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The key challenges in unequivocally assigning the active
catalyst in homogenous transition-metal catalysis was
recently covered in a review by Crabtree.l!! These include
the need to rule out the possibility of 1) nanoparticles being
the active catalyst and 2) artifacts owing to low-levels of
highly reactive metal impurities. A key case study that
Crabtree highlighted is the recent controversy surrounding
the use of gold? as an alternative catalyst to palladium in the
Sonogashira coupling reaction (Scheme 1), which is widely
used in synthetic organic chemistry.?!

1 , cat Pd%/Cu! 1 N
R'—X + H——R"~ » R'—R
base
R! = aryl, heteroaryl, vinyl; R? = aryl, heteroaryl, alkenyl, alkyl, SiRs; X =1, Br, Cl, OTf

Scheme 1. The Sonogashira sp—sp? C—C cross-coupling reaction
(adapted from Chinchilla and Najera).F*

Corma and co-workers reported that gold supported on
nanocrystalline CeO, provides excellent selectivity for cross-
coupling (89%).%! As Au’, Au', and Au™ are all present on
the nanoparticle surface, they performed a series of kinetic
studies on colloidal gold and various Schiff base complexes,
and suggested that it is the Au' oxidation state that mediates
the Sonogashira reaction.” To explain the apparent catalytic
activity of Au' complexes for the Sonogashira reaction,
Lauterbach et al. attempted a series of experiments to test
two potential catalytic cycles shown in Scheme 2.l They
found that a range of two-coordinate Au' complexes are
unable to activate aryl iodide by oxidative addition; they
suggested that the observed catalytic activity of Corma and
co-workers is actually due to the presence of palladium
impurities, with Au' simply replacing the role of Cu' in
traditional Sonogashira coupling.
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Scheme 2. Catalytic cycles proposed by Lauterbach et al. for an Au'
complex mediated Sonogashira cross-coupling.”™ A key requirement
for both cycles is oxidative addition. R'X is an aryl halide and MR? is
a metal acetylide.

Very recently Corma and co-workers have carried out
carefully controlled kinetic studies to show that the catalytic
activity is not due to palladium impurities.” Instead, catalytic
activity was attributed to the in situ formation of gold clusters
by degradation of the Au' complex. This was supported by
DFT calculations, which showed that while oxidative addition
of iodobenzene to the mononuclear complex Me;PAul has
a high activation barrier (132.2 kJmol™), the related reaction
for the bare gold cluster Ausg has a substantially lower barrier
(47.3 kImol ).

Gas-phase studies represent a powerful way of uncovering
the intrinsic reactivity of metallic ions!®” and the mechanisms
of their C—X bond activation reactions.’ The stoichiometry
of the metallic reactant ion can be confidently assigned by the
unique mass and often-distinctive isotopic signature of the
metal. It can then be mass-selected using well-established
tandem mass-spectrometry-based approaches and its reactiv-
ity directly probed by monitoring the changes in its abun-
dance as well as the formation of ionic products. By mass-
selecting the reactant ion, the issue of impurities are circum-
vented, while reactivity as a function of metal cluster size can
simply be probed by examining a range of different clusters.”
Herein a combination of mass-spectrometry-based experi-
ments and DFT calculations are used to examine the gas
phase reactions of iodobenzene with the mononuclear gold
cations (R;P),Au” (R =Me, Ph; n =1, 2) and the ligated gold
clusters [Au;L"]* (L = Ph,P(CH,),PPh,; n =3-6) to establish
the molecular requirements for C—I bond activation.

Electrospray ionization (ESI) in combination with multi-
stage mass spectrometry (MS") experiments were used to
generate 1) (R;P)Au” (R=Me, Ph) by collision-induced
dissociation (CID) of (R;P),Au’; 2) (R;P),Au" (R=Me,
Ph) by ESI/MS on (R;P)AuCl; and 3) [Au;L"]* (L" = Ph,P-
(CH,),PPh,; n=3-6) by CID of larger gold clusters synthe-
sized in the condensed phase and transferred to the gas phase
by ESLI' Figure 1a-d shows representative spectra of the
ion-molecule reactions of these ions with iodobenzene (for all
[AusL"]*, see the Supporting Information, Figure S1). An
examination of Figure 1 reveals that the types of reaction
products and the overall reactivity depend on the number of
gold atoms (compare Figure 1b to c¢); the number of ligands
present (compare Figure 1a and b); and the type of bisphos-
phine ligand (see Figure S1).

As the gas-phase reactivity of bare Au® has been
previously described, we focused on examining the reactivity
of the ligated cations.'Y! The monoligated complexes R;PAu*
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Figure 1. LTQ mass spectra obtained from ion—-molecule reactions of
iodobenzene (8.36x10° moleculescm™) with a) (Me;P),Au* (10's
reaction time), b) Me;PAu™ (200 ms reaction time), and c) [Au,L°]"
(1 s reaction time). d) CID of [Au;L*Phl]*. A x represents the mass
selected precursor ion. A # represents the addition of adventitious
H,O present in the ion trap.

react by adduct formation [Eq. (1)] and P—C bond formation
by oxidative addition/reductive elimination [Eq. (2)]. The
bisligated complexes (R;P),Au’” however, are unreactive at
the longest reaction time studied [10 s; Eq. (3)]. Finally, all of
the [Au;L"]* clusters react by adduct formation [Eq. (4)].

R,PAu* + PhI — RyPAu(PhI)* 1)

— RyPPh* + Aul 2)
(R;P),Au’ + PhI — no reaction (3)
[Au;L"]* + PhI — [Au,L"(PhI)]* (4)

Although the nature of some of the products clearly
highlight that C—I bond activation has occurred [Eq. (2)], we
used CID to establish whether C—I bond activation has
occurred in the adducts formed in Equations (1) and (4).
Thus, these ions were mass selected and subjected to CID
(Figure 1d; Supporting Information, Figure S2, S3). We
observed that R;PAu(PhI)* fragments by loss of Phl
[Eq. (5)] and Aul [Eq. (6)], while [Au;L"(Phl)]* fragments
by a minor loss of PhI [Eq. (7)] and PhAu [Eq. (8)]. When the
deuterated adduct [AusL"(C¢DsI)]* is subjected to CID,
C¢DsAu is lost (Supporting Information, Figure S4), showing
that C—I bond activation has occurred rather than C—P bond
activation of the bisphosphine ligand. A further stage of CID
on [L"Au,lI]* results in the loss of Aul [Eq.(9)]. These
sequential losses of PhAu and Aul are strong indicators that
C—I bond activation has occurred.

R,PAu(PhI)* — R,PAu* + PhI (5)
— R;PPh* + Aul (6)
www.angewandte.org
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[Au,L"(PhI)]* — [Au;L"]* + PhI 7
— [L"AuI]* + PhAu (8)
[L"Au,I]* — [L"Au]* + Aul 9)

To quantify the observed reactivities, the branching ratios
and rate constants for the reactions were measured, and the
data are summarized in Table 1. It is clear that in the case of
monoligated complexes R;PAu*, the reaction with PhI is

Table 1: Kinetics associated with the ion—molecule reactions of gold
cations with iodobenzene.

Reactant Product Ko™ Reaction
(Equation, B.R.)® efficiency

Me,PAu”  Me,PAu(Phl)™ (1, 73.5%)  1.09x10° 100
Me,PPh* (2, 26.5%)

Ph,PAU" Ph,PAU(PhI)™ (1,99.5%)  1.27x10° 100

Ph,P* (2, 0.5%)
(Me;P),Au*  N.R.
(Ph;P),Au”  NR.

[Au,L’T* [AusL* (PhI)]*™ (4, 100 %) 3571077 0.04
[Au,LYT* [AusL*(PhI)]™ (4, 1009%) 6.55x107'*  0.75
Au,L°]" Au;L*(PhI)]* (4, 100% 8.66x10°" 9.9
[AusL’] [Au; L (PRI]" ( )

[AusL* [AusL(PhI)]*™ (4, 100 %) 3.69x107° 42

[a] B.R.=branching ratio, N.R.=no reaction. [b] In units of
cm’molecule™ s™". [c] Rates for the reaction with iodobenzene to yield
the oxidative addition product. Rates were determined by modeling the
ion evolution with time (see the Supporting Information). [d] Reaction
efficiency = (kepr/kapo) 1009%. kapo is the theoretical ion-molecule colli-
sion rate constant obtained from the average-dipole orientation (ADO)
theory, which was calculated using the Colrate program.'?

highly efficient owing in part to the presence of a vacant
coordination site on gold. The branching ratio for the product
of reductive elimination by formation of C—P bond [Eq. (2)] is
dependent on the phosphine ligand. When R =Me, the C—P
bond formation channel represents 26.5 %, whereas it is only
0.5% in the case of R =Ph. In the case of [Au;L"]", although
adduct formation is the only reaction channel observed in all
cases, detailed kinetic modeling (Supporting Information)
shows that the reaction kinetics for oxidative addition are
clearly ligand-dependent, increasing with the increase in the
linker size (CH,), (n=3: least efficient, 0.04 %; n=6: most
efficient, 42 %).

To gain insights into these C—I bond activation reactions,
DFT calculations were carried out on the reactions of
iodobenzene and the gold complexes Me;PAu* and
(MesP),Au” (Figure 2) and the clusters [AusL"]" (n=3-6;
Figure 3).

The potential energy diagrams for the gold complexes
Me;PAu* and (Me;P),Au’ are entirely consistent with the
experimental results. The monoligated complex, with its
vacant coordination site is predicted to readily react
(bottom plot of Figure 2a) by oxidative addition to form the
Au"™ product (2), which can either be collisionally stabilized
[Eq. (1)], or can react further by reductive elimination to
form Aul and the phosphonium ion, Me;PPh* [Eq. (2)]. A
key point is that the energies of all species (intermediates 1-3
and transition states TS1-2 and TS2-3 of Figure 2b) along this
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Figure 2. DFT-calculated energy diagrams (at the M06/SDD6-31G-
(d,p)//B3LYP/SDD6-31G(d,p) level of theory) for ion—molecule reac-
tions of iodobenzene with a) Me;PAu™ and (Me;P),Au”, b) key species
for reaction of Me;PAu*; c) key species for reaction of (Me;P),Au®.
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Figure 3. a) DFT-calculated energy diagrams (at the M06/SDD6-31G-
(d,p)//B3LYP/SDD6-31G(d,p) level of theory) for ion—molecule reac-
tions of iodobenzene with [AusL"T" (n=3-6); b) key species for
reaction of [Au;L°]".
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reaction coordinate fall below the energies of the separated
reactants, which is consistent with the experimental formation
of both products [Eq. (1) and (2), Figure 1b]. In contrast, for
the bisligated complex (top plot of Figure 2a), formation of
the Au™ oxidative addition product, 5, is significantly
endothermic (+24.6 kImol™!), with a substantial barrier
associated with TS4-5 of +79.8 kimol™'. This is not only
consistent with the experiments, which show a complete
absence of any products (Figure 1a), but also with the high
activation barrier previously predicted by Corma et al. for the
oxidative addition of iodobenzene to the related mononuclear
complex Me;PAul.

Although Rahman and co-workers have used DFT
calculations to clearly show that the size of the linker n in
bisphosphine ligands H,P(CH,),PH, helps to select the
preferred number of gold atoms x in [Au,L"]** clusters,[*!
the role of the linker size in tuning chemical reactivity appears
to represent unchartered territory in gold cluster chemistry.!'!
To confirm the experimentally determined reactivity order
for C—I bond activation of iodobenzene by the gold clusters
[Au;L"]*, DFT calculations were carried out for all four
clusters n =3-6 (Figure 3). Figure 3a shows how the energies
associated with the potential energy diagram for oxidative
addition vary as a function of the linker size n. The energies of
both the precomplex 6 and the transition state TS6-7 directly
track the experimental reactivity order. Thus the least
reactive cluster (n=3: reaction efficiency 0.04 %; Table 1)
forms the least stable complex 6 (—65.6 kJmol™') and the
transition state for C—I bond activation TS6-7 is highest in
energy (+27.6 kimol ). In contrast, the most reactive cluster
(n=6, reaction efficiency =42 %, Table 1) forms the most
stable complex 6 (—74.1 kImol ') and the transition state for
C-1 bond activation TS6-7 is lowest in energy
(+6.2 kImol™). Furthermore, the overall barrier height is
linearly proportional to the natural logarithm of the rate
constant for oxidative addition, as would be expected from
transition state theory. Interestingly, the stability of complex 7
is reversed with different ligands.

What factors are at play in tuning the chemical reactivity
of these bisphosphine ligated gold clusters [Au;L"]"? Exami-
nation of the structures of each of the four transition states
TS6-7 reveals that key geometric parameters include the P-
Au-Au bond angles a and 3 and the angle y between the Au-
Au-Au plane A and the I-Au-C plane B in Table 2. The
transition state barrier height is reduced from L* to L° as
o and f} increase toward 180° and y approaches 0°.

This work resolves a key controversy surrounding the gold
mediated Sonogashira coupling reaction,” and highlights the
value of fundamental gas-phase ion chemistry in organome-
tallic chemistry. By probing the key step of iodobenzene C—1
bond activation, we have shown that bisligated mononuclear
gold(I) complexes are unreactive towards iodobenzene. In
contrast, the bisphosphine ligated gold clusters [Au;L°]" and
[Au;L°]* readily react by C-I bond activation. A novel
feature of the latter reactions uncovered by both experiment
and theory is that the size of the linker » in the bisphosphine
ligand Ph,P(CH,),PPh, tunes the reactivity of the gold cluster,
[AusL"]*, from a nearly unreactive case with n=3 to an
almost collision-limited reaction when n = 6. This highlights
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Table 2: Key geometrical differences in the transition state TS6-7 as
a function of linker size n.

HC——(CHz)po —CH.

Ligand a s el
L 121.7 111.2 52.7
Lt 129.3 121.3 50.0
L 141.4 132.6 16.2
L® 150.2 135.0 9.4

[a] In degrees. [b] y is the angle between plane A defined by Aul-Au2-Au3
and plane B defined by Au3-C(Ph)-I.

the incredible sensitivity of gold cluster reactivity towards the
local chemical structure. Given the intense interest in gold
mediated transformations of organic substrates and the ready
gas-phase synthesis of a wide range of gold clusters [Au,L" |**,
the stage is set to probe reactivity as a function of nuclearity x,
ligation (size of the linker n, and number of bisphosphine
ligands y) and charge (z). Such studies are underway and will
provide valuable information on the potential role of gold
nanoclusters in catalysis.'”!

Experimental Section

Ion-molecule reactions were performed using a Finnigan hybrid
linear triple-quadrupole (LTQ) Fourier transform ion cyclotron
resonance (FTICR) mass spectrometer that was modified to intro-
duce a gaseous mixture containing He and the iodobenzene reagent
into the linear ion trap, such that the He pressure is about 2 mTorr and
the reagent concentration is about 8.36 x 10° moleculescm in the ion
trap."! Tons formed in the linear ion trap resulting from ion-molecule
reactions and/or CID were transferred to the FTICR cell for accurate
mass measurements. Standard ion isolation and excitation procedures
were performed using the LTQ-FTICR software. Ligated gold
clusters [Auy,L%]** and [Augl",]** (n=4-6) were synthesized in
solution using published methods."”!

ESI solutions were introduced into the mass spectrometer using
a syringe pump operating at 5 uL min " and by applying 3.3-4.8 kV to
the ESI capillary relative to the heated capillary entrance to the mass
spectrometer (300°C). To obtain ion—molecule reaction efficiencies,
the experimentally measured rate constant is divided by the
theoretical ion-molecule collision rate constant that is obtained
from the average-dipole orientation (ADO) theory!'?.

Theoretical calculations were performed using the Gaussian(09
software package.'”! A range of different starting structures were
considered. For [Au;L"]*, different conformations of the bisphos-
phine ligand were examined (data not shown), and we determined
that the most stable clusters were those in which each P atom
coordinated to a different gold atom (see 6 of Figure 3). All structures
of all species were optimized using the B3LYP level of theory, with
the SDD basis set for Au and I, and the 6-31G(d,p) basis set for C, H,
and P. Frequency calculations were carried out on all of the optimized
structures to confirm they correspond to either minima (no imaginary
frequencies) or transition states (one imaginary frequency). Single
point energy calculations were carried out with the M06 functional'®!
with the same basis set as above, and these energies are reported here.
The M06 method is well-suited to main-group and transition-metal
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reaction thermochemistry, and energies quoted in this study are
expected to be accurate to around +10kcalmol™ on average.
Cartesian coordinates and energies for all of the species are given
in the Supporting Information.
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