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sp-sp> Coupling reactions of alkynylsilver cations,
RC=CAg," (R = Me and Ph) with allyliodidet

George N. Khairallah,*® Craig M. Williams,® Sharon Chow® and Richard A. J. O'Hair*®

Alkynylsilver cations, RC=CAg," (where R = Me and Ph) have been prepared in the gas phase using multi-
stage mass spectrometry experiments in a quadrupole ion trap mass spectrometer. Two methods were
used: (i) electrospray ionisation (ESI) of a mixture of AgNOs (in MeOH/H,0/acetic acid) and the alkyne
carboxylic acid to yield the appropriate silver acetylide cations RC=CAg,*, via a facile decarboxylation of
the RC=CCO,AQg," precursor; (ii) ESI of silver acetylides, RC=CAg, which yields a cluster of the type,
[(RC=CAQ)1,Ag,Cl]*. Regardless of the method of preparation, these alkynylsilver cations, RC=CAg,",
undergo ion-molecule reactions with allyliodide to vyield the ionic products Ag,l* and
[(RC=CCH,CH=CH,)Ag]*. The CID spectrum of [(PhC=CCH,CH=CH,)Ag]* was compared to that of an
authentic sample of the silver adduct of 5-phenyl-1-penten-4-yne. Both ions fragment to yield Ag* and
the radical cation, Ph(=CCH,CH=CH,*", confirming that C-C bond coupling has taken place in the gas
phase. DFT calculations were carried out on these C-C bond coupling reactions for the system R = Me.
The reaction is highly exothermic and involves the initial coordination of the allyliodide to both silver
atoms, with the iodine coordinating to one atom and the alkene moiety coordinating to the other. The
overall mechanism of C-C bond coupling involves oxidative addition of the allyliodide followed by reduc-
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Introduction

Silver acetylides, first isolated in 1865," are finding renewed
interest in organic synthesis, with recent reports of C-C* and
C-Si* bond coupling applications and use in copper(i)-
catalyzed cycloaddition reactions of silver acetylides and
azides." Despite these promising developments, a key challenge
in establishing robust synthetic methods involving organo-
silver reagents is that the relationship between structure and
reactivity is generally ill defined. Thus the role of auxiliary
ligands, solvent and the nature of the reactive organosilver
species (e.g. monomer versus cluster) are not well understood.
Indeed a similar situation holds true for the C-C bond coup-
ling reactions of copper acetylides, with examples of well-
defined clusters giving rise to products being rare. Exceptions
include reductive elimination of the mixed coupling product
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tive elimination of RC=CCH,CH=CH,, to ultimately yield two sets of reaction products: (i) Ag,l* and
RC=CCH,CH=CH,; and (ii) [[RC=CCH,CH=CH,)Ag]" and Agl.

ArC=CR via thermolysis of mixed aryl-alkynyl copper clusters
Ar,Cus(C=CR),’ and Glaser® coupling reactions of di-copper
substituted silicotungstates.”

Electrospray ionisation (ESI) in conjunction with multistage
mass spectrometry (MS”) experiments® to has been used to
examine the fundamental unimolecular and bimolecular C-C
bond coupling reactions of size selected silver cluster ions.”™*
In an earlier study the silver hydride cluster Ag,H" was shown
to mediate Wurtz coupling'? of allylbromide via the sequential
reactions shown in eqn 1-3.”* Subsequent work highlighted
that this and other silver clusters can also promote C-C bond
coupling of allyl iodide®®¢ and allyl bromide,” as shown for
allyliodide reacting with Ags" (eqn 4 and 5) and Ag,H'
(eqn 6-8, where R = allyl). The organometallic cations, (C3Hs)-
Ag," (where x = 2 and 4), play a key role in the final sp*-sp®
C-C bond coupling step (eqn 5 and 8). In order to better
understand this final step, the reactions of CH;Ag," and allyl-
iodide (eqn (8), where R = Me) were studied using a combi-
nation of experiment and Density Functional Theory (DFT)
calculations, which highlighted that these reactions involved
oxidative addition followed by reductive elimination, with the
second silver centre playing a key role in oxidative addition."®
Finally, ESI of silver hexynyl produces silver hexynyl cluster
cations, [(C,H,C=CAg),Ag]", which upon collision-induced
dissociation (CID) undergo a range of reactions including
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reductive elimination to give the Glaser product via sp-sp C-C
bond coupling (eqn 9, for n = 3 and 4).*"*?

Ag,H' + CH,=CHCH,Br — Ag,Brt + CH,=CHCH; (1)

Ag,Br" 4+ CH,—CHCH,Br — Ag,Br,(C3H;)" (2)
Ag,Br,(C3Hs)" + CH,=~CHCH,Br — @)
Ag(1,5-hexadiene)” + Ag;Br;

Ags" 4+ CH,=CHCH,I — Ag,(CsHs)" + Agl (4)

(C3H5)Ags " + CH,=CHCH,I — Ag,I" + (CH,=CHCH,), (5)
Ag,H' + CH,=CHCH,I — Ag,I" + CH,=CHCH; (6)
Ag,I™ + CH,=CHCH,I — Ag,(C3H5)" + Agy1, (7)

RAg," + CH,=CHCH,I — Ag,I* + RCH,CH=CH, (8)

(C4HyC=CAg),Ag" — (C4HyC=CAg), ,Ag;"
+ (C4HyC=C), (9)

Here we use a combination of mass spectrometry experi-
ments and DFT calculations to explore the bimolecular sp-sp?
C-C bond coupling reactions between alkynylsilver cations,
RC=CAg," and allyliodide.

Experimental
Reagents

Silver nitrate, 2-butynoic acid, phenyl propiolic acid and allyl
iodide were obtained from Aldrich and used without further
purification and dissolved in appropriate solvents (MeOH).
The following gases were used in the mass spectrometry
experiments: helium (Ultra High Purity, BOC) as the bath gas;
nitrogen (High purity, BOC) as the auxiliary gas.

Synthesis

Silver phenylacetylide was synthesized by the method of
Létinois-Halbes et al.'® 1-(Pent-4-en-1-ynyl)benzene was pre-
pared via the procedure of Bieber and co-workers.'*® Briefly,
Cul (22 mg, 12 mmol), K,CO; (0.65 g, 4.7 mmol) and Na,SO;
(0.30 g, 2.4 mmol) were suspended in DMSO (4.5 mL). To this
was added phenylacetylene (0.50 mL, 4.6 mmol) and allyl
bromide (0.59 mL, 6.8 mmol) respectively. The mixture was
stirred in a closed atmosphere for 40 h, where the colour
turned from bright yellow to dull brown. The mixture was then
partitioned between water (15 mL) and pentane (3 x 15 mL).
The combined organic layers were dried over Na,SO,, and con-
centrated under reduced pressure. "H NMR of the residue indi-
cated the product and starting acetylene ratio as 2:1. The
residue was passed through a plug of silica gel (pentane), fol-
lowed by removal of starting acetylene under high vacuum, to
give the desired ene-yne as a colourless liquid (0.24 g, 37%).
"H NMR (400 MHz, CDCl;) 6 3.18 (dt, J 5.3, 1.8, 2H), 5.15 (dq,
J10.0, 1.7, 1H), 5.39 (dq, J 17.0, 1.8, 1H), 5.89 (ddt,  16.9, 10.0,
5.3, 1H), 7.25-7.30 (m, 3H), 7.39-7.43 (m, 2H). *C NMR
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(100 MHz, CDCl;) 6 23.7, 82.9, 86.5, 116.2, 123.7, 127.7, 128.2,
131.6, 132.4. These spectral data matched the literature

values.'*?

Mass spectrometry

Mass spectrometry experiments were conducted using a modi-
fied Finnigan LCQ quadrupole ion trap mass spectrometer
equipped with a Finnigan ESI source, as described pre-
viously." Two different types of ESI solutions were prepared:

Method (a) AgNO3;/RC=CCO,H: a mixture of AgNO; (in
MeOH), and the appropriate propiolic acid, RC=CCO,H (R =
Me or Ph), in MeOH was prepared at a ratio of ca. 1:2. The
resulting mixture was diluted with methanol to a maximum
concentration of ca. 1 mM of the acid.

Method (b): the silver phenylacetylide, PhC=CAg, (ca.
10 mg) was dissolved in acetonitrile/H,O (50 to 50 ratio,
10 mL) and the resulting mixture was diluted to a maximum
concentration of ca. 1 mM of silver phenylacetylide.

The resultant ESI solutions were injected into the ESI
source at a flow rate of approximately 5 pL, min~". Typical elec-
trospray source conditions involved needle potentials of
4.5-5.0 kV and heated capillary temperatures of 180-200 °C.
Extensive tuning of the electrospray conditions was often
required due to the low signal-to-noise ratio and/or low abun-
dance of some species. Mass selection, collisional activation
and ion-molecule reactions were carried out using the
‘advanced scan’ function of the LCQ software, which allows
the Q value and the reaction time to be varied.

GAS PHASE SYNTHESIS OF THE ALKYNYLSILVER CATIONS, RC=CAg,"
(waere R = Me, anp Ph). Two methods were used: (i)
[(RC=CAg),Ag]" cluster ions were formed from the ESI solu-
tion [method (a)] described above and arise from a facile de-
carboxylation of the carboxylate precursors [[RC=CCO,Ag),Ag]"
(e.g. ESI Fig. S17). The facile decarboxylation of copper and
silver acetylides have been previously studied'® and the reverse
reaction, carboxylation of copper and silver acetylides has also
been studied.'® Decarboxylation of metal carboxylates has
been extensively used previously to make coinage metal organo-
metallic anions and cations'®’ and was used here to
prepare R = Me and Ph (eqn 10); (ii) CID of the silver acetylide
cluster [(RC=CAg);,Ag,CI]","* formed from ESI solution in
section (b) described above, to form smaller clusters
[(RC=CAg),Ag]" (Where n = 4-6) and subsequent CID on these
clusters (eqn 11) generates RC=CAg," amongst others. We
have previously described the CID reactions of silver acetylides
clusters ions (where R = Bu)'' and this method was used to
prepare R = Ph.

RC=CCO,Ag,” — RC=CAg," + CO, (10)

(RC=CAg),Agt — RC=CAg," + (RC=CAg),_, (11)

Ton-moLEcuLE REACTIONS. The instrument has been modified to
permit introduction of neutral reagents into the ion trap,
allowing the measurement of ion-molecule reactions, these
modifications and experimental procedures have been
described in detail previously.'® It is worth noting that
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Gronert’s pioneering studies suggest that ions undergoing ion-
molecule reactions in the LCQ are essentially at room
temperature."’

DFT calculations

In order to gain insights into the mechanism of the reaction of
CH;CCAg," with allyliodide, we have carried out DFT calcu-
lations using Gaussian 03*° using the B3LYP level of theory
with a 6-31+G* basis set for C, H and O and the Stuttgart
(SDD) effective core potential (ECP) for Ag.>' Vibrational fre-
quency calculations were carried out on each optimized struc-
ture at the same level of theory. This level of theory was chosen
to allow direct comparison to the related reaction of CH;Ag,"
with allyliodide.'® Reaction energetics were calculated by using
the energies listed in the ESLT Full data (Cartesian coordi-
nates, energies and imaginary frequencies for transition
states) are given in the ESLT Since the intermediate product of
C-C bond coupling in our calculations is a T-complex between
1-hexen-4-yne and the cation Ag,I', we have carried out a
manual search for conformations followed by geometry optim-
isations as well as an intrinsic reaction coordinate (IRC) calcu-
lation followed by a geometry optimisation. The same
n-complex was located from both procedures.

Results and discussion
(a) Ton-molecule reactions of RC=CAg," with allyliodide

In a recent study we have shown that CH;Ag," reacts with allyl-
iodide via a sp®>-sp®> C-C bond coupling reaction (eqn 8, R =
Me)."® Thus we were interested in establishing whether the
silver acetylide clusters RC=CAg," (where R = Me and Ph)
undergo related sp-sp® C-C bond coupling reactions with allyl-
iodide. The acetylide clusters RC=CAg,", formed via method
(a) (R = Me, Ph) were individually mass selected and allowed to
react with allyl iodide (CH,=CHCH,I). The resultant product
ion spectra, which involve the same reaction conditions (allyl
iodide concentration and reaction time), are shown in Fig. 1
and ESI Fig. S2.f The major pathway in each case corresponds
to the C-C bond coupling to form RC=CCH,CH=—CH,
(eqn 12a) along with the corresponding Ag,I" (m/z 343) (Fig. 1a
and b, eqn 12a). In addition, a minor amount of the C-C
bond coupled product complexed to a silver cation,
[(RC=CCH,CH=CH,)Ag]" (m/z 187/189, Fig. 1a and m/z 249/
251, Fig. 1b), was observed (eqn 12b). Interestingly, this
product was not observed in the reaction of CH;Ag," with allyl
iodide, suggesting that the presence of the alkyne functional
group facilitates coordination to the silver cation. Finally a
range of other peaks due to the addition of background sol-
vents H,O and CH3;O0H as well as further adsorption of the
neutral substrate (allyl iodide) are also observed.

RC=CAg," + CH,=CHCH,I —

12a
Ag,Tt + RC=CCH,CH=CH, (122)

— [(RC=CCH,CH—CH,)Ag]" + Agl (12b)

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 lon-molecule reactions of allyl iodide with mass selected RC=CAg,":

(a) R = Me (Method (a)); (b) R = Ph (Method (a)). A concentration of allyliodide
of ~10° molecules cm™ and reaction time = 100 ms was used for all the ion-
molecule reactions. A * represents the mass selected precursor ion, while a 5 rep-
resents the C—C coupled product ion, [(RC=CCH,CH=CH,)Ag]". A ## represents
the further addition of the substrate CsHsl.

In order to further confirm the presence and identity of a
C-C  bond coupled product in the case of
[(PhC=CCH,CH=CH,)Ag]" (m/z 249/251) this ion was mass
selected and subjected to CID (Fig. 2a). Two fragmentation
reactions were observed: formation of Ag' (eqn 13a) and
loss of a silver atom to form the radical cation
[(PhC=CCH,CH=CH,)]"" (eqn 13b). The observation of both
(PhC=CCH,CH=CH,)" and Ag" as fragments not only con-
firms the formation of a C-C bond coupled product, but it also
suggests that the ene-yne PhC=CCH,CH=—CH, has an ioni-
sation energy of the same order as the silver atom. The identity
of the C-C product formed was further explored by subjecting
the ion formed upon the mixing of a silver salt with an
authentic sample of PhC=CCH,CH=CH, to CID. Thus CID of
[(PhC=CCH,CH=CH,)Ag]" (Fig. 2b, m/z 249) gives the same
fragments (eqn 13a and 13b) in similar abundances, further
supporting the formation of a C-C bond coupled product.

[(RC=CCH,CH=CH,)Ag]" — Ag" + RC=CCH,CH—CH,
(13a)

— [(RC=CCH,CH=CH,)]" " + Ag (13b)

(B) Insights into the mechanisms of C-C bond coupling
between allyl iodide and CH;C=CAg," via DFT Calculations

We used the previously published DFT calculated potential
energy diagram for the C-C bond coupling of CH;Ag," with
allyl iodide as a starting point to explore the related potential
energy diagram for the reaction of CH;C=CAg," with allyl
iodide. The results of these calculations are shown in Fig. 3.
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Fig. 2 CID of the C—C bond coupled product [(RC=CCH,CH=CH,)Ag]": (a) R =
Ph formed in Fig. 1b; (b) spectrum of authentic product [(PhC=CCH,CH=CH,)-
Agl*. All spectra were generated with an activation time of 30 ms and a Q value
of 0.25. A * represents the mass selected precursor ion.

An examination of the potential energy diagram (Fig. 3)
indicates that all the reactions are exothermic and that
the energies associated with all the transition states [TS (A-B)
and TS (B-C)] are less than the energies of the separated
reactants. This is consistent with the experimental occurrence
of C-C bond coupling under the near thermal conditions of
the quadrupole ion trap.'® The first transition state TS(A-B)
lying 0.79 eV below the entrance channel, involves C-I bond
breaking and metal-C bond making associated with the
formation of the three-coordinate organometallic (III) inter-
mediate, B, via oxidative addition. The second transition state
TS(B-C) lying 0.71 eV below the entrance channel, is associ-
ated with the reductive elimination reaction in which the C-C
bond is formed. The resultant, and final intermediate, C, is
the n-complexes between 1-hexen-4-yne and the silver iodide
cation, Ag,I". Loss of 1-hexen-4-yne from this intermediate
results in formation of the experimentally observed Ag,I" pro-
ducts, D, (eqn 12a) while loss of Agl yields the other
observed ionic product, [(CH;C=CCH,CH=CH,)Ag]" (D)
(eqn 12b). Although the loss of AgI (eqn 12b) is predicted to
be slightly favoured energetically over formation of Ag,I"
(eqn 12a), experimentally Ag,I" is observed to be the major
product ion (Fig. 1a). The origin of this discrepancy is
not clear, but maybe due to the fact that extrusion of AgI
from C requires a conformational change of the ene-yne
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Fig. 3 DFT calculations relevant to C-C coupling between CH3;C=CAg," and
CH,=CHCH,!I to form Ag,l* and CH3C=CCH,CH=CH,: (a) potential energy
diagram, (b) relevant structures and energies for intermediates, transition states
and products relative to reactants. Absolute energies and Cartesian coordinates
for all structures are provided in the ESI.¥

CH;C=CCH,CH=CH, to form [(CH;C=CCH,CH=CH,)Ag]"
(D), which may influence the reaction dynamics and hence the
product branching ratios.>”> Despite numerous attempts we
have not been able to locate a transition state for extrusion of
AgI from C.

(¢) Gas phase studies highlight the role of the R group in
C-C bond coupling of RAg," with allyliodide

How does this study shed light on the “role of auxiliary
ligands, solvent and the nature of the reactive organosilver
species”? By removing two of these variables (auxiliary ligands
and solvent), we have been able to focus on the nature of the
reactive organosilver species, and are able to answer the funda-
mental question “how does the R group in RAg,' influence
the C-C bond coupling reaction with allyliodide?”.+ Both the
MS experiments and the DFT calculations highlight that while
C-C bond coupling occurs for CH;Ag," and CH;C=CAg,",

FWhile cationic are known in solution (e.g
[Ag14(C=CR),,C1]" *%), the simple clusters studied here may not play any signifi-

cant role in C-C bond coupling reactions in solution.

silver acetylide clusters

This journal is © The Royal Society of Chemistry 2012
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there are some differences. The presence of the triple bond
in the coupled product provides an additional coordination
site, which is why the additional reaction product
[(CH;C=CCH,CH=CH,)Ag]" is observed experimentally
(eqn 12b and Fig. 1a, m/z 187/189). Furthermore, the DFT cal-
culations reveal that while both CH3Ag," and CH;C=CAg,"
react via oxidative addition and reductive elimination, there
are subtle differences in the structures and energies of key
species involved. For CH3Ag,", the highest barrier corresponds
to oxidative addition, while for CH;C=CAg," it corresponds
to reductive elimination. The acetylide influences the geometry
of the allyl group in the intermediate, B, formed upon oxi-
dative addition, which changes from a n'-allyl geometry
for CH3Ag,” to a n’-allyl geometry for CH;C=CAg,". Finally,
the presence of the second acetylide binding site in
CH;C=CCH,CH=CH, changes the structure of the product
complex, C, formed from reductive elimination. For CH;Ag,",
1-butene binds to only one Ag of Ag,I', while for the ene-yne
CH;C=CCH,CH=CH, the alkene binds to one Ag and the
alkyne to the other Ag of Ag,I".

Conclusions

A key ongoing research front in organometallic chemistry is
the development of robust methods for C-C bond coupling
reactions of all variants of sp™-sp” bonds (where x, y = 1-3).
Thus there has been considerable interested in extending the
widely used palladium catalyzed Sonagashira sp-sp> C-C coup-
ling reactions between terminal alkynes and aryl or vinyl
halides® to a sp-sp® C-C coupling variant with alkyl halides
as the substrate.** Stoichiometric versions involving silver acet-
ylides and allyl iodides were reported some time ago,*® which
has prompted us to examine these reactions in the gas phase.
We have found that RC=CAg," ions (R = CH; and Ph) react
with allyl iodide to produce two ionic products that are signa-
tures of C-C bond coupling: Ag,I" and [(RC=CCH,CH=CH,)-
Ag]". CID was used to confirm that [(PhC=CCH,CH=CH,)-
Ag]" corresponds to a C-C coupled product via comparison to
an “authentic”, independently synthesized sample. DFT calcu-
lations on the reactions of CH3;C=CAg," with allyliodide
support the experiments and highlight that these reactions
proceed via oxidative addition/reductive elimination steps, in a
similar manner to the previously studied sp*-sp® C-C coupling
reaction between CHzAg," and allyliodide.'® Our observation
of facile decarboxylation of silver complexes of propiolic acids
and the fact that the C-C bond coupling with allyliodide is
stoichiometric, suggests future work focused on two fronts
involving the examination of: (i) a potential gas phase catalytic
cycle for decarboxylative C-C bond coupling of allyl propiolate
catalyzed by RC=CAg," ions and other coinage metal acetylide
ions (we note the recent report of the extension of the C-C
bond coupling reaction of dimethylcuprate with allyl iodide!””
to a catalytic variant with allyl acetate’””); (ii) related silver
catalyzed decarboxylative coupling of allyl carboxylates in the
condensed phase.
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