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ABSTRACT: N-H bond activation of gaseous ammonia is
achieved at room temperature in a reversible solvent-free
reaction using a solid dicyclopalladated azobenzene com-
plex. Monitoring of the gas-solid reaction in real-time by in
situ solid-state Raman spectroscopy enabled a detailed
insight into the stepwise activation pathway proceeding to
the final amido complex via a stable diammine intermedi-
ate. Gas-solid synthesis allowed for isolation and subse- .
quent structural characterization of the intermediate and thefnal amido product, which presents the first dipalladat-
ed complex with the Pd"-(u-NH.)-Pd" bridge. Gas-solid reaction is readily followed via color changes associated with
conformational switching of the palladated azobenzene backbone. The reaction proceeds analogously in solution and
has been characterized by UV-vis and NMR spectroscopies showing the same stepwise route to the amido complex.
Combining the experimental data with DFT calculations we propose a stepwise mechanism of this heterolytic N-H

Diammine
complex

bond activation assisted by exogenous ammonia.

INTRODUCTION

Metal-mediated N-H bond activation'3 is studied as the
first step on a route to catalytic transformation of inex-
pensive ammonia? or amines3 into more precious nitro-
gen-containing compounds. Ammonia activation is hin-
dered by the strong ammonia N-H bond and, in case of
late-transition metals, preferential formation of ammine
Werner-like adducts over amido complexes.! Although
amido species have an important role in catalytic reac-
tions often performed with palladium catalysts in solu-
tion,>+ synthetic and structural reports on palladium ami-
do complexes are limited.>¢

Preparation of metal complexes with ammonia and N-H
bond activation are usually carried out in solution.' Ex-
ploiting the solid-state techniques, such as accelerated
aging (also known as vapor digestion)? and mechano-
chemical milling,® or even simpler gas-solid approach? for
reactions with ammonia is limited and thus far has yield-
ed only ammine adducts.® Controllable and reversible
conversion of the ammine complex into the amido spe-
cies, relevant in catalysis, is seldom observed in solution,*
and has never been characterized in the solid state.

Widely accepted N-H bond activation routes, either
metal-mediated or promoted by organic compounds, can
be divided into two major groups: one with homolytic and
the other with heterolytic cleavage of the N-H bond.»>5
Homolytic N-H bond cleavage yields amido and hydrido
groups and results in oxidative addition of these ligands to
the same atom that is changing its oxidation state.">> On
the other hand, heterolytic cleavage of the N-H bond
results in deprotonation of the ammonia either with an
external base,3 or through metal-ligand cooperation."415
Deprotonation with the base is generally not reversible,
sometimes requires a strong base (like sodium amides or
alkoxides) and often leads to the net loss of the proton
from the metal catalyst. This hampers the catalytic reac-
tion resulting in poor reaction yields."

Cyclopalladated compounds are common intermediates
in palladium-catalyzed reactions.>4 These compounds,
widely applied in areas from materials science to organic
synthesis, are mostly prepared in solution using organic
solvents.’® Following the green chemistry trends, our re-
cent efforts have been oriented towards developing rapid
and environmentally-friendly methods for synthesis of
cyclopalladated compounds. In this context, solid-state



techniques have been employed for the C-H bond activa-
tion by palladium(Il) acetate?7 and ligand exchange in
dicyclopalladated complexes® showing the potential of
these solvent-free methods as simple yet rapid and power-
ful means for the synthesis of organometallic compounds.
These initial reports have been extended to systems and
solid-state catalytic processes mediated by other transi-
tion metals."9
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Figure 1. Gas-solid reaction of dicyclopalladated azobenzene (1)
with ammonia.

Here we report a unique reversible solvent-free activa-
tion of ammonia N-H bond conducted at room tempera-
ture in a reaction of gaseous ammonia with a solid dicy-
clopalladated azobenzene 1 (Figure 1). Solid-state synthe-
sis allowed for isolation of the reaction intermediate, a
diammine complex 2, and the amido product 3. Both have
been fully structurally and spectroscopically character-
ized. Splitting of the ammonia N-H bond in the interme-
diate 2 yields a unique dipalladated amido complex 3 with
a Pd"-(p-NH,)-Pd" bridge (Figure 2). In situ solid-state
Raman monitoring shows that gas-solid reaction is step-
wise, proceeding over the diammine intermediate 2. UV-
vis kinetic data suggest an analogous reaction pathway in
solution. Activation is reversible and can be tuned by
ammonia and chloride concentrations. DFT calculations
have rationalized the experimental data and suggested a
metal-mediated heterolytic N-H bond cleavage assisted
by exogenous ammonia. This study reveals a unique pal-
ladium amido compound that in spite of its formation via
heterolytic activation mechanism can be readily and con-
trollably bounced between the non-activated ammine and
the activated amido form.

Figure 2. Reaction of 2 with ammonia is accompanied by (a)
structural switching from planar to bridged geometry; giving 3
whose crystal structure contains (b) chloride in two special posi-
tions involved in N-H---Cl interactions.

MATERIALS AND METHODS

General. All chemicals and solvents were used as supplied and
the reactions were carried out under aerobic conditions. Solvents
were not dried before use. Fresh aqueous ammonia solution
(~25%) or dry ammonia was used. Dicyclopalladated azobenzene,
[(DMF)PdACl(p-CeH,N=NCsH,)PdCI(DMF)] (1), was prepared
according to the previously reported procedure.>> Monocyclopal-
ladated azobenzene, di-p.-chloro-bis(azobenzene-
C?,N)dipalladium(II), [Pd(p-Cl)(u-CeH,;N=NCeHs)]. (4), was pre-
pared according to the literature procedure.* Elemental analyses
(C, H and N) were performed on a Perkin-Elmer 2400 Series II
CHNS Analyzer.

Gas-solid reactions. Dicyclopalladated diammine interme-
diate, [Pd.CL(p-CsH,N=NCsH,)(NH;).] (2). Dicyclopalladated
azobenzene (1, 50 mg) was gentle grinded in an agate mortar and
put in a closed vessel saturated with dry or moist ammonia at
room temperature for 5 minutes. The dark brown product 2 was
dried in open air for 2 hours. Isolated yield: quantitative. Elem.
anal. for C..H,N,Pd.Cl. (%): calc. C, 28.94; H, 2.83; N, 11.25; exp.
C, 28.59; H, 2.66; N, 11.43. Dipalladated amido-bridged prod-
uct, [Pd:(u-NH.)(u-CsH,N=NCsH,)(NH,)..]JCI (3). Dicyclopalla-
dated azobenzene (1, 30 mg) was gentle grinded in an agate mor-
tar and put in a closed vessel saturated with dry or moist ammo-
nia at room temperature for 2 hours. The red solid was quickly
washed with diluted aqueous ammonia solution (ca. 5%) and the
ochre-red product 3 was dried under vacuum. Isolated yield: 82%.
Elem. anal. for C.,H;.N5,Pd.Cl (%): calc. C, 29.69; H, 3.57; N,
15.58; Cl, 7.30; exp. C, 29.25; H, 3.83; N, 15.21; Cl, 7.65. Monocy-
clopalladated ammine complex, [PdCl(p-
CsH,N=NCsH;)(NH;)]-0.5NH; (5). Monocyclopalladated azoben-
zene (4, 50 mg) was gentle grinded in an agate mortar and put in
a closed vessel saturated with dry or moist ammonia at room
temperature overnight. The yellow product 5 was quickly washed
with diluted aqueous ammonia solution (ca. 5%) and dried under
vacuum. Isolated yield: 88%. Elem. anal. for C12H12N3PdCl (%):
calc. C, 41.34; H, 3.90; N, 14.06; exp. C, 40.73; H, 3.94; N, 13.95.

Reactions in solution using 1 and aqueous ammonia solution
in excess were conducted in mixtures of two solvents (DMSO,
DMF, acetone or water). Isolated solids were mixtures of ammine
and amido phases. The yield was poor (<5%).

Powder X-ray diffraction (PXRD). Crystal and molecular
structures of compounds 2 and 3 were solved from powder dif-
fraction data collected on a high-resolution laboratory powder
diffractometer Bruker D8 Advance using CuKou radiation at room
temperature. The sample was packed in a 0.5 mm glass capillary
which was rotated during data collection. Patterns we indexed
using ca. 20 well resolved peaks. Peak positions were refined prior
to indexing. Unit cell parameters and the choice of space group
were verified in a Pawley refinement. Crystal structures were
solved by simulated annealing treating, where possible, molecular
fragments as rigid bodies and refined using the Rietveld method.
All calculations were performed using the program Topas.*
CCDC 1510288 and 1510289 contain the supplementary crystallo-
graphic data for this paper. They can be obtained free of charge
via www.ccde.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033; or depos-
it@ccdc.cam.ac.uk). All attempts to prepare single crystals of 2
and 3 were unsuccessful due to limitations in solubility and/or
stability of the complexes in used solvents.

Solid-state Raman spectra were recorded using portable Ra-
man system composed of PD-LD LSz Blue Box Compact laser
source (785 nm) with an optical fiber and BWTEK BAC102 Raman
probe coupled with Maya2000 Pro spectrometer (Oceanoptics).
Probe was positioned straight above the solid sample and a care
was taken that the focus of the laser was on the sample. The
microcrystalline sample was distributed as a thin layer inside of a
specially designed PTFE reactor. During the data collection, the
reactor was held in constant motion to prevent the overheating of
a sample induced by laser beam. For in situ Raman measurements



of the gas-solid reaction, the sample was held in ammonia at-
mosphere and the chamber was sealed from above with a glass
slide. The data for time-resolved in situ measurement (60-120
minutes duration) was collected with laser power 12 mW and 5-
40 s time resolution using the “Autocollect” option in Oceanop-
tics Spectra Suite software.

NMR spectra were recorded at 25.0 °C in DMSO-ds on a
Bruker AV-600 spectrometer as well as Agilent DD2 300 MHz and
600 MHz spectrometers.

UV-vis spectra in the 300-650 nm range and kinetic curves
were recorded on a Cary 50 UV-vis spectrophotometer equipped
with a multicell transport thermostated (+o. °C) with a Varian
refrigerated circulation bath at (25.0+0.1) °C in DMSO. Fast kinet-
ic measurements were also performed in the Cary 50 UV-vis
spectrophotometer using Stopped-flow apparatus Cantech Scien-
tific Ltd. Winnipeg, Canada, Hellma. Simple 1.0 cm UV-vis cu-
vette or flow-through cell were used. Single-wavelength kinetic
studies were run at 590 and 593 nm where 1 and 2 have consider-
able absorption while the complex 3 absorbs very little. All kinet-
ics experiments were performed under pseudo-first-order condi-
tions using ammonia (at least 50-fold) or ammonium chloride (at
least 10-fold) in excess. Data were processed in SPECFIT* and
analyzed using Origin 7.

Computational details. Calculations were carried out using
B3LYP hybrid functional combined with an empirical Grimme’s
D3 dispersion correction* (B3LYP-D3) implemented in Gaussi-
anog.> Pd atoms were modeled by the Stuttgart-Dresden (SDD)
pseudopotential and the accompanying SDD basis set.>® For C, H,
N and Cl atoms, standard 6-31G** basis set was used for full ge-
ometry optimization and Wiberg bond indices, whereas 6-311+G**
basis set with the ultrafine method was used for calculation of
Raman spectra. For the mechanistic study, bulk solvent (DMSQO)
was modeled using the polarizable continuum model (IEF-
PCM).?7 Full geometry optimizations were accompanied by vibra-
tional frequency calculations that identified calculated stationary
points as minima (reactants and products) or first-order saddle
points (transition states). Nature of the transition states was
confirmed by intrinsic reaction coordinate (IRC) searches. Reac-
tants and products were obtained by geometry optimization after
IRC calculations. Reported energies are free energies given at
298.15 K and 1 atm.

RESULTS AND DISCUSSION

Synthesis. Following a traditional approach, we have
initially conducted reaction of the dicyclopalladated com-
plex 1 with ammonia in solution. The solution rapidly
changes color from orange to yellow. However, all at-
tempts to isolate a product have resulted in poor yields of
the obtained solid, which was a mixture of ammine and
amido complexes.

At this point, we have turned to solvent-free methods
and employed gas-solid reaction of solid reactant 1 in dry
ammonia at room temperature. In a matter of minutes,
the brown-red solid 1 changes to dark green diammine
solid 2 that converts to the red amido product 3 in 1 to 12
hours depending on the layer thickness of the solid reac-
tant (10-150 mg of solid in a vessel with a 2 cm diameter).
The product 3 has been isolated by washing with a small
amount of diluted aqueous ammonia. Apart from the gas-
solid reaction using 1 and dry ammonia, 3 can be isolated
also from the gas-solid reaction in moist ammonia at
room temperature (Figure S1). PXRD confirmed that the
by-product, ammonium chloride, is not present in the
isolated product. If the complex 3 is not washed after its
removal from the ammonia atmosphere, ammonia loss

induces back-formation of 2 showing ready reversibility of
the activation in the solid state.

Ammonium chloride originates from the reaction of
ammonia present in excess with the HCI arising from the
activation. It is interesting to note, that the red-ochre
solid 3 in HCI vapor turns brown in matter of minutes and
after 12 hours is orange. 'H NMR spectrum of the final
reaction mixture in DMSO-ds shows signals of the azo-
benzene ligand, PhN=NPh (Ph = phenyl), indicating that
HCI destroys the dipalladated complex. No black precipi-
tate is observed in solution suggesting that Pd remains in
a soluble form most likely as chloropalladate(II) species.
Thus, an important role of ammonia excess during activa-
tion is to preserve the dipalladated core by removing HCl
as ammonium chloride.

Role of the dipalladated core for N-H activation has
been tested using monocyclopalladated azobenzene. This
orange compound exposed to ammonia yields a stable
yellow ammine complex. The N-H bond activation has
not been observed even in large excess of NH; both in
solution and in the solid state. This suggests an important
role of the dipalladated system with two closely-
positioned metal centers bonded to the same flexible
ligand, azobenzene, working together to capture nascent
amido anion in the Pd"-(u-NH,)-Pd" bridge.

Structural characterization. Once isolated, complexes
2 and 3 are air-stable crystalline solids that have been fully
structurally characterized by powder X-ray diffraction
(PXRD) (Table S, Figures 3 and S3-S14). The determined
planar molecular structure of 2 confirmed the isomerisa-
tion in the first metal coordination sphere after NH,
bonding and positioning of chlorides in trans position to
ortho phenyl carbons, in accordance with the trans choice
concept and higher coordination affinity of Pd toward N-
donor than O-donor ligands (Figures 1 and 2a).¢
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Figure 3. a) Molecular structure and Rietveld plot for a) 2 and b)
3. High-angle part of the pattern is enlarged to reveal more detail.
Sample 2 contained small amount of an unidentified impurity,
two low-angle peaks of which are designated with black circles.
Chloride of 3 that is positioned in two crystallographic special
positions and hydrogen atoms (except for the amido group) are
omitted for clarity. Symmetry operator i is [-1-x, 1-y, -3-z].



For the structure of complex 2, the symmetry and unit
cell volume suggested that half of the molecule should be
in the asymmetric unit which was included in simulated
annealing (SA) with one chlorine atom and one ammonia
molecule refining freely. Final Rietveld plot is shown on
Figure 3a. The crystal structure of 2 is stabilized by N-
H.---Cl hydrogen bonds (Figures S4-S6). Packing in 2
viewed almost along ac diagonal shows one-dimensional
infinite zig-zag chain of molecules assembled via N-H---Cl
hydrogen bonds. The chains are further connected by N-
H---Cl bonds to form a layered structure (Figure Ss).

In addition to being a stable amido complex, compound
3 is remarkable as the first monomeric compound with a
structurally characterized Pd"-(u-NH,)-Pd! bridge that
also features the bridging dipalladated azobenzene ligand
with two almost perpendicular square-planar coordinate
planes analogous to those in Pd"-(u-Cl)-Pd" complexes328
(Figure 2 and Table S2). The amido motif is similar to
previously reported mixed-metal amido bridges.® Chloride
is located in two different special crystallographic posi-
tions in the vicinity of NH; ligands and is involved in sev-
eral H-bonding interactions with the amido group and
NH; (Figure 2b). Two NH; ligands on the same Pd center
found in trans position to the phenyl carbon or amido
group are expected to be weakly coordinated due to the
trans influence.

For the structure solution of complex 3, we have found
by SA, which included the torsion angle around the azo
group, that both palladium atoms are on the same side of
the azobenzene fragment. This is confirmed by the Fouri-
er map calculated using observed reflection intensities
(Figure S7). SA also found positions of two independent
chlorine atoms. Both are not coordinated to palladium
and lye on centers of symmetry satisfying charge neutrali-
ty. Occupancies of ammonia molecules refined below full
occupancy of 1 (Figure S8). We do not exclude the possi-
bility that an exchange between ammonia molecules and
chlorides could be taking place in the crystals. Final re-
finement of the crystal structure of 3, which was per-
formed using restraints on bond distances and angles as
well as planarity restraints, led to a featureless difference
Fourier map (Figure Sg) and a satisfactory agreement
between the observed and calculated patterns (Figure 3b).
Crystal packing of 3 shows columns of molecules stabi-
lized by N-H---Cl hydrogen bonds. The columns are fur-
ther connected along b-axis by N-H---Cl interactions (Fig-
ures S11-S13).

Described molecular structures show that the activation
which readily occurs both in solid state and in solution
includes cleavage of the strong ammonia N-H bond as
well as one Pd-N bond with the azobenzene accompanied
by rotation of the palladated phenyl group (Figure 2a).
This ammonia-induced structural switching places both
Pd centers on the same side of the azobenzene ligand.
Described substantial alterations in geometry of the azo-
benzene ligand and coordination environment around Pd
centers are associated with the observed color change of
the dicyclopalladated complexes 1 and 2 to red in presence
of ammonia.

Solid-state Raman spectra and monitoring. Ex situ
Raman spectra of the reactant and isolated products have
been assigned using DFT results and literature data2® and
agree with their molecular structures (Figure Si5). Spectra
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Figure 4. In situ solid-state Raman monitoring (left) and change
of the 1380 cm™ band intensities in time (right) for NH; activation
by 1 (bottom), and back-reaction producing 2 after 3 is left in
ammonia-free atmosphere (top).

of pure planar complexes 1 and 2 are similar and contain
bands at 1225 (V(C-N,z)) and 1308 (v(N=N)) cm™ which
agree with a highly delocalized dicyclopalladated azoben-
zene core. In spectrum of the amido complex 3 bands
found at 1196 (v(C-Naz0)) and 1380 (v(N=N)) cm™ are shift-
ed to lower and higher energies, respectively, comparing
to the planar complex 2 indicating only one five-
membered cyclopalladated ring. Similar observations were
obtained for mono- and dicyclopalladated azobenzene
acetates.”

Solid-state N-H activation has been studied by modified
in situ solid-state Raman technique, developed recently
for mechanistic studies of mechanochemical reactions and
additive effects.7»3° Real-time monitoring (Figure 4)
shows that the DMF/NHj; exchange in 1 occurs in less than
3 minutes. Rapid formation of 2 is followed by its direct
transformation to 3 without other observable intermedi-
ate. Raman band of 2 at 1308 cm™ gradually loses intensity
whereas simultaneously the band of 3 at 1380 cm™ increas-
es in intensity. In 9o minutes complex 2 is completely
converted into the red amido product 3 which is stable in
ammonia vapor, but reverts back to 2 in around 25
minutes if the reaction vessel is unsealed and ammonia
vapor is removed. After the vessel is sealed again, 2 trans-
forms to 3 and the cycle can be repeated with reaction
time close to the first activation-deactivation cycle. Re-
verse reaction can be prevented by washing the bulk ami-
do product with diluted aqueous ammonia to remove the
ammonium chloride by-product.

Spectroscopic characterization. Spectroscopic charac-
terization of complexes 2 and 3 in solution suggests that
planar and amido-bridged dipalladated core of 2 and 3,
respectively, are maintained in solution (Table S3). We
note that two DMF ligands in the complex 1 exchange
with DMSO upon dissolution in DMSO giving [Pd,CL(L-
2H)(O-DMSO),] (1’).2 'H NMR spectrum of the diammine



intermediate 2 (Figure 5b) shows marked differences with
regard to the spectrum of the dicyclopalladated reactant 1
(Figure 5a).2° Indicative broadening and shifts for protons
located in the neighborhood of Pd centers, downfield for
H-6 (AS 1.7 ppm) and upfield for H-3 (A 1.5 ppm), suggest
that H-6 is positioned close and H-3 is away from the
coordinated chlorides which is in agreement with struc-
tural data. Coordinated ammonia ligands give one broad
'H NMR signal at & 3.8 ppm (Figure S17). 'H NMR spec-
trum of the amido complex 3 (Figure 5¢) shows marked
differences with regard to the spectrum of the dicyclopal-
ladated diammine intermediate 2 (Figure 5b). The spec-
trum contains two doublets at § 0.94 and -0.40 ppm as-
signed to amido protons according to the literature da-
ta.sasb3a Eight azobenzene protons appear in distinct
positions confirming that the symmetry of the dipalladat-
ed azobenzene core is broken upon activation. Significant
upfield shift of proton H-6 (AS 1.55 ppm) if compared to
the H-6 shift of complex 2 suggests that the environment
of this proton is significantly changed which is attributed
to loss of the interaction with the coordinated chloride in
2. Three broad singlets in the § 2-4 ppm region of '"H NMR
spectrum of 3 suggest three distinct ammonia ligands
(Figure S17). H/D exchange in DMSO-d¢ for amido pro-
tons is slower than for ammonia ligands and is complete
in about three days whereas ammonia ligands are ex-
changed in matter of minutes.
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Figure 5. Selected parts of '"H NMR spectra of 1 in DMSO-ds a)
without NH,OH, and upon addition of b) ca. 2 pL of NH,OH (2),
and c) ca. 5 pL of NH,OH (3); d) 'H spectrum of the sample
shown in (c) after three weeks (2); e) 'H spectrum of the sample
shown in (d) upon addition of ca. 1 pL of NH,OH (regenerated 3).

UV-vis spectrum of 3 in DMSO shows a maximum at 365
nm (Figure S19). Band is blue-shifted in comparison to the
bands of the planar dicyclopalladated complex 1 (404
nm).2° This kind of shift has been previously described for
Cl-bridged dipalladated complexes,®>8 and supports
isomerization of a planar complex to a bridged molecular
structure with two metals on the same side of the azoben-
zene ligand.

UV-vis kinetic study. Ammonia N-H bond activation
by 1 in solution has been studied by NMR (Figure 5) and

UV-vis (Figure 6) spectroscopies. After addition of aque-
ous ammonia, dicyclopalladated reactant in DMSO-de
shows 'H signals of aromatic protons in the isomerized
planar diammine intermediate 2 at about § 9.5 ppm.
These signals disappear and signals of the amido complex
3 simultaneously appear upon further addition of NH,OH
(Figure 5). No other intermediates could be detected by 'H
NMR. This nicely correlates with the UV-vis spectroscopic
data that show that the reaction of 1 with ammonia in
DMSO has to be followed by stopped-flow UV-vis spec-
troscopy. The first fast ligand exchange of DMSO in 1 to
NH; in 2 is complete before the first measurements could
be made. This is further corroborated by time-resolved
UV-vis spectral data analysis that suggests that only two
absorbing species (2 and 3) have been observed during
data acquisition. Fast diammine formation is followed by
the activation step for which the observed pseudo-first-
order rate constant (kobs(1)) is linearly dependent on the
ammonia concentration with a small non-zero intercept
(Figure 6). If both NH,Cl and NH,OH are added in excess
to the solution of 1, increasing the NH,Cl/NH,OH molar
ratio gradually blocks the forward reaction (Figure S23).
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Figure 6. Reaction of 1 with NH,OH in DMSO. (a) UV-vis spec-
tral observations in 400 seconds; (b) kinetic profile at 590 nm; (c)
dependence of the observed pseudo-first-order rate constants
(kobs(1)) on [NH,OH], k(1) = (16.9 * 0.6) dm3 mol" s, k'(1) = (0.018
+ 0.006) s. Reaction conditions: [1] = 5 x 105 mol dm?3, optical
path length = 1.0 cm, 6 = 25.0 °C; for (a) and (b) [NH,OH] = 2.5 x
103 mol dm3.

Reversibility of the N-H activation relevant for the po-
tential application of the studied palladated azobenzenes
has been confirmed in solution by NMR spectra of the in
situ formed 3 in ammonia-rich DMSO-ds (Figure 5). If
ammonia is allowed to gradually evaporate from this solu-
tion, 'H spectrum shows full conversion of 3 into 2. Upon
addition of NH,OH, 'H spectrum shows signals of the
regenerated amido complex.

UV-vis kinetics for the reaction of 3 with NH,CI in
DMSO (Figure 7) shows that the observed pseudo-first-
order rate constant of the conversion of 3 to the ammine
complex (kobs(2)) is directly proportional to concentration
of the added NH,Cl, but there is a significant intercept (k")
indicating that the back-reaction occurs even without the
chlorides but is slow.
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Computational study. Experimental data suggest that
the described N-H bond activation can be classified as a
metal-mediated heterolytic process. Hydrido species were
not observed in 'H NMR spectra of the complex 1 in the
presence of ammonia. Moreover, 'H spectra stayed nicely
resolved during the reaction suggesting no detectable
paramagnetic Pd species. These data disfavor a metal-
mediated homolytic N-H bond cleavage of ammonia as
the operating mechanism. Metal-ligand cooperation
mechanism can also be excluded as the spectroscopic and
structural data showed no change of the azobenzene
structure during reaction except the loss of planarity by
rotation of one phenyl ring (Figure 2a). Thus, heterolytic
cleavage of ammonia has been considered further and
studied in detail using DFT calculations. The computa-
tional study revealed that three reaction steps, previously
reported for N-H bond activation by various metals,»45
are needed for conversion of the complex 2 into the amido
product 3: (i) the coordination of additional ammonia
ligand(s), (ii) chloride elimination, and (iii) the N-H bond
cleavage.

Solid-state Raman monitoring and UV-vis data in solu-
tion have shown that the first step in the studied reaction
with ammonia is the exchange of both weakly bound O-
ligands from the planar dicyclopalladated azobenzene, i.e.
[Pd,CL(L-2H)(O-DMF),] (L = azobenzene) in the solid
state or [Pd,Cl,(L-2H)(O-DMSO),] in DMSO solution, by
two ammonia ligands. According to DFT results, each
DMSO/NH; exchange stabilizes the dicyclopalladated
complex by ca. 20 k] mol* (Scheme 1) and yields the pla-
nar diammine complex 2. Calculations support the exper-
imental data and show that the most stable [Pd,CL,(L-
2H)(NH;).] species has ammonia ligands positioned trans
to azo nitrogens (Figure S28). The most stable Cl-bridged
species [Pd,Cl(u-Cl)(L-2H)(NHj;).], similar to previously
described Cl-bridged dipalladated azobenzenes,®28 is 12.6
kJ mol less stable than the complex 2 and is not expected
to occur.

pa’”" pal P::l’NH3
(OMSO)0_ N+ “o(pmso) NHs, (DMSO)0 Ny el NHs ¢ N e
bd -DMSO pd DMSO  pg
c” c” HaN7
0 kJ mol! -25.0 kJ mol! -42.2 kJ mol!
complex 1" complex 2

Scheme 1

Activation starts with the neutral diammine complex 2
[Pd.CL(L-2H)(NH;).] when an additional ammonia ligand
coordinates to a metal center in planar reactant Riy via a
trigonal-bipyramidal transition state TSiy (step i, Figure 8
and S30). This process requires 28.4 k] mol™. Introducing
the fifth ligand at the metal center induces breaking of
one Pd-N(azo) bond and rotation of the Pd-phenyl part
resulting in Piy with two Pd centers on the same side of
the azobenzene ligand. In this intramolecular rotation,
one NH; ligand at Pd(2) is positioned close to the chloride
weakly coordinated to Pd(1) center due to trans influence
of the phenyl carbon. These geometry changes are also
evident from the Wiberg indices calculated for Pd(2)-
N(azo) bond for which they decrease from 0.43 in Rix
through 0.33 in TSinv to 0.02 in Pin, whereas the indices
for the Pd(z) bond to the incoming NH; increase from
0.03 through 0.27 to 0.44 (Table S7). Calculations show
that after a small structural rearrangement of Pin to Ray,
the coordinated chloride at Pd(1) is easily eliminated in
the next step giving P2n. The energy barrier for the step ii
is quite low. Transition state associated with this process
requires 14.2 k] mol™. At this point, planarity of the azo-
benzene ligand is almost restored (Figure S30). The NH;
ligand at Pd(z) in P2y is positioned closer to Pd(1), H-
bonded to the uncoordinated chloride ion and thus ready
for the chloride-assisted N-H bond activation (step iii).
Breaking of the N-H bond occurs simultaneously with the
formation of an unsymmetrical Pd"-(p-NH,)-Pd" bridge in
the transition state TS3n. This highly energy-demanding
step yields P3n with the calculated free energy of activa-
tion of 113.9 k] mol~. The chloride-assisted process yields a
HCI molecule which is after activation found in an apical
position at the Pd(1) center of P3n.

100 — step iii
1 //) 86.8

80
60
—~ 40

20

o (kJ mol

o 0]

204

40

Figure 8. Three-step ammonia N-H bond activation in [Pd.CL(L-
2H)(NHs).]. Free energies are reported relative to the free energy
of the reactant Rin. Azobenzene protons are omitted for clarity.



We also explored the reaction starting with the cationic
triammine reactant [Pd,CIl(L-2H)(NH,);]* which might
also be engaged in the activation process. This species
could originate from the complex 2 as each chloride in 2 is
loosely bound. The experimental Pd-Cl bond length is
2.44 A. This is considerably longer than Pd-CI bonds in
dicyclopalladated azobenzenes in which the chloride is in
trans position to the azo nitrogen that have bond lengths
around 2.30 A.2° Wiberg indices for the Pd-Cl bonds of
0.62 and 0.46 in 1 and 2, respectively, support these obser-
vations (Table Ss). Calculated species for the reaction
route from [Pd,CI(L-2H)(NH;);]* are analogous to those
presented in Figure 8 but have ammonia ligand instead of
the chloride on Pd(2) in trans position to phenyl carbon
(Figure S33). Calculations show that three activation steps
require 26.1, 32.8 and 122.5 k] mol* (Figure S32a) revealing
a considerably higher energy barrier for the chloride elim-
ination step (step ii) from the cationic species than from
the neutral species Ran (14.2 k] mol?). The difference
could be rationalized by more energy-demanding charge
separation in the cationic reactant. This also suggests that
the chloride elimination from the neutral complex might
be prevailing.

Described routes could not rationalize the observed re-
action rates as it displays high activation barrier for the
N-H bond cleavage (step iii) and low stability of the ami-
do product. At this point, we have turned to other availa-
ble species that could assist the activation. The proton
originating from the N-H bond cleavage is most likely
stabilized by basic ammonia molecule(s) rather than the
solvent or water. Thus, we employed external ammonia

stepii %5y,

Cc

molecules aiding the chloride release process (step ii) and
the N-H bond activation (step iii). Two reaction paths
with analogous geometries of the involved neutral and
cationic species are proposed (Figure 9, S31 and S34). Cal-
culated free energies of activation for the chloride loss
from R2an (4.4 k] mol?) and Rz2ac (38.5 k] mol?) indicate
that the reaction most likely proceeds from Rzan. The
product of the release step (Pzan) which has the chloride
coordinated trans to the phenyl carbon is close in energy
to its analog that has ammonia ligand at this place (P2ac,
Figure 9). Both have one NH; molecule positioned be-
tween two Pd atoms ready for the activation step analo-
gous to the previously described reaction (Figure 8). Spe-
cies that will react in the step iii, R3an or R3ac, are formed
after a small rearrangement of non-coordinated ammonia
and chlorides in P2an or P2ac. The N-H bond activation
requires 71.8 and 59.2 kJ] mol* for R3an or R3ac, respec-
tively, suggesting that the more stable reactant R3ac un-
dergoes the N-H cleavage via the less energy-demanding
route. We note that calculations exclude the complex 3
with a terminal amido group as the cation present in the
isolated complex 3, [Pd,(p-NH,)(L-2H)(NH;),]*, is by 66.5
k] mol* more stable than its planar isomer, [Pd,(NH,)(L-
2H)(NH;);]* (Figure S29). Wiberg indices for three Pd-N
bonds of ammonia to Pd centers, i.e. 0.42 for NH; at Pd(1)
bonded trans to azo nitrogen, 0.39 for NH; at Pd(z2) bond-
ed trans to amido bridge and 0.32 for NH; at Pd(2) bond-
ed trans to phenyl carbon (Table S6), rationalize the
structural data which give occupancies lower than one for
two NH; ligands at Pd(2) center.

step iii

R3a o P3a -

Figure 9. Ammonia-assisted chloride elimination (step ii) and N-H bond activation (step iii) in [Pd.Cl.(L-2H)(NH;);] and [Pd.CI(L-
2H)(NH;),]* species. Free energies are reported relative to the free energy of R2an. Azobenzene protons are omitted for clarity.

7



Furthermore, Wiberg bond indices suggest that the
facile ammonia-assisted chloride elimination (step ii,
Figure 9) and the N-H bond activation (step iii) induce
only a slight change for the metal-ligand bonds apart from
Pd(1)-Cl(1) and Pd(1)-N(amido) bonds directly involved in
the reaction (Table S8). The Pd(1)---Pd(2) bond index
slightly increases in the step ii as a consequence of two
metals coming closer whereas the opposite happens dur-
ing the step iii. Decrease of the indices for Pd(1)-Cl(1)
from 0.47 and 0.46 in R2an or R2ac to zero (i.e. 0.05 and
0.01) in P2ayn or P2ac confirms the chloride exit from the
Pd coordination sphere in step ii. Indices for the Pd(1)-
N(amido) bond increase from 0.03 to 0.40 in step iii indi-
cating formation of the PdU-(p-NH,)-Pd" bridge. Only
small changes are observed for the remainder of the coor-
dinate bonds.

Computational results agree with the presented kinetic
data that show a fast reaction at room temperature with
only one detectable reaction step. Comparison of the free
energies of activation for three steps, ca. 28, 5 and 60 k]
mol?, shows that step iii, the N-H bond cleavage, is the
rate-determining step. Computational results also suggest
that reactants entering the first two steps, i.e. ammonia
coordination and chloride elimination, most likely have
two chlorides coordinated at two metal centers, whereas
the last and rate-determining step might prefer the am-
monia ligand coordinated trans to the phenyl carbon
yielding the complex 3 and ammonium chloride as ob-
served experimentally. Furthermore, rather low calculated
stability of the amido product could rationalize the revers-
ibility of the activation.

Much lower activation energy and greater product sta-
bility of the ammonia-assisted mechanism depend on the
H-bonding interaction network involving chlorides and
ammonia around the reaction site. This effect might be
even more pronounced if more ammonia or even solvent
molecules, DMSO or water, would be involved. Thus, a
role of the ammonia excess, which has been found crucial
for the reaction, can be rationalized by the presented
theoretical study. Calculations suggest that ammonia loss
from the reaction mixture would likely destabilize the
amido species and enable a back-reaction that ultimately
leads to the complex 2 in accordance with the experi-
mental observations. Taking the presented results in ac-
count, we propose several roles for the ammonia which
are necessary for a successful activation: (i) shift of two
coordinated chlorides into trans position to the phenyl
carbon as a consequence of two DMSO/NHj; exchanges in
1 forming 2, (ii) breaking the planar structure of 2 by co-
ordination of additional ammonia, (iii) assisting the N-H
bond cleavage by capturing the released proton, and (iv)
stabilization of the amido product via participation in
numerous interactions at the reaction site.

CONCLUSION

We have successfully performed the gas-solid reaction
for the first Pd-mediated gas-solid activation of the strong
ammonia N-H bond. Reversible activation by dicyclopal-
ladated azobenzenes via the diammine intermediate at

room temperature yields the monomeric amido complex
with the Pd"-(u-NH,)-Pd" bridge. This reaction course has
been confirmed both in the solid state by in situ Raman
monitoring as well as in solution by UV-vis and NMR
spectroscopies. According to experimental and computa-
tional results, the described reaction is a heterolytic met-
al-mediated N-H bond activation assisted by exogenous
ammonia. The activation is facile and easily followed by a
naked eye that makes it highly applicable in a common
laboratory. We are currently pursuing this ammonia acti-
vation reaction for preparation of organic amines. Our
kinetic and mechanistic study of the reversible ammonia
N-H bond cleavage by the cyclopalladated complex
should lead to better understanding of behavior of palla-
dium compounds in presence of ammonia highly relevant
in catalysis. This report opens a new course in the applica-
tion of solid-state methods for important metal-mediated
reactions, many of which are widely applied and yield
valuable compounds from readily accessible materials.
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SYNOPSIS TOC. Reversible heterolytic metal-mediated activation of gaseous ammonia by solid dicyclopalladated
azobenzene at room temperature is reported. Splitting of the ammonia N-H bond in diammine complex yields
monomeric dipalladated amido complex with a Pd!-(u-NH.)-Pd" bridge. In situ solid-state Raman monitoring of
the gas-solid reaction, UV-vis kinetics in solution and DFT calculations show that the N-H bond activation is as-
sisted by exogenous ammonia and proceeds over a diammine intermediate.
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