pt cation may lead to the isolation and
characterization of Pt dinitrogen complexes. One of the
strongest electron donor ligands in organometallic chemistry is
the abnormal NHC ligand.28
NHCs have been used as ancillary ligands for over 50 years

and are considered to be stronger electron donors than
phosphines and pyridines.29 Imidazole-2-ylidene and its
derivatives are widely explored in the field of NHC
chemistry.30,31 NHC ligands have been reported to be more
air- and moisture-stable than phosphine ligands. The NHCs
can be classified as normal (nNHC) and abnormal (aNHC) or
mesoionic (MIC),38 which are based on their binding mode to
the metal ions. The most explored among these categories are
the nNHCs where the carbene is featured on the C2 position
of 1,2,4-triazolium or imidazolium ligands.32 However, the
aNHCs have gained considerable attention because of their
stronger electron donating power.33,34 The aNHC ligands
feature the carbene carbon at the C4 or C5 position on the
imidazolium or 1,2,3-triazoliun ligands instead of the C2
position.35 Crabtree and co-workers described an aNHC-metal
complex in 2001, but the stable unmasked aNHC was reported
in 2009 by Bertrand et al. Tolman electronic parameters and
quantum chemical calculations predicted a stronger electron
donating ability of aNHCs versus the corresponding nNHCs.36
The exceptional donating ability of the aNHC ligands has
made them crucial in the design and synthesis of multidentate
ligands,37 in particular, pincer architectures where NHCs serve
as terminal donors.38 Also, the use of aNHCs has emerged as a
new strategy to synthesize high valence metal complexes.38b To
date, a C2-deprotonation of imidazolium salts has been the

Chart 1. General Representations of Common Aryl-Bridged Bis-NHC Pincer Complexesa

aFor the aryl-bridged bis-NHC pincer ligands, the standard acronyms, CNC or CCC, are used to highlight the atoms bonded to the central metal.
The carat (^) is used to signify a spacer that breaks conjugation and induces conformational complexity. The superscript “y” identifies imidazole-
based (i), benzimidazole-based (b), or triazole-based (t) NHCs. a-i = abnormal imidazole-based NHC, a-t = abnormal triazole-based NHC, Z =
CH or N, and the superscripts R, R1= alkyl or aryl substituent. The shorthand was adapted from literature reports.40,47g
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most reliable approach for the synthesis of NHC pincer
complexes.39 For instance, the report of monoanionic CCC-
NHC pincer complexes 140 and 241 and neutral CNC-NHC
pincer complexes 342 and 443 (Chart 1) relied on C2-
deprotonation of the azolium salts because of the higher acidity
of the C2 protons.44 Due to the weaker acidity of C4 and C5
protons versus the C2 proton of the imidazolium salts, the
most frequently synthesized aNHC pincer complexes are the
1,2,3-triazole based complexes 5.45 The monoanionic 1,2,3-
triazole based aNHC pincer ligands have been reported to
stabilize Pd(IV) species that are particularly considered as
transient intermediates in Pd catalyzed reactions.46 Our group
has been developing normal CCC-NHC pincer complexes 2
employing Zr(NMe2)4 as a base and a metal source from
phenylene bridged azolium proligands.47 The modulation of
the phenylene bridged NHC pincer ligands for the synthesis of
abnormal CCC-NHC pincer complexes has been one research
interest of our group.48 Even though CCC-NHC pincer
complexes of palladium and platinum have been reported by
our group and others, none have been reported to bind N2.

49

Herein, we report a gas phase dinitrogen adduct of an
imidazole-based CCC-aNHC pincer platinum complex 6
(Chart 1) employing a phenylene bridged C2 arylated
bis(imidazolium) ligand.

■ RESULTS AND DISCUSSION

Compounds 1,3-bis(2-phenylimidazole) benzene 7 and 1,3-
bis(2-phenylimidazolium) benzene diiodide salt 8
[(BuCa‑iCa‑iCBu)(H)3][I]2 (Scheme 1) were synthesized by a
slight modification of procedures from the literature.47i
The CCC-aNHC pincer Pt complex 9 was synthesized by in

situ metalation of 8 with Zr(NMe2)4 and subsequently
transmetalated to Pt using Pt(COD)Cl2. The addition of
Zr(NMe2)4 to a solution of 8 in methylene chloride gave a
colorless solution. The 1H NMR spectrum of the solution
revealed the absence of the singlet phenylene proton at 8.45
ppm and the C5 imidazolium doublet at 7.98 ppm (see SI
Figure S5). The spectrum showed multiple products within a
10 min reaction time but resolved to a symmetrical or a single
product after 17 h. The triplet signal corresponding to the
methylene group adjacent to the imidazolium nitrogen
appeared at 3.85 ppm for the Zr adduct in DCM. The singlet
C4 protons on the imidazolium arms shifted from 7.77 ppm
downfield to 7.39 ppm, and the triplet on the phenylene
bridging the two imidazolium arms appeared at 6.59 ppm (see
SI Figure S5). The transmetalation reaction from the in situ
generated zirconium complex to Pt using Pt(COD)Cl2 gave a
solution of intense yellow color. The 1H NMR spectrum of the
solution showed a complete quantitative transmetalation to the
Pt within 20 min. The singlet imidazolium protons at 7.39 ppm
in the in situ generated Zr complex shifted to 7.13 ppm. The
C4 proton on the imidazolium arms at a chemical shift of 7.13
ppm coupled to the Pt with satellite peaks that were clearly

observable (3JPt−H = 5 Hz, im-H) in the 1H NMR spectrum.
After workup, the CCC-aNHC Pt(II) iodide complex 9,
[(BuCa‑iCa‑iCBu)PtI], was obtained as the product according to
spectroscopic studies (1H, 13C NMR, and X-ray spectros-
copies). To establish the purity and unequivocally identify the
halogen of the bulk material of complex 9, the powdered and
crystalline samples were subjected to elemental analysis. The
elemental analyses were within the acceptable range for
complex 9. In 2013, the normal CCC-NHC Pt chloride pincer
complex was reported based on the same methodology using
bis(3′-trimethylsilylmethylbenzimidazol-1′-yl)benzene diio-
dide salt.50 Probably, this is owed to the fact that the
trimethylsilylmethyl group is sterically bulky or the Pt center is
more Lewis acidic. In contrast, the CCC-aNHC pincer Pt
complex conclusively binds iodide, the only product observed.
The formation of the platinum iodide product suggests that the
auxiliary halide on the metal center originated from the salt 8.
Also, the formation of the iodide product is due to the fact that
the strong electron-donating ability of the aNHC arms of the
ligand and strong anionic aryl group will in principle stabilize
the soft Lewis acid Pt(II) center. The soft acid Pt(II)
preferentially binds to the soft iodide ion to give quantitative
formation of the iodide adduct. Crystals suitable for X-ray
crystallography were obtained from slow vapor diffusion of
diethyl ether into a saturated solution of dichloromethane. The
diffraction study confirmed the molecular structure of the
Pt(II) pincer complex 9. The complex exhibited a distorted
square-planar configuration as expected for d8 four-coordinate
transition-metal compounds of group 10. An ORTEP plot of
the molecular structure of complex 9 is presented in Figure 1.
The bond lengths of the Pt(II) pincer complex are consistent
with the previously reported NHC pincer complexes.51 The
Pt−Ccarbene bond length in the complex was determined to be
2.019(8) Å, and a bond length of 1.923(9) Å was observed for
the Pt−Caryl. There are no significant changes in bond lengths
between the CCC-aNHC pincer Pt(II) complex 9 and the
reported normal CCC-NHC pincer Pt complexes52 where
chloride and bromide were the auxiliary anions on the Pt.

ESI-MS Analysis of CCC-aNHC Pt Pincer Complex 9
and the Observation of the Cationic Platinum Dini-
trogen Adduct [(BuCa‑iCa‑iCBu)Pt−N2]

+. An electrospray
ionization mass spectrometry (ESI-MS) analysis was per-
formed on complex 9. The spectrum is presented in Figure 2.
There were three distinct peaks in the mass spectrum with Pt
isotope envelopes of six in each single peak. The envelopes of
peaks represent the isotope distribution of Pt.53 Among those
three peaks was a peak at m/z = 668, A, which corresponds to
the expected dehalogenated adduct [(BuCa‑iCa‑iCBu)Pt]+, 10. In
the spectrum was another peak, B, observed at m/z = 696.2375
which corresponds to the adduct 10 bound to a species with a
mass of 28 amu (structure 11).
In fact, in this full-scan spectrum, the m/z = 696.2375 was

the most intense peak in the spectrum. Ethylene, dinitrogen,

Scheme 1. Synthesis of the CCC-aNHC Pt(II) Pincer Complex 9 from C2 Arylated 1,3-Bis(N-butyl-2-phenyl
imidazolium)benzene Diiodide 8
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and carbon monoxide molecules all have a nominal mass of 28
amu, and any one of them could, in principle, act as a ligand on
the dehalogenated fragment of the cationic complex
[(BuCa‑iCa‑iCBu)Pt]+, 10. Given that nitrogen (N2) is abundant
in the atmosphere and is used within the mass spectrometer, it
was the likely candidate. Further, the average error calculated
for all of the isotope envelopes in the peaks (Figure 3) for the
hypothetical carbon monoxide complex [(BuCa‑iCa‑iCBu)Pt-
CO]+, 14, and the hypothetical ethylene complex
[(BuCa‑iCa‑iCBu)Pt−C2H4]+, 15, shows that the individual
isotopic peaks of complexes 14 and 15 are off by 9.9 and
41.6 ppm (calculated mass for the carbon monoxide bound
complex, 14, was 696.2299 amu and that of the ethylene

bound complex, 15, was 696.2666 amu), whereas the N2
bound complex [(BuCa‑iCa‑iCBu)Pt−N2]+, 13, was off by only
5.5 ppm on average. Thus, the most intense peak was assigned
to the formation of the cationic N2 complex 13 (calculated m/
z = 696.2414).
Since acetonitrile was used as a solvent for the ESI-MS

analysis of complex 9, the most intense peak was expected to
be the MeCN coordinated adduct 12, but it turned out to be
the least intense peak found relative to complexes 10 and 11.
The MeCN coordinated complex 12 was observed at m/z =
709 in the mass spectrum.

Comparison between the Normal and Abnormal
CCC-NHC Pincer Platinum Complexes. The unexpected
coordination of the N2 to the dehalogenated adduct of
complex 9 prompted us to revisit the normal CCC-NHC
Pt(II) chloride pincer complex (16, Chart 2) previously
reported by our group52 to perform ESI-MS analysis again.
Structurally, the normal CCC-NHC pincer Pt complex 16
features the carbenes on the C2 carbon atoms, and the carbene
carbons are in between two nitrogen atoms. On the other
hand, the CCC-aNHC Pt(II) iodide complex (9, Chart 2) has
the carbenes featured on the C5 carbon atoms. The C5
carbons are bonded to adjacent sp2 carbon atoms instead of
electron-withdrawing nitrogen atoms. The weaker electro-
negative carbon atoms make the abnormal carbenes more
electron efficient in complex 9 than those of 16.
The ESI-MS analysis of complex 16 gave similar peaks in the

mass spectrum as previously reported. A solution of complex 9
and complex 16 was mixed and subjected to mass analysis. The
mass spectrum showed four distinct peaks as shown in Figure
4. A peak was observed at m/z = 516, which corresponds to
the cationic Pt(II) adduct 17. The remaining peaks in the mass
spectrum were similar peaks observed for the analysis of
complex 9 (Figure 2). The [(BuCa‑iCa‑iCBu)Pt−N2]+ adduct 13
showed the most intense peak, as observed before. However,
no N2 adduct was observed for the cationic adduct of complex
16. If it had been present, the cationic N2 Pt(II) adduct would

Figure 1. ORTEP diagram of abnormal platinum iodide complex 9,
[(BuCa‑iCa‑iCBu)PtI]. Hydrogen atoms are omitted for clarity. The
thermal ellipsoids are shown at 95% probability. Bond distances (Å):
Pt1A−C1A = 1.923(9); Pt1A−C10A = 2.019(8); Pt1A−C7A =
2.046(8); Pt1A−I1A = 2.6845(7); N3A−C10A = 1.405(12); N1A−
C7A = 1.428(11). Bond angles (deg): C1A−Pt1A−C10A = 79.6(4);
C1A−Pt1A−C7A = 81.0(3); C10A−Pt1A−C7A = 160.6(4); C1A−
Pt1A−I1A = 175.7(3); C10A−Pt1A−I1A = 96.2(3); C7A−Pt1A−
I1A = 103.1(2). C11A−C10A−N3A = 103.8(7); N1A−C7A−Pt1A =
110.7(6).

Figure 2. Positive-mode ESI-MS spectrum of the CCC-aNHC Pt(II) iodide pincer complex [(BuCa‑iCa‑iCBu)PtI] (9) in MeCN. (A) [M−I]+ with
the mass selection of m/z = 668.2355, (B) [M−I + Ln]+ with the molecular formula [(BuCa‑iCa‑iCBu)Pt + Ln]+ and m/z = 696.2375 readily formed
in the gas phase, (C) [M−I+MeCN]+ with a mass of m/z = 709.2577. Ln = N2, CO, and C2H4.
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be expected to appear at m/z = 544 (indicated as 17 + N2
arrow with an asterisk in Figure 4). No peak was observed at
that position. Also, no MeCN adduct of the cationic complex
17 was observed (calculated to be 557.1992 amu). This
observation confirms the uniqueness of the CCC-aNHC ligand
in the Pt(II) pincer complex 9.
Where is the N2 Coming From? To further investigate

the source of the dinitrogen molecule, the operating gas of the
mass spectrometer was switched from N2 gas to Ar gas without
altering any other acquisition parameters. Using Ar gas, the
mass spectrum still showed the most intense peak at m/z = 696
(Figure S14), which corresponds to the N2 coordinated to the
cationic Pt(II) complex, 13. This observation also suggested
that the acetonitrile used as a solvent was saturated with N2
from the atmosphere, and that allowed the N2 adduct 13 to be
formed.
To test whether the acetonitrile solvent was the source of

N2, a sample was degassed by the freeze−pump−thaw method.
Afterward, the solution was subjected to mass analysis by ESI-
MS under Ar as a carrier gas. In this case, the peak at 696

decreased significantly in intensity, as may be seen in Figure 5.
The peak at m/z = 668 which represented the cationic adduct
10 was the most intense peak instead (compare Figure 5 versus
Figure 2). Coincidentally, two new extraneous peaks due to
adventitious water were observed (m/z = 684 and 702) as
confirmed by exact mass analysis. They are assigned as the oxo
species 18 and the hydroxy species 19 (see SI Figures S16 and
S17 and discussion therein). Thus, the N2 saturated MeCN
solvent was identified as the source of N2.

Collision-Induced Dissociation (CID) Studies of
[(BuCa‑iCa‑iCBu)PtI]. Based on the relative intensities of the
dinitrogen versus the acetonitrile adducts in the ESI experi-
ments, a first-order analysis could be that the N2 coordinates
cationic [(BuCa‑iCa‑iCBu)−Pt-N2]+ complex 13 more stably
than the MeCN coordinated adduct 12 under the ESI-MS
conditions. To investigate this possibility, energy-resolved
collision-induced dissociation mass spectrometry (CID-MS)
studies were conducted using an ion trap mass spectrometer.
Energy-resolved CID-MS has been used to predict the relative
strength or stability of the chemical bonds in compounds,25a

especially when they have comparable degrees of freedom and
masses. It is expected that the weaker bond would cleave at
lower collision energy than a stronger bond.54 The full scan
spectrum from the ion trap mass spectrometer showed peaks
corresponding to [(BuCa‑iCa‑iCBu)Pt−N2]+ adduct 13 at m/z =
696, [(BuCa‑iCa‑iCBu)Pt−NCMe]+ adduct 12 at m/z = 709, and
[(BuCa‑iCa‑iCBu)Pt]+ complex 10 at m/z = 668. Each of the two
adducts was, in turn, mass isolated with an isolation width of
3.0 amu and subjected to various collision energies. Upon CID,
both adducts generated a major fragment ion at m/z = 668 due

Figure 3. Simulated patterns of the dinitrogen bound adduct [(BuCa‑iCa‑iCBu)Pt−N2]+ (13), carbon monoxide bound adduct [(BuCa‑iCa‑iCBu)Pt-
CO]+ (14), and ethylene bound adduct [(BuCa‑iCa‑iCBu)Pt−C2H4]+ (15) to the dehalogenated adduct of the Pt(II) complex. The Δppm is the
average of all the isotope peaks.

Chart 2. Normal CCC-NHC Pt Pincer Complex 16 versus
Abnormal CCC-NHC Pincer Pt(II) Complex 9a

aFor more about the normal of CCC-NHC see ref 47g.
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to the loss of N2 (−28 amu) or a MeCN (−41 amu) ligand.
Therefore, only the precursor ion and the m/z = 668 fragment
ions were considered in the calculation of the percentage yield
(Figure 6).
In the energy-resolved CID-MS, a sharp decay in precursor

intensities (and a corresponding increase in product ion
intensities) occurred at normalized collision energies (NCE) of
13 and 16 for N2 and MeCN adducts, respectively. The N2
complex achieved 50% depletion at NCE 18.4, whereas the
MeCN complex achieved it at a lower NCE of 14.3. The
experiment was conducted two more times (see SI Figures
S19−S25 for more information), and the curve was
reproducible with similar 50% reduction values: 50% depletion

of N2 complex at NCE 18.6 ± 0.6 and 50% depletion of the
MeCN complex at NCE 14.4 ± 0.6. The higher NCE of the N2
adduct indicates that the [(BuCa‑iCa‑iCBu)Pt-N2]+, 13, required
more energy input to dissociate on the time scale of the CID-
MS experiment. However, the kinetic versus thermodynamic
implications of this observation cannot be readily disentangled
from this experimental data alone. Thus, we turned to a
computational evaluation of the cationic CCC-NHC pincer Pt
complexes.

Computational Results. To gain further insight into the
stability of N2 and MeCN coordination to the cationic CCC-
aNHC Pt(II) pincer complexes, density functional theory
studies (DFT) were performed. Three cationic CCC-NHC

Figure 4. Positive-mode ESI-MS spectrum of complexes 9 and 16 combined in acetonitrile solvent. The arrows with the asterisk indicate where the
positions of the normal CCC-NHC Pt(II) complex 17 adducts with N2 or MeCN would have been.

Figure 5. Positive-mode ESI mass spectrum of a solution of complex 9 in acetonitrile degassed with Ar gas. The intensity of the [(BuCa‑iCa‑iCBu)Pt−
N2]+ peak decreased drastically under the Ar environment. The peaks at m/z = 684.2341 and 702.2324 correspond to [(BuCa‑iCa‑iCBu)Pt(O)]+ and
[(BuCa‑iCa‑iCBu)Pt(O)(OH)]+ adducts.
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Pt(II) pincer complexes 11, 20, and 21 were studied to
understand (Figure 7) how the ligand architectures affect the

electronic structure of the Pt metal center. The phenyl
substituents on the imidazolium arms on the CCC-aNHC
pincer Pt complex 11 were replaced with hydrogen atoms to
understand the effect of the substituents on the formation of
the Pt−N2 adduct. The bond dissociation energy with small
molecules such as N2 provided insight into the catalytic
potential and stability of important intermediates. As depicted
in Figure 7, the study showed similar trends in energies
between the three pincer complexes 11, 20, and 21. The
coordination of MeCN to the cationic CCC-NHC Pt(II)
complex 20 is thermodynamically more stable than the N2
coordination by 15.9 kcal/mol. The association of N2 to
complex 21 is thermodynamically more stable than complex 20
by 3.1 kcal/mol. The substitution of the hydrogen atoms with
the phenyl substituents in complex 11 decreased the stability of
the MeCN bound complex 21 by 4.1 kcal/mol. However, the
substitution of the hydrogen atoms with the phenyl
substituents in complex 11 did not change the stability trends
of the N2 bound complex 21.

The N2 ligand was computed to have the weakest
coordination to the cationic Pt pincer complexes 11, 20, and
21 with association energies of −11.5, −8.4, and −11.5 kcal/
mol, respectively. The phenyl (Ph) substituents in the pincer
complex 11 did not change the trends in energies. Hou and co-
workers found that back bonding mostly contributes to the
coordination energy of the N2 ligand in anionic complex
[PtCl3N2]−. For the cationic [(BuCa‑iCa‑iCBu)Pt−N2]+, 13,
scenario, weaker π back bonding and stronger σ donation were
expected. However, stronger bonds were observed in the
cationic Pt complexes 11 and 21. The stronger bonds suggest
that the CCC-aNHC ligands donated electrons to the Pt metal,
causing it to be electron-rich to create stronger bonds to the
auxiliary ligands, especially in the high contribution of π back
bonding character with the N2 ligand. The CID data indicated
that the N2 ligand binds the cationic Pt(II) adduct more
strongly than the MeCN ligand. The CID observations can be
understood since normalized collision energies are not bond
strength measurements in the thermodynamic sense but are a
kinetically controlled process, rather.54
To compare the kinetic dissociation process between the

cationic [(BuCa‑iCa‑iCBu)Pt−N2]+, 13, and [(BuCa‑iCa‑iCBu)Pt−
NCMe]+, 12, complexes, simplified model complexes were
used. The n-butyl (Bu) and phenyl (Ph) groups in the
abnormal pincer ligand were replaced by methyl (Me) and
hydrogen (H) atoms, respectively, to minimize the effect of
conformers and to speed up the calculations.
The data in Figure 8 show N2 and MeCN association and

dissociation pathways in CCC-aNHC Pt pincer complexes.
The cationic N2 coordinated complexes 22-g and 23-g (“g” is
to indicates the gas phase calculation) were computed to have
an energy of 87.8 kcal/mol in the gas phase. The complexes
22-g and 23-g originated from the dissociation of N2 from
[(MeCa‑iCa‑iCMe)Pt−N2]+ through transition state complex TS-
2-g. The N2 ligand was found to tumble on the TS-2-g
complex at the transition state. This tumbling behavior gave
rise to a lower energy (4.3 kcal/mol) side-on activated complex
TS-1-g. These activated complexes led to the side-on complex
23-g and end-on complex 24-g at the local minima where the
nitrogen atoms N1 (blue) and N2 (red) swapped positions.
The end-on coordination of N2 to the cationic complex 23-g
was computed to have a relative energy of 87.8 kcal/mol,
whereas the side-on isomer 24-g gave an energy of 99.7 kcal/
mol. Thermodynamically, the end-on isomer 24-g is relatively
more stable by 11.9 kcal/mol than the side-on isomer 23-g.
Also, the ligandless cationic complex 25-g was computed to
have an energy of 99.1 kcal/mol at the local minima. The
CCC-aNHC Pt chloride pincer complex 26-g was also
considered in the modeling. The dissociation of the chloride
ligand from complex 26-g and the formation of MeCN
complex 27-g is thermodynamically favored by 12.5 kcal/mol
compared to the more stable end-on N2 bound complex 23-g.
Moreover, it should be considered that the dissociation of

the N2 ligand from complex 22-g through transition state TS-
2-g is kinetically more energy-intensive by 5.3 kcal/mol than
the dissociation of the MeCN ligand from complex 27-g
through transition state TS-3-g in the gas phase. The higher
energy barrier of the Pt−N2 adduct TS-2-g explains why, in the
CID experiment, the cationic [(BuCa‑iCa‑iCBu)Pt−N2]+ adduct,
13 required higher energy to dissociate than the cationic
[(BuCa‑iCa‑iCBu)Pt−NCMe]+ adduct, 12. These gas phase data
(CID and computations) indicate that the Pt−N2 adduct TS-
2-g has kinetic stability versus the acetonitrile adduct TS-3-g.

Figure 6. A representative energy-resolved CID-MS curve of the
dinitrogen adduct, [(BuCa‑iCa‑iCBu)Pt−N2]+ (13; gray square), and the
acetonitrile adduct, [(BuCa‑iCa‑iCBu)Pt−NCMe]+ (12) complex (red
circle).

Figure 7. Gas-phase calculations of the association of the dinitrogen
and acetonitrile ligands to the cationic CCC-NHC Pt(II) complexes.
All energies are reported in kcal/mol.
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When these results were noted, extensive efforts were
expended to attempt to isolate the observed Pt−N2 adduct,
to no avail.
As a next step, the computational results were recalculated

using an implicit solvent model to evaluate the impact of
solvent on these stabilities, and the results are illustrated in
Figure 9. The solvent used for the calculation was acetonitrile.
The MeCN remains a better ligand than the N2 in the case of
thermodynamic sense. The formation of complex 27-s (“s”
indicates solvent was considered in the calculation) is still

thermodynamically more favored by 8.0 kcal/mol over the N2
bound complex 23-s. The thermodynamic stability trends do
not change by the incorporation of solvent into the
calculations. The energy barriers of TS-2-s and TS-3-s for
the dissociation of N2 and MeCN ligands from the Pt center
were computed to be 25.4 and 25.5 kcal/mol, respectively. The
similarity in energies means that the acetonitrile solvent
eliminated the kinetic stability observed in the gas phase
calculations presented in Figure 8. These are the highest points
and are therefore assigned as the rate-determining steps. The

Figure 8. Gas phase calculations of [(MeCa‑iCa‑iCMe)Pt−N2]+ and [(MeCa‑iCa‑iCMe)Pt−NCMe]+ at the PBE1PBE/BS1 level of theory. Gibbs free
energy profile (kcal/mol) is presented. The “g” attached to the labeling numbers means that the complexes were computed in the gas phase. The
numerical 1 and 2 on the N atom show that N swaps positions along the pathways.

Figure 9. Solvated calculations of [(MeCa‑iCa‑iCMe)Pt−N2]+ and [(MeCa‑iCa‑iCMe)Pt−NCMe]+ at the SMD(MeCN)//PBE1PBE/BS1 level of
theory. The Gibbs free energy profile (kcal/mol) is presented. The “s” attached to the labeling numbers means the solvent was factored into the
computation of the complexes. The numerical 1 and 2 on the N atom show that N swaps positions along the pathways.
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closeness in activation barriers of TS-2-s and TS-3-s means
that the dehalogenation of the CCC-aNHC Pt halide
complexes in acetonitrile would lead to the more stable
MeCN bound complexes. The computations suggest that the
synthesis and isolation of the cationic CCC-aNHC Pt N2
pincer complex, which is a kinetic product, could be more
challenging compared to the CCC-aNHC Pt MeCN complex,
which is a thermodynamic adduct. The higher energy barrier
emphasizes why we have not been able to synthesize the
cationic Pt N2 complex upon numerous attempts. In terms of
geometry, the computed transition state TS-3-s is connected to
κ1 MeCN, while TS-2-s is connected to the side-on κ2 N2
ligand in 24-s. The κ2 MeCN bound complex could not be
located.
To verify the results of DFT, single point calculation with

domain-based local pair natural orbital implemented on couple
cluster method DLPNO−CCSD(T) was performed at def2-
QZVPP basis set. If considering DLPNO-CCSD(T)/BS2/
PBE0-D3/BS1 results as the standard reference, the PBE0-D3/
BS1 calculation tends to underestimate the thermodynamic
and kinetic values (Table S5) but shows excellent correlation
(R2 = 0.98) in the linear regression (Figure S28).
The evaluation of the kinetic dissociation process between

the cationic [(MeCa‑iCa‑iCMe)Pt−N2]+ and [(MeCa‑iCa‑iCMe)Pt−
NCMe]+ complexes was also computed at the SMD-
(MeCN)//PBE1PBE/BS1 level of theory. The barrier for
the dissociation of the MeCN ligand from the Pt pincer
complex was higher than that of the dissociation of the N2
ligand (Figure S29). However, the energy difference is very
small (ΔΔ‡G° = 1.2 kcal/mol), and no significant inferences
could be drawn out of it. Structurally, the N2 ligand is
perpendicular in the plane of the pincer complex due to the
steric effect of the two alkyl groups in the imidazolium arms.
The two nitrogen atoms in the [(MeCa‑iCa‑iCMe)Pt−N2]+
complex are horizontal to the plane of the pincer (Figure S27).

■ CONCLUSIONS

A new CCC-aNHC Pt(II) pincer complex has been
synthesized by metalation and transmetalation procedures.
The deprotonation of the less acidic C5 protons of the
imidazole-based proligand was achieved using Zr(NMe2)4. The
Pt pincer complex has distorted square-planar configurations as
expected for d8 four-coordinated transition-metal compounds.
The cationic Pt adduct binds strongly to the N2 in the gas
phase. The mass spectra revealed that the cationic dinitrogen
Pt(II) pincer complex is a potential synthetic compound to be
looked at in the future. The CID-MS studies indicated more
energy input was required to disrupt the N2 complex than the
MeCN complex within the gas-phase environment of the ion
trap and within the time scale of the CID-MS experiment.
DFT calculations revealed that N2 weakly binds to the cationic
CCC-NHC Pt(II) pincer complexes compared to MeCN. The
DFT calculations predicted that the dissociation of the N2
from the Pt complex was kinetically favored over the MeCN
complex based on transition states located on the potential
energy surface. Thermodynamically, the MeCN complex was
predicted to be more stable than the N2 complex. The
computational results reconciled the MS experiments suggest-
ing a higher kinetic barrier for N2 dissociation due to what is
effectively tumbling of the N2 in the coordination sphere of the
Pt. This path is not available in the MeCN due to symmetry
constraints. The CCC-aNHC Pt(II) complex is among the
observed complexes of platinum that bind to dinitrogen

molecules in the gas phase. The reactivity and isolation of the
Pt N2 complexes are still ongoing investigations in our lab.

■ EXPERIMENTAL DETAILS

General Procedures. All starting materials were purchased from
Sigma-Aldrich, Fisher Scientific, or Strem. The reagents were used as
received unless otherwise mentioned. All solvents were dried and
degassed by passing through a basic alumina column under N2
protection. All reactions involving organometallic reagents were
carried out under a N2 atmosphere using a standard glovebox. NMR
spectra were collected using a Bruker Advance 500 spectrometer and
were referenced to the residual solvent peak (δ in ppm, J in Hz).
Electrospray ionization mass spectra were collected using a Waters
Micromass ZQ mass spectrometer.

Synthesis of 1,3-(2-phenylimidazole) Benzene (7). Com-
pound 7 was prepared by combining 1,3-bromobenzene (5.0 mL,
41.33 mmol), 2-phenylimidazole (17.88 g, 123.99 mmol), K2CO3
(17.14 g, 123.99 mmol), CuO (3.0 g, 37.7 mmol), and DMSO (60
mL). The mixture was heated at 160 °C for 96 h. The reaction was
cooled to room temperature, and 250 mL of CH2Cl2 was added and
then passed through silica gel. The silica gel was eluted with 800 mL
of CH2Cl2/IPA (10:1). The solvent was evaporated at reduced
pressure to obtain a dark brown solid. The solid was washed with 150
mL acetone to give a white solid (7.07 g, 47%). 1H NMR (500 MHz,
CDCl3): δ 7.11 (pseudo-t, J = 5 Hz, 1H), 7.03 (s, 2 H), 7.47 (d, J =
10 Hz, 2H), 7.23 (s, 2H), 7.31 (m, 5H), 7.40−7.44 (m, 5H). 13C{1H}
NMR (125 MHz, CDCl3): δ 144.5, 137.2, 128.2, 127.7, 124.5, 126.0
123.1, 120.9, 120.1. ESI-MS calcd for C24H19N4 [M + H]+ m/z =
363.1610, found m/z = 363.1658.

Synthesis of 1,3-Bis(N-butyl-2-phenylimidazolium)benzene
Diiodide (8). Compound 8 was prepared by combining 1,3-(2-
phenylimidazole) benzene (1.50 g, 4.14 mmol), 1-butyl iodide (8.05
g, 41.4 mmol) in 40 mL of acetonitrile, heated at 120 °C for 48 h. The
resulting brown solution was cooled to room temperature, and the
solvent was removed under reduced pressure, yielding yellowish
solids. The solids were dissolved in acetone to recrystallize in about 3
min to give white crystals (2.92 g, 96%). 1H NMR (500 MHz,
CD2Cl2): δ 8.44 (s, 1H), 8.0 (s, 2H), 7.81 (s, 2H), 7.77 (d, J = 5 Hz,
4H), 7.57 (t, J = 10 Hz, 2H), 7.53 (d, J = 10 Hz, 2H), 7.47 (t, J = 10
Hz, 4H), 7.21 (t, J = 10 Hz, 1H), 4.13 (t, J = 5 Hz, 4H), 1.87 (m,
4H), 1.32 (m, 4H), 0.84 (t, J = 5 Hz, 6H). 13C{1H} NMR (125 MHz,
CD2Cl2): δ 158.4, 149.4, 146.2, 144.8, 143.2, 142.8, 142.4, 139.2,
137.6, 136.7, 134.9, 62.2, 45.0, 32.7, 27.1 ESI-MS calcd for C32H36IN4
[M − I]+ m/z = 603.1985, ound m/z = 603.2061. ESI-MS calcd for
C32H36N4 [M - 2I]2+ m/z = 238.1465, found m/z = 238.1495.

Synthesis 2-(1,3-Bis(N-butyl-2-phenylimidazolium)-
phenylene)(iodo)platinum(II) (9). The salt 1,3-bis(N-butyl-2-
phenylimidazolium)benzene diiodide (0.300 g, 0.410 mmol), Zr-
(NMe2)4 (0.275 g, 1.03 mmol), and 10 mL of CH2Cl2 were
combined, providing a clear colorless solution. After stirring at room
temperature for 17 h, the solution changed to pale yellow in color.
After 17 h reaction time, [PtCl2(COD)] (0.230 g, 0.615 mmol) was
added to the pale-yellow solution, and stirring continued at room
temperature for another 20 min. The reaction mixture was transferred
to a round-bottom flask that contained 1.5 mL of distilled water, and
the precipitate was removed by filtering through Celite. The clear
yellow solution was concentrated under reduced pressure, yielding
yellow solids. The solids were triturated with ether followed by 9:1
acetone/water (3 × 2 mL) to remove any dimethylammonium salt. It
was then put back on the rotavap at a temperature of 60 °C, yielding
yellow powdery solids (0.264 g, 84%). X-ray quality crystals were
grown by slow diffusion of diethyl ether vapor into a CH2Cl2 solution.
1H NMR (CDCl3, 500 MHz): δ 7.68 (t, 2H), 7.63 (t, J = 5 Hz, 4H),
7.45 (d, J = 10 Hz, 4H), 7.22 (s, 2H, 3JPt−H = 5 Hz, im-H), 6.39 (t, J =
10 Hz, 1H), 5.85 (d, J = 10 Hz, 2H, 4JPt−H = 25 Hz, m-Ph), 3.75 (t, J
= 10 Hz, 4H), 1.74 (m, 4H), 1.26 (m, 4H), 0.86 (t, J = 10 Hz, 6H).
13C{1H} NMR (CDCl3, 125 MHz): 157.6 (1JPt−C = 6715 Hz), 146.4
(1JPt−C = 60 Hz), 140.3, 140.0, 132.1, 130.7, 130.1, 125.7, 125.2,
121.2, 112.2, 47.3, 32.6, 20.1, 13.8. ESI-MS calcd for C32H33N4Pt [M
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− I]+ m/z = 668.2353, found m/z = 668.2355. ESI-MS calcd for
C32H33N6Pt [M + N2]+ m/z = 696.2414, found m/z = 696.2375. ESI-
MS calcd for C34H36N5Pt [M + MeCN]+ m/z = 709.2618, found m/z
= 709.2577. Anal. Calcd for C32H33N4IPt: C, 48.31; H, 4.18; N, 7.04;
found: C, 48.66; H, 4.17; N, 6.89.
Collision-Induced Dissociation (CID). CID-MS was conducted

on an LTQ Velos spectrometer using an ESI source in the positive
mode. The sample was introduced via direct infusion at a flow rate of
3.0 μL/min. The spray voltage and capillary temperature were
maintained at 4.0 kV and 275 °C, respectively. Nitrogen was utilized
as the sheath gas, while helium was the collision gas. The CID
experiment was carried out between NCE 0 and 30 in steps of 1 NCE,
and the curve was generated by plotting the percentage of remaining
precursor ion (precursor ion intensity/summed precursor and
product ion intensities multiplied by 100) as a function of collision
energy.
X-ray Crystallography. A yellow prism single crystal of

C64H65I2N8Pt2, approximate dimensions 0.105 × 0.155 × 0.469)
mm3, was selected for the X-ray crystallographic analysis and mounted
on a cryoloop using an oil cryoprotectant. The X-ray intensity data
were measured at a low temperature (T = 100 K), using a three-circle
geometry goniometer with a fixed Chie angle at = 54.74° Bruker AXS
D8 Venture, equipped with a Photon 100 CMOS active pixel sensor
detector. Monochromatized Cu X-ray radiation (λ = 1.54178 Å) was
selected for the measurement. All frames were integrated with the aid
of the Bruker SAINT software using a narrow-frame algorithm. The
integration of the data using a triclinic unit cell yielded a total of
14 776 reflections to a maximum θ angle of 66.60° (0.84 Å
resolution), of which 9511 were independent (average redundancy
1.554, completeness = 96.5%, Rint = 4.63%, Rsig = 5.58%) and 8718
(91.66%) were greater than 2σ (F2). The final cell constants of a =
13.3360(15) Å, b = 13.8619(15) Å, c = 17.1291(19) Å, α = 79.370(4)
°, β = 72.301(4) °, γ = 68.098(3) °, and volume = 2789.9(5) Å3 are
based upon the refinement of the 3797 XYZ centroids of reflections
above 20σ (I). Data were corrected for absorption effects using the
Multi-Scan method (TWINABS). The calculated minimum and
maximum transmission coefficients (based on crystal size) are 0.0420
and 0.2490. The structure was solved in a monoclinic unit cell.
Centrosymmetric space group: P12(1)/n1, with Z = 4 for the formula
unit, C64H65I2N8Pt2. Using the Bruker SHELXT Software Package,
refinement of the structure was carried out by least-squares
procedures on weighted F2 values using the SHELXTL-2018/3
program included in the APEX4 v2021, 10.0, AXS Bruker program.
The asymmetric unit was built on two independent molecules
respectively labeled A and B. A nonmerohedral twinning was detected
using the program Cell_now integrated into the APEX4 v2021, 10.0,
AXS Bruker program. Hydrogen atoms were localized on different
Fourier maps but then were introduced in the refinement as fixed
contributors in idealized geometry with isotropic thermal parameters
fixed at 20% higher than those carbon atoms to which they were
connected. The final anisotropic full-matrix least-squares refinement
on F2 with 684 variables converged at R1 = 4.84% for the observed
data and wR2 = 15.16% for all data. Restraints were added on an
ADP’s parameters. Some unexplained electronic densities in the
vicinity of the Pt atoms remained. The goodness-of-fit (GOF) was
1.049. The largest peak in the final difference electron density
synthesis was 2.938 e-/Å3 and the largest hole was −1.619 e-/Å3 with
an RMS deviation of 0.302 e-/Å3. Based on the final model, the
calculated density was 1.893 g/cm3 and F (000) was 1534 e-.
Graphics were created using the Mercury V.4.2.0 software (https://
www.ccdc.cam.ac.uk/) and POV-Ray v 3.7 (The Persistence of Vision
Raytracer, high quality, Free Software tool).
Computational Details. The reported structures are fully

optimized in the Gaussian 16 software.55 The PBE1PBE density
functional55,56 with the D3 version of the Grimme dispersion
correction with Becke-Johnson damping was used at the BS1 basis
set level theory (where BS1 is the electron core potential and the
modified LANL2DZ basis set57 was used for Pt and the 6-31G(d′)
basis sets for the remaining atoms). To account for solvation effects,
single-point calculations with the SMD implicit model58 using

acetonitrile parameters were performed on the optimized gas-phase
geometry. The results from the DFT calculations were verified with
single-point calculations using the DLPNO−CCSD(T) method59 at
the BS2 level of theory in the ORCA (version 5) package.60 For BS2,
auxiliary quadruple-ζ basis set def2-QZVPP61 was used.
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