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ABSTRACT

The Magnus Pauson−Khand (PK) mechanism has been studied for the first time by electrospray ionization coupled to tandem mass spectrometry.
It has been found that loss of CO from the PK complex precedes olefin coordination and insertion.

The pathway suggested in 1985 by Magnus and co-workers1

for the Pauson-Khand (PK) reaction,2 a cobalt-mediated
joining of an alkyne, an olefin, and carbon monoxide
(Scheme 1), is widely accepted despite a dearth of evidence
for the postulated intermediates.3 We report in this Letter
the observation by mass spectrometry of proposed key
intermediates in this synthetically useful and mechanistically
intriguing reaction.

In the pathway advanced by Magnus and co-workers, the
stable and fully characterized4 alkyne-Co2(CO)6 complexI
initially suffers loss of a CO ligand from one of the two Co

atoms (complexII ), which is followed by olefin coordination
(complex III ) and insertion (complexIV ). However, ex-
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Scheme 1. Postulated Mechanism of the Pauson-Khand
Reaction
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perimental evidence for these key mechanistic components
has been lacking: complexI, on heating in the presence of
an olefin, is converted into the final productVII without
isolable or even, to date, detectable intermediates.3 Recent
quantum mechanical studies5 of the Magnus PK reaction
pathway appear to preclude the possibility of actually
isolating any of the intermediates and, in fact, indicate that
mere observation of the different species could be difficult
at best. The most energetically demanding step in the PK
process turns out to be the loss of CO from complexI to
generate complexII (26.4 kcal/mol above complexI,
acetylene as the alkyne). The transition state (14.4 kcal/mol
activation energy) involved in the conversion of complex
III (11.8 kcal/mol underII, ethylene as the alkene) into
complex IV (1.1 kcal/mol above complexIII), as well as
all subsequent steps (insertion of CO, reductive elimination),
is much less energetically demanding and thus the PK
reaction, following formation ofII, should indeed proceed
rapidly to the final product, as is experimentally observed.

Electrospray ionization coupled to gas-phase reactive
collision processes is particularly useful for studying stepwise
events in the transformation of transition-metal compounds
with intact or largely intact coordination spheres because of
its high degree of tolerance of weakly bound ligands.6 The
liganded species of interest, ionized and naked in the gas
phase, can be isolated and its evolution studied, without
interference from other ionized or neutral compounds, by
tandem mass spectrometry. To investigate the PK reaction
mechanism through this means, the symmetrical bis(diphen-
ylphosphino)methane (DPPM) adduct with phenylacetylene-
dicobalt hexacarbonyl (Idppm, Figure 1), which was expected7

to be well-suited for study by negative ion electrospray mass
spectrometry, was prepared.8

On the basis of the literature,7 deprotonation ofIdppmunder
negative ion electrospray ionization conditions (see Experi-
mental Parameters) was expected to occur at the methylene

site to yield the ion atm/z715 [Idppm-H]-. This indeed was
observed (base peak), together with a series of fragments at
m/z687 (32%),m/z659 (28%), andm/z631 (1.5%), which
corresponded to [(Idppm-H)-CO]-, [(I dppm-H)-2CO]-, and
[(I dppm-H)-3CO]-, respectively.9 The parent[I dppm-H]- ion
was then selected and submitted to low-energy reactive
collisions (Elab ) 4 eV, with norbornene as the reactive
target) in the collision cell for the purpose of ascertaining
whether the fully coordinated complex was capable of olefin
association. The expected collision-induced dissociation
(CID) process, which involved consecutive CO loss from
[I dppm-H]- (first two ions in relatively high abundance, third
in relatively low abundance), and a collision-activated
reaction (CAR) process that produced an adduct ion atm/z
781, but significantly not atm/z 809 {[(I dppm-H) +
norbornene]-, m/z [715+ 94]}, were observed. The complete
absence of an adduct ion atm/z809 argued strongly against
the possibility that the ion atm/z 781 issued from that at
m/z809 by loss of CO and pointed to the alternative stepwise
mode for the CO/norbornene ligand exchange (loss of CO,
then addition of norbornene), or possibly a direct exchange,
followed or not by insertion of the norbornene as proposed
by Magnus and co-workers.

To determine whether a direct or indirect CO/norbornene
ligand exchange was operating, the initially observed [(Idppm-
H)-CO]- (m/z687) ion was selected and submitted to low-
energy collisions with norbornene10 under precisely the same
collision conditions, which gave the CAR spectrum shown
in Figure 2. The norbornene addition product ion atm/z781

suggested that the [(Idppm-H)-CO]- ion could indeed be the
precursor of the norbornene adduct on starting from the
[I dppm-H]- ion. This supposition was confirmed by the
identical [m/z687]/[m/z781] ion abundance ratios that were
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Figure 1. Structures of neutral [I dppm] and ionized [Idppm-H]-

DPPM-phenylacetylene-dicobalt tetracarbonyl complexes.

Figure 2. CAR spectrum of [(I dppm-H)-CO]- m/z 687, with
norbornene under ESI conditions.
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found to have resulted from the CAR experiments withm/z
687 andm/z 715 as the precursor ions.Formation of the
adduct ion, thus, does not occur to any significant degree
by a direct CO/norbornene ligand exchange in the [(I dppm-
H)] - ion, but takes place quasiexclusiVely through initial
CO loss from this ion to giVe the [(I dppm-H)-CO]- ion, which
then forms the norbornene adduct.

To discern whether the adduct ion atm/z781 ion was the
Magnus association complex analogous toIII or the more
advanced Magnus insertion cobaltacycle complex analogous
to IV, the respective energies were evaluated11 through
density functional theory calculations (B3LYP/LANL2DZ*
level) with Gaussian 98 (for expediency, the phenyls of dppm
were replaced by methyls, and the phenyl in phenylacetylene
by H). The structures are shown in Figure 3. The cobaltacycle

complex was found to be 22 kcal/mol lower in energy than
the association complex with an activation energy of 12 kcal/
mol, which leads to the conclusion that the adduct ion at

m/z 781 must be the more advanced complex.12 The
significant energy difference between the two complexes may
reflect, in part, stabilization within the cobaltacycle of the
Co with the free coordination site by the P-CH(-)-P charge.
The clear deformation of the dppm ligand in this complex
would appear to support this supposition.

In conclusion, negative ion electrospray collision experi-
ments and theoretical calculations together have permitted
early events and their chronology to be defined in the gas-
phase conversion ofI dppm: loss of carbon monoxide, olefin
coordination, and olefin insertion. This elucidation, impor-
tantly, is in harmony with the theoretical results of Nakamura
and co-workers,5 who were unable to locate a low-energy
transition state for the direct formation of an olefin-associated
complex, which would have provided an alternative to the
pathway initiated by loss of CO that is delineated above.
Thus, for the first time, the widely accepted Magnus PK
mechanism has solid support, albeit from gas-phase experi-
ments.13
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Figure 3. Geometries for the two possible structures of the adduct
ion atm/z781 and TS (III f IV) (hydrogens omitted for clarity).
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