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A new decarbonylation reaction is observed for [(K*>-acetate)Pd(K>-
diphosphine)l* complexes. Gas-phase IR experiments identify the
product as [CHzPd(OP(Ph,)CH,PPh,)]*. DFT calculations uncovered a
plausible mechanism involving O atom abstraction by the diphosphine
ligand within the coordination sphere to yield the acetyl complex,
[CH3COPd(OP(Ph,)CH,PPh,)]*, which then undergoes decarbonylation.

Gas-phase studies utilising tandem mass spectrometry (MS/MS)
methods in conjunction with DFT calculations provide valuable
fundamental information on how the auxiliary ligands in metal
complexes can tune the fragmentation chemistry of coordi-
nated carboxylates under collision-induced dissociation (CID)
conditions (Scheme 1)." For example, the acetate ligand in Pd(u)
cationic complexes can undergo decarboxylation to give an
organometallic cation (eqn (1))* or act as an intramolecular
base to promote C-H bond activation (eqn (2)).* Both of these
modes of reactivity have been widely exploited in the condensed
phase to generate organometallic precursors for use in organic
synthesis.”® A recent study has used mechanistic insights from
MS/MS experiments to develop a new decarboxylative protocol
for the synthesis of thioamides,® highlighting the value of gas-phase
model systems. Here we report on a newly discovered mode of
reactivity, ligand-induced decarbonylation (eqn (3)), one that
has little precedence in the condensed phase’ ™ and is thus of
considerable mechanistic interest.
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Ligand-induced decarbonylation in diphosphine-
ligated palladium acetates [CH3CO,Pd((PR,)>CH))I*
(R = Me and Ph)}

Michael Lesslie,® Yang Yang,” Allan J. Canty,
Francis Berthias, Philippe Maitre,

“ Elettra Piacentino,®

9 Victor Ryzhov (2 ** and Richard A. J. O'Hair 0 *°
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Scheme 1 Modes of reactivity observed for coordinated acetates in Pd(i)
cationic complexes: decarboxylation (eqn (1));? as a base to facilitate C—H
bond activation (egn (2));® decarbonylation (egn (3), this work).

Electrospray ionisation (ESI) of methanolic solutions contain-
ing palladium acetate and a diphosphine ligand, R,PCH,PR, (R =
Ph = dppm ligand; R = Me = dmpm ligand) gave rise to the desired
diphosphine-ligated palladium acetates [CH;CO,Pd((PR,),CH,)]",
1a, R = Ph and 1b, R = Me, which were mass selected and subjected
to low-energy CID in ion trap mass spectrometers. The unimole-
cular chemistry of 1a (m/z 549, Fig. 1a) is dominated by loss of
CO to give an ion at m/z 521 (eqn (3), Scheme 1). Minor
fragment ions at m/z 305 and 397 are assigned as [Ph,PCH,Pd]"
and [Ph,PCH,Pd(Me)(Ph)]', respectively, and arise from sub-
sequent C-P activation of the dppm ligand, as established by
MS? on m/z 521, which gave m/z 305 and 397 (Fig. S1, ESI{). CID
of the labelled acetate complexes [CH;"*CO,Pd((PR,),CH,)]"
(m/z 550, Fig. 1b) and [CD3CO,Pd((PR,),CH,)]' (m/z 550, Fig. 1c)
confirmed these assignments. Complex 1b also underwent
decarbonylation (Fig. S2, ESIt). Decarboxylation is only a very

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 LTQ MS? CID spectra of: (a) [CHzCO,'®Pd((PPh,),CH,)I*, m/z 549, 1a;
(b) [CH5™CO,%6Pd((PPh,),CHI*, m/z 550; (c) [CD3CO,®Pd((PPh,),CH.)I*,
m/z 552. Product ions are labeled according to the neutral fragment that was
lost from the mass-selected precursor, which is marked with an asterisk.

T
350

minor pathway in the CID spectra of 1a (<0.1%) and 1b (<1%),
which is in stark contrast to CID on [CH;CO,Pd(phen)]’, where
decarboxylation dominates (eqn (1), Scheme 1). This highlights
the unique role of the diphosphine auxiliary ligand in promoting
decarbonylation.

Since the structure(s) of the decarbonylation product is
unknown, we next: (1) used DFT calculations to optimise four
chemically reasonable isomers, including the organopalladium
complexes, [CH;Pd(OP(Ph,)CH,PPh,)]" 2 and 3, containing the
Ph,PCH,P(O)Ph, (dppmO) ligand,"® the palladium methoxide
complex, [CH;OPd((PPh,),CH,)]" 4'" and the Pd(v) complex,
[CH;Pd(O)((PPh,),CH,)]" 5. (2) compared the theoretically
predicted IR spectra of these isomers to the gas-phase infrared
multiphoton dissociation (IRMPD) spectrum of 1a-CO acquired
using a 3D ion-trap tandem mass spectrometer coupled with
the CLIO free electron laser."

ph 1t ph + +
_Ph _Ph P N, AP Phi_ o\ _FPh
R R PLNPLN —P. P.
Ph~ Ph— Ph ph—P P
DL ~P._ .0 Pd Ph Pd Ph
Ph” Pd Ph” "Pd] ;. o Nen
HCl ) | .CH, HL o 5
Hz
2a 3a 4a 5a

Although 4a benefits from an agostic interaction between the
methyl group and Pd (Fig. S3, ESIY), calculations at the M06/SDD-
6-31G(d) level of theory show the following stability order:
2a (0 keal mol™") > 3a (+22 keal mol™") > 4a (+30 keal mol ).
5a is unstable, undergoing rearrangement to 4a. Although the
experimental IRMPD spectrum of 1a-CO exhibits quite broad
features, an examination of Fig. 2 reveals that the lowest-energy
isomer 2 displays the best match (Fig. 2(a) and Table S1, ESI¥).
The most intense absorption band in the experimental spectrum
(the broad band at 1070-1200 cm™ ') matches the predicted P-O
and P-C asymmetric stretches at 1134 cm ' flanked by the
shoulder peaks at 1076 cm ™" (Ph ligand C-H bend coupled with
P-O stretch) and 1196 cm™ " (CH; rocking mode). The experi-
mental absorption between 1400 and 1450 cm ™' matches the

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 IRMPD experimental (grey) spectrum of mass-selected
[CH3CO,'°Pd((PPh,),CH,)-COI*, m/z 521, vs. M06/SDD6-31G(d) calculated
IR spectra (red) for structures: (a) 2a, (b) 3a, and (c) 4a. The experimental IR

spectrum was obtained on a Bruker Esquire 3000+ quadrupole ion trap MS

using the CLIO free-electron laser with a wavenumber step of 4.5 cm™2, an

irradiation time of 1 s, and mean laser power was decreasing from 1500 to
700 mW when increasing the photon wavenumber.

aromatic ring deformation of the ligand, calculated to be at
1442 cm ™", The smaller experimental peaks at around 1300 and
1000 cm ™" can be assigned to the aromatic ligand C-H bending
(1299 em ') and C-H/C-C stretching/bending (988 cm %),
respectively. In contrast, the higher-energy isomers 3a and 4a
show substantially poorer matches to the experimental IRMPD
spectrum (Fig. 2(b) and (c)). Isomer 3a is predicted to have a
strong band at 1042 cm™?, corresponding to the P-O stretching
and Pd-O bending motions. This band is absent from the
experimental spectrum (Fig. 2b). Isomer 4a has the CH; umbrella
band calculated to be at 1580 cm™*, which is also absent from the
experimental spectrum. Thus, the IRMPD data is consistent with
structure 2a for the 1a-CO ion.

Having established the product structure as 2a, we next used
DFT calculations to examine potential mechanisms for the
decarboxylation of 1a and 1b and to establish that the barrier
for decarbonylation is lower than that for decarboxylation, a
requirement for formation of 2a and 2b as the major products
under the low energy CID conditions used (Fig. 1 and Fig. S2,
ESIt). The pathways for the decarbonylation and decarboxylation
reactions are compared for 1b in Fig. 3 and Fig. S4 (ESIT), while
the related reactivity for 1a is shown in Fig. S5 (ESIt). The
decarboxylation pathway follows the same mechanism reported
for [CH;CO,Pd(phen)]".??

Multiple decarbonylation pathways were considered. The
lowest energy pathway connects 1b, 6b and 7b via TS1b-6b and
TS6b-7b. Cleavage of the C-O bond via TS7b-8b gives the Pd-acetyl
cation coordinated to a dmpmO ligand, 8b. Just as in the
decarboxylation pathway, the coordinated acetyl cation needs

Chem. Commun., 2018, 54, 346-349 | 347
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Fig. 3 DFT calculated competition between decarboxylation and decarbonylation of [CH3CO,Pd((PMe;),CH,)I™, 1b at the M06/def2-TZVP//M06/SDD6-

31G(d) level of theory. Energies are in kcal mol™* and are given as AE.

to adopt reactive conformation 10b in order for decarbonyl-
ation to occur. This involves changing the conformation of the
coordinated acetyl anion relative to the dmpmoO ligand. Of the
two pathways to connect 8b to 10b that were found (Fig. S4
and S5, ESIt), the lowest one involves traversing two transition
structures TS8b-9b and TS9b-10b. Once formed, 10b decarbonyl-
ates via TS10b-11b to give the CO coordinated organometallic
cation, 11b, from which CO loss produces the experimentally
observed cation, 2b. TS1b-6b. The most energetically demanding
TS for decarbonylation (+17.2 kecal mol ') is lower in energy than
TS12b-13b (+36.7 kecal mol ') for decarboxylation, consistent
with the experimental observation that decarbonylation occurs
predominantly. Related calculations were carried out for the com-
petition between CO and CO, loss for 1a (Fig. S6 and S7, ESIt).
Similar reaction profiles were found, with TS6a-7a, the most
energetically demanding TS for decarbonylation (+29.2 keal mol ™)
being lower in energy than TS12a-13a (+37.9 kcal mol ') for
decarboxylation, consistent with the experimental observation that
decarbonylation occurs predominantly.

Metal-mediated decarbonylation of carboxylic acid derivatives
finds wide application in synthesis,”**"'> although most processes
show poor atom economy as they require an anhydride additive to
facilitate formation of an acyl complex which then undergoes
decarbonylation.*® Here we have shown that diphosphine and
acetate ligands react with each other within the coordination
sphere of complexes to trigger decarbonylation. While this mecha-
nism appears to be unprecedented, there is a growing literature
on ligand oxidation reactions occurring within the coordination
sphere of metal complexes.'®"” Finally, the observed chemistry is
not limited to acetate ligands, but occurs with a range of other
coordinated carboxylates (e.g. benzoate and hydrocinnamate) as
will be reported in due course.
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