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a b s t r a c t

Routes to the formation of the 1,10-phenanthroline (phen) ligated organopalladium complexes [(phen)
Pd(C6H5)]

þ and [(phen)2Pd(C6H5)]
þ via thermal extrusion of CO2 or SO2 from mono-nuclear, mono-

carboxylate or sulfinate complexes [(phen)nPd(O2XC6H5)]þ (X¼C or S; n¼ 1 and 2) are examined using a
combination of low energy collision induced dissociation experiments in an ion trap mass spectrometer
and DFT calculations. [(phen)Pd(C6H5)]

þ is formed from both [(phen)Pd(O2CC6H5)]
þ and [(phen)

Pd(O2SC6H5)]þ, but only [(phen)2Pd(O2SC6H5)]þ fragments to form [(phen)2Pd(C6H5)]þ. In contrast,
[(phen)2Pd(O2CC6H5)]þ fragments via loss of a phen ligand to form [(phen)Pd(O2CC6H5)]þ. The experi-
mental results are consistent with DFT calculations, which show that the barriers associated with the
desulfination reactions are lower than those for the decarboxylation reactions. Of the organopalladium
cations [(phen)Pd(C6H5)]þ and [(phen)2Pd(C6H5)]þ, only the three-coordinate complex reacts with pyr-
idine via a ligand coordination reaction to yield [(phen)Pd(C6H5) (NC5H5)]þ and with formic acid via an
acid-base reaction to form [(phen)Pd(O2CH)]

þ. DFT calculations highlight that the former reaction energy
is �48 kcal/mol while the later reaction proceeds via a favourable six-centered transition structure.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Modern synthetic chemistry employs transition metal com-
plexes to activate various organic compounds to promote or cata-
lyze chemical bond formation. Palladium-catalyzed cross-coupling
reactions, which form CeX bonds (X¼C, N, O, S etc.), have revo-
lutionized synthetic chemistry [1]. The last decade has seen intense
research activity in developing synthetic transformations involving
decarboxylation [2] and desulfination [3]. Most of these studies
have focussed on discovering variants of CeC bond coupling re-
actions such as the Mizoroki-Heck and Suzuki-Miyaura (Scheme 1,
eq. 1) reactions [1], in which the CeX bond activation step cata-
lytically generates an organometallic intermediate (Scheme 1, eq.
air).
(2)) that then undergoes CeC bond coupling (Scheme 1, eq. 3). The
benefit of these new approaches is in terms of atom economy since
they replace the use of stoichiometric organometallic reagents (i.e.
R1B(OH)2 in Scheme 1).

In gas-phase studies, we have demonstrated that awide range of
metal carboxylates can be decarboxylated to form the crucial
organometallic intermediate [6]. Coinage metal sulfinates are more
readily desulfinated than coinage metal carboxylates are decar-
boxylated [7]. Nitrogen based ligands have a rich history in group
10 organometallic chemistry, having been pioneered by Richard
Puddephatt and others [8]. We and others have been using 1,10-
phenanthroline (phen) in both Pd mediated decarboxylation
[9,10] and desulfination reactions [11]. Apart from a single study
that employed DFT calculations to compare the energetics of
decarboxylation versus desulfination [11a], little is known about
their fundamental fragmentation reactions. Herewe usemultistage
mass spectrometry (MSn) experiments and DFT calculations to:
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Scheme 1. Suzuki-Miyaura reaction (eq. 1) and related variants involving decarbox-
ylation (X¼C) [4] or desulfination (X¼ S) [5] to form organometallic intermediates
(eq. 2), which then undergo CeC bond coupling (eq. 3).
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examine the unimolecular fragmentation reactions of mono-
nuclear mono-carboxylate or sulfinate complexes
[(phen)nPd(O2XC6H5)]þ (X¼C or S; n¼ 1 and 2); and compare the
bimolecular reactions of the resultant organometallic cations
[(phen)2Pd(C6H5)]þ and [(phen)Pd(C6H5)]þ with pyridine to
examine ligand addition [12] or substitution reactions [13] and
formic acid to examine protonation of the phenyl group to liberate
benzene [14].

2. Materials and methods

2.1. Materials

1,10-phenanthroline (phen), Pd(O2CCF3)2, PhSO2Na, benzoic
acid, formic acid and pyridine were obtained from Sigma Aldrich
(reagent grade). All solvents were HPLC grade. All purchased ma-
terials were used without further purification.

2.2. Sample preparation for mass spectrometry experiments

The gas phase collision-induced dissociation (CID) of
[(phen)nPd(O2XC6H5)]þ (X¼C or S; n¼ 1 and 2) to form
[(phen)2Pd(C6H5)]þ or [(phen)Pd(O2XC6H5)]þ to form [(phen)
Pd(C6H5)]þ and subsequent ion-molecule reaction (IMR) studies
with formic acid and pyridine were conducted in a similar method
to those reported for the reactivity studies of [(phen)Pd(R)]þ

complexes [9]. Briefly, methanolic solutions (10 mL) of palladium
trifluoroacetate (10mM), sodium benzene sulfinate (10mM) and
1,10-phenanthroline (phen) (10mM) were mixed and then diluted
to a final concentration of Pd of 0.05mM.

2.3. Mass spectrometry experiments

The solutions prepared as described above were transferred via
a syringe pump operating at 5 mLmin�1 to the electrospray ioni-
zation source of a Thermo Finnigan LTQ ESI mass spectrometer
previously modified to allow for the introduction of neutral re-
agents into the ion trap [15,16]. Data was collected with three
microscans and are the average of 20e100 spectra.

2.4. Ion-molecule reaction experiments

All IMR rate measurements were conducted by isolating the
reactant ion [(phen)nPd(C6H5)]þ (n¼ 1, 2) in an MS3 experiment
and then allowing it to react with formic acid or pyridine. Single
isotope peaks were used, and each reaction measurement was
taken on a separate day. Themass selectionwindows and scanmass
range were kept constant throughout. Ion-molecule collision rates
were calculated with the program COLRATE using the average
dipole orientation (ADO) theory of Su and Bowers [17].

2.5. Mass spectrometry source condition

Typical electrospray source conditions were:

2.5.1. CID
Sheath Gas¼ 10 arbitrary units, Auxiliary Gas¼ 5 arbitrary

units, Sweep Gas¼ 0 arbitrary units, Spray Voltage¼ 4 kV, Capillary
Temp.¼ 250 �C, Capillary Voltage¼ 2 V, Tube Lens Voltage¼ 75 V.
The precursor ion was mass selected with a window of 1m/z and
collision induced dissociation was carried out using the helium
bath gas by activating the ion with an activation time of 30ms. A
normalized collision energy (NCE) was chosen to deplete the pre-
cursor ion to 10%.

2.5.2. IMR
Sheath Gas¼ 10 arbitrary units, Auxiliary Gas¼ 5 arbitrary

units, Sweep Gas¼ 0 arbitrary units, Spray Voltage¼ 4 kV, Capillary
Temp.¼ 250 �C, Capillary Voltage¼ 2 V, Tube Lens Voltage¼ 75 V.

2.6. Theoretical calculations

Geometry optimizations and electronic energy calculations
were performed using the Gaussian 09 molecular modelling
package [18a] to provide insights into the desulfination of
[(phen)nPd(O2SC6H5)]þ, decarboxylation of [(phen)nPd(O2CC6H5)]þ

and reactions of the organometallic palladium complexes
[(phen)nPd(C6H5)]þ with formic acid and pyridine. Structures of
minima and transition states were optimized using the M06 func-
tional [19]. The Stuttgart Dresden (SDD) basis set and effective core
potential were used for the palladium atom [20], while the 6-
31 þ G(d) all-electron basis set was used for carbon, nitrogen, ox-
ygen, sulfur and hydrogen [21] e this basis set is designated as BS1.
Frequency calculations were carried out at the same level of theory
as those for the structural optimization. Transition structures were
located using the Berny algorithm. Intrinsic reaction coordination
(IRC) calculations were used to confirm the connectivity between
transition structures and minima. Only singlet calculations have
been carried out since calculations on related ligated palladium
cations have shown that these are considerably more stable than
triplets [22].

To further refine the energies obtained from the M06/6-
31 þ G(d)/SDD calculations, we carried out a series of single-point
energy calculations for all of the structures using different methods
in conjunction with the larger basis set utilizing def2-tzvp for all
atoms along with the effective core potential including scalar
relativistic effects for Pd [23], which is designated as BS2. The
different DFT methods used include: the Minnesota functionals
M06 [19] and MN15 [24]; wB97XD [25]; and the dispersion cor-
rected Becke functionals B3LYP-D3BJ and CAM-B3LYP-D3BJ [26].
The resultant energies are corrected for zero point energies and the
relative reaction energies for the various methods can be compared
in Table S1.

To estimate the corresponding enthalpy,DH, and Gibbs energies,
DG, the corrections were calculated at the M06/6-31 þ G(d)/SDD
levels at both STP conditions and at the T (298 K) and P (2 mtorr)
conditions of the ion trap mass spectrometer [16] and finally added
to the corresponding single-point energies. Tables S2 and S3
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compare the reaction enthalpies and free energies respectively
using the various DFT methods.

We have used the relative reaction energies obtained from the
CAM-B3LYP-D3BJ/BS2/M06/BS1 calculations throughout since this
combination of basis set and method performs best when
comparing the types of competing fragmentation reactions
observed for [(phen)2Pd(O2SC6H5)]þ and [(phen)2Pd(O2CC6H5)]þ.
We use relative energies rather than enthalpies or Gibbs free en-
ergies for the following reasons: (1) under the low energy CID
conditions used, the ions undergo multiple collisions with the he-
lium bath gas resulting in slow “heating” until fragmentation oc-
curs [27]. Thus the effective temperature is unknown and will vary
for different systems. (2) Under IMR conditions Dau et al. have
recently highlighted that the reaction energy rather than the Gibbs
free energy is the relevant thermodynamic parameter to use for
low-pressure bimolecular reactions [28].

All optimized structures reported here were subjected to
vibrational frequency analysis to ensure they corresponded to true
minima (no imaginary frequency) or transition states (one imagi-
nary frequency). The Supplementary Information file contains
GaussView [18b] 3D molecular structures of all species together
with the Cartesian coordinates.

3. Results and discussions

3.1. Experimental and DFT calculations on the formation of the
organometallic ions [(phen)nPd(C6H5)]

þ (n¼ 1 and 2) via
decarboxylation or desulfination

Positive ion electrospray ionization of methanolic solutions of
mixtures of 1,10-phenanthroline (phen), palladium trifluoroacetate,
and either benzoic acid or sodium benzene sulfinate gave a range of
cations including the mono-nuclear mono-carboxylate or sulfinate
complexes [(phen)nPd(O2XC6H5)]þ (X¼C or S; n¼ 1 and 2), which
were mass-selected and subjected to collision-induced dissociation
(CID).

3.1.1. Formation of [(phen)Pd(C6H5)]
þ

As reported previously, CID of [(phen)Pd(O2CC6H5)]þ cleanly
generates [(phen)Pd(C6H5)]þ (eq. (4), X¼C) [9e]. CID of [(phen)
Pd(O2SC6H5)]þ also cleanly generates [(phen)Pd(C6H5)]þ (eq. (4),
X¼ S) (Fig. S1). The DFT calculated potential energy diagram for
Fig. 1. Results of DFT calculations on desulfination of [(phen)Pd(O2SC6H5)]þ, 1b at the
both types of extrusion reactions are similar. Since that for [(phen)
Pd(O2CC6H5)]þ has been previously reported at a slightly different
level of theory [9e], the potential energy diagram for [(phen)
Pd(O2SC6H5)]þ is shown in Fig. 1. Desulfination is initiated by TS1b-
2b, which isomerizes the four-coordinate sulfinate complex 1b to
the reactive three-coordinate complex, 2b, which then readily
desulfinates via the four-centered TS2b-3b, to give the organome-
tallic complex 3b in which the SO2 is bound to the Pd center via an
O atom. The isomeric complex 3b’ in which the SO2 is bound to the
Pd center via an S atom has a similar stability. The final step in-
volves loss of SO2 to give the three-coordinate complex, 4a. TS1b-
2b is the rate determining step.

½ðphenÞPdðO2XC6H5Þ�þ/½ðphenÞPdðC6H5Þ�þ þ XO2 (4)

The DFT calculated potential energy diagram for [(phen)
Pd(O2CC6H5)]þ at the same level of theory is given in Fig. S2. The
rate determining step for decarboxylation, TS1a-2a, is that which
isomerizes the four-coordinate carboxylate complex 1a to the
reactive three-coordinate complex, 2a. Complex 2a then de-
carboxylates via the four-centered TS2a-3a, to give the organo-
metallic complex 3a in which the CO2 is bound to the Pd center via
an O atom, which then loses CO2 to form 4a. The barrier for the rate
determining desulfination step is lower than that for decarboxyl-
ation by about 16 kcal/mol, consistent with DFT studies on related
palladium complexes [11a] and with previous gas-phase studies
that have shown coinage metal complexes more readily undergo
desulfination [7]. Varying the DFT methods does not have a major
effect on the reaction energies (Table S1), with TS1b-2b and TS1a-
2a remaining the rate determining steps for desulfination and
decarboxylation respectively. The trends for DH (Table S2) follow
those for DE. There are significant differences when comparing the
overall reaction energeticsDE (orDH) to those of DG (Table S3). This
is due to the fact that during CID one particle is transformed into
two particles which has a favourable entropic effect.
3.1.2. Formation of [(phen)2Pd(C6H5)]
þ

The CID spectra of [(phen)2Pd(O2XC6H5)]þ (Fig. 2) are more
diverse in their reaction chemistry than those for [(phen)
Pd(O2XC6H5)]þ. The complex with two coordinated phenanthroline
ligands, [(phen)2Pd(O2CC6H5)]þ, does not undergo decarboxylation
(eq. (4), X¼C), instead it exclusively loses phen to give [(phen)
CAM-B3LYP-D3BJ/BS2//M06/BS1 level of theory. Relative energies are in kcal/mol.



Fig. 2. CID of mass selected complexes: (a) [(phen)2Pd(O2CC6H5)]þ (m/z¼ 587, 15
NCE); (b) [(phen)2Pd(O2SC6H5)]þ (m/z¼ 607, 13 NCE). The mass-selected precursor ions
are denoted by asterisks.

Fig. 3. Results of DFT calculations on the competition between decarboxylation and phen lo
Relative energies are in kcal/mol.
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Pd(O2CC6H5)]þ (eq. (6)). In contrast, the dominant fragmentation
pathway for [(phen)2Pd(O2SC6H5)]þ is desulfination to give the
organometallic complex [(phen)2Pd(C6H5)]þ (eq. (5), X¼ S). Only a
few related five-coordinate [(phen)2Pd(R)]þ complexes have been
synthesized and structurally characterized via X-ray crystallog-
raphy, including: R¼CH3; O2NCH2; and CH3OC(O) [29]. Other mi-
nor fragmentation pathways observed for [(phen)2Pd(O2SC6H5)]þ

include loss of phen to give [(phen)Pd(O2SC6H5)]þ (eq. (6), X¼ S)
and PdeO bond homolysis via C6H5XO2

. loss to yield the presumably
formally Pd(I) cation, [(phen)2Pd]þ. (eq. (7), X¼ S). The related Ni(I)
cation, [(phen)2Ni]þ. has recently been prepared in the gas-phase
via reduction of [(phen)2Ni]2þ in ion-ion reactions [30]. The ion
[(phen)Pd(C6H5)]þ arises from secondary fragmentation reactions
of [(phen)Pd(O2SC6H5)]þ (Fig. S1).

�ðphenÞ2PdðO2XC6H5Þ
�þ

/
�ðphenÞ2PdðC6H5Þ

�þ þ XO2

(5)

/ ½ðphenÞPdðO2XC6H5Þ�þ þ phen

(6)

/
�ðphenÞ2Pd

�þ,þC6H5XO2
, (7)

The energetics for all three pathways are compared for
[(phen)2Pd(O2CC6H5)]þ, 5a (Fig. 3) and for [(phen)2Pd(O2SC6H5)]þ

(5b in Fig. 4) to probe why only phen loss is observed for
[(phen)2Pd(O2CC6H5)]þ while desulfination is in competition with
both phen loss and bond homolysis for [(phen)2Pd(O2SC6H5)]þ.

Unlike the [(phen)Pd(O2XC6H5)]þ complexes in which the
carboxylate or sulfinate ligands bind in a bidentate fashion, in both
5a and 5b these ligands bind in a monodentate fashion due to the
presence of the additional bidentate phen ligand. In the case of 5a,
the energetics associated with the loss of the phen ligand (eq. (6))
are found to be substantially less than those for decarboxylation
(eq. (5)) or bond homolyses (eq. (7)), in agreement with the
ss of [(phen)2Pd(O2CC6H5)]þ, 5a at the CAM-B3LYP-D3BJ/BS2//M06/BS1 level of theory.



Fig. 4. Results of DFT calculations on the competition between desulfination and phen loss of [(phen)2PdO2SC6H5]þ, 5b at the CAM-B3LYP-D3BJ/BS2//M06/BS1 level of theory.
Relative energies are in kcal/mol.

Fig. 5. Ion-molecule reactions of [(phen)Pd(C6H5)]þ with: (a) pyridine; (b) formic acid.
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experiments, where phen loss is the only one of these reactions
observed (Fig. 2a). Decarboxylation proceeds via a single four-
centered transition structure TS5a-6a, while the key transition
structure for phen loss is TS8a-9a. Under the slow “heating” con-
ditions used in the ion trap, fragmentation occurs under kinetic
rather than thermodynamic control. Thus when competing frag-
menting reactions are being considered, it is important to consider
the energies of the highest species along each of the different re-
action coordinates. In the case of the three potentially competing
fragmentation pathways for [(phen)2Pd(O2CC6H5)]þ (Fig. 3) the
overall energy for phen loss at 32.8 kcal/mol is less that TS5a-6a
(þ48 kcal/mol) for decarboxylation and the overall energy for
C6H5CO2

. loss (58.5 kcal/mol). This is consistent with the experi-
ments, where only phen loss is observed.

The change in experimentally preferred fragmentation channel
on moving from [(phen)Pd(O2CC6H5)]þ 5a to [(phen)Pd(O2SC6H5)]þ

5b is consistent with the differences in energetics for all three
fragmentation channels shown in Figs. 3 and 4. The rate determining
transition state for desulfination, TS6b-6b’, lies about 19 kcal/mol
below the rate determining transition state for decarboxylation,
TS5a-6a. The energy for bond homolyses also drops by around
25 kcal/mol, consistent with this channel now being experimentally
observed for [(phen)Pd(O2SC6H5)]þ (Fig. 2b). In contrast, the energy
for phen loss increases by 3 kcal/mol consistent with this channel
now becoming a minor pathway for [(phen)Pd(O2SC6H5)]þ. Overall
the key energies associated with the different reaction coordinates
are: desulfinationTS6b-6b’ (29.2 kcal/mol)< C6H5SO2

. loss (33.4 kcal/
mol)< phen loss (35.9). This is consistent with desulfination being
the dominant reaction while C6H5SO2

. loss is a minor pathway and
phen loss is even smaller (Fig. 2B).

Once again, varying the DFT method does not have a major ef-
fect on the reaction energies (Table S1) and the above discussion
regarding DE versus DH (Table S2) and DG (Table S3) holds true for
the competing fragmentation reactions for [(phen)2Pd(O2CC6H5)]þ

and [(phen)2Pd(O2SC6H5)]þ.

The mass-selected precursor ions are denoted by asterisks.



Fig. 6. Results of DFT calculations on the reaction of [(phen)Pd(C6H5)]þ with formic acid at the CAM-B3LYP-D3BJ/BS2//M06/BS1 level of theory. Relative energies are in kcal/mol.

Z. Wang et al. / Journal of Organometallic Chemistry 882 (2019) 42e49 47
3.2. Ion-molecule reactions of three- and five-coordinate
organopalladium complexes [(phen)nPd(C6H5)]

þ (n¼ 1 and 2).

The formation of both [(phen)Pd(C6H5)]þ and
[(phen)2Pd(C6H5)]þ via extrusion reactions provides a unique op-
portunity to directly compare their gas-phase reactivity. We have
chosen two different neutral reagents: pyridine which has previ-
ously been used to titrate vacant coordination sites in three-
coordinate Pt(II) complexes [10,31], to examine ligand substitu-
tion reactions in four-coordinate Pt(II) complexes [11], and formic
acid, which has been used to protonate coordinated anionic ligands
in metal complexes [12].

Mass spectra resulting from the ion-molecule reactions of
[(phen)Pd(C6H5)]þ (Fig. 5), reveal a minor peak atm/z 381 resulting
from addition of adventitious water (eq. (8)), a reaction that has
been discussed previously [7b]. The three-coordinate complex
[(phen)Pd(C6H5)]þ rapidly reacts with pyridine at close to the
collision rate (1.1� 10�9 cm3 molecules�1 s�1, reaction efficiency of
77%) via adduct formation (eq. (9), Fig. 5a). This is consistent with
DFT calculations which predict that coordination of pyridine to 4a
has a reaction energy of�48 kcal/mol (Fig. S3). In contrast, the five-
coordinate complex [(phen)2Pd(C6H5)]þ is unreactive towards
pyridine under the conditions used (eq. (10), data not shown).

½ðphenÞPdðC6H5Þ�þ þ H2O/½ðphenÞPdðC6H5ÞðOH2Þ�þ (8)

½ðphenÞPdðC6H5Þ�þ þ C5H5N/½ðphenÞPdðC6H5ÞðNC5H5Þ�þ (9)

�ðphenÞ2PdðC6H5Þ
�þ þ C5H5N/ no reaction (10)

The three-coordinate complex [(phen)Pd(C6H5)]þ rapidly reacts
with formic acid (7� 10�10 cm3 molecules�1 s�1, reaction efficiency
of 65%) via an acid-base reaction to give the complex with a coor-
dinated formate (eq. (11), Fig. 5b). [(phen)2Pd(C6H5)]þ does not
undergo an acid-base reaction. No new reaction products are
observed under the conditions used (eq. (12), data not shown).

½ðphenÞPdðC6H5Þ �þ þ HCO2H/½ðphenÞPdðO2CHÞ �þ þ C6H6

(11)

�ðphenÞ2PdðC6H5Þ
�þ þ HCO2H/no reaction (12)
The potential energy diagram associated with the acid-base
reaction of [(phen)Pd(C6H5)]þ (Fig. 6) suggest the reaction in-
volves coordination of formic acid through the carbonyl oxygen
atom to give complex 12a, which then traverses the six-centered
transition structure TS12a-13a to give complex 13a, which then
loses benzene to give the formate complex [(phen)Pd(O2CH)]þ,14a.
A higher energy pathway involving a four-centered transition
structure TS12a-13a was also found (Fig. S4). The fact that water
only undergoes adduct formation (eq. (8)) whereas formic acid
undergoes an acid-base reaction (eq. (11)) is likely due to the higher
acidity of formic acid, over 40 kcal/mol in the gas-phase [32], and
that for water a four-centered transition structure must be tra-
versed for the acid-base reaction to proceed, whereas for formic
acid an energetically more accessible six-centered transition
structure is available. Varying the DFT method does not have a
major effect on the reaction energies (Table S1). The trends for DH
(Table S2) follow those for DE and there is little difference when
comparing DH under STP conditions to those of the ion trap mass
spectrometer T¼ 298 K and P¼ 2mtorr). As discussed by Dau et al.,
[27] there are significant differences when comparing DE (or DH) to
those of DG (Table S3) under the ion trap mass spectrometer con-
ditions. This is due to the fact that for ion-molecule reactions two
particles transform into one particle in the entrance channel
resulting in an unfavourable entropic effect.

4. Conclusions

Low energy CID of ligated palladium complexes provides access
to a range of reactive intermediates. Extrusion of CO2 and SO2 gives
the three-coordinate complex [(phen)Pd(C6H5)]þ. This coor-
dinatively unsaturated complex readily reacts with pyridine to
form [(phen)Pd(C6H5) (NC5H5)]þ and reacts with formic acid in an
acid-base reaction to give [(phen)Pd(O2CH)]þ. Mechanistic studies
on the use of palladium mediated decarboxylation and desulfina-
tion reactions followed by insertion of isocyanates are underway
with the aim of developing synthetic protocols for the one pot
synthesis of amides.
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