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ABSTRACT

Experimental data suggest that anions that provide acompromise between the hydrogen-bond acceptor
and the coordinating powers rather than poor coordinating anions unexpectedly increase the
efficiency of L-Au—X (L = ligand, X = anion) catalyzed alkyne alkoxylation reactions, where the
nucleophilic attack is the rate-determining step. No systematic computational studies about the role of
the anion in the different steps of the catalytic cycle are available yet. In this paper, the remarkable anion
influence on the catalytic efficiency of [NHCAuX] (X=BF4, OTf,OTs", TFA",and OAc") complexes in
the intermolecular addition of methanol to 2-butyne process has been analyzed through a density
functional theory (DFT) approach. The role of the anion has been considered in all the steps of the
reaction mechanism: pre-equilibrium, nucleophilic addition, and protodeauration. In the nucleophilic
attack step, the anion acts (i) as a template, holding the methanol in the right position for the outer-sphere
attack; (ii) as a hydrogen-bond acceptor, enhancing the nucleophilicity of the attacking methanol; (iii)
as catalyst deactivator, by either its strong coordinating and/or basicity power, preventing the alkyne
coordination or forming free alkoxide, respectively. In the protodeauration step, the anion acts as a
proton shuttle, lowering the activation barrier. DFT calculations support intermediate coordinating and
basicity power anions as the most efficient catalysts.

INTRODUCTION
For a long time gold was considered a noble, seemingly inert
metal, while, nowadays, gold catalysis is acknowledged as one of the hot topics in current organic synthesis.!
The “catalytic gold- rush” started about 20 years ago with the discovery that gold can efficiently catalyze
the addition of nucleophiles, such as water or methanol, to alkynes.? Since the beginning the anion effect
on catalytic performances was observed,® and together with the ligand effect,* the anion was recognized to
be important in tuning the catalytic performances, as the activity,® the regioselectivity® and the
stereoselectivity.’
Among the gold-catalyzed processes, the alkoxylation of alkynes is still the most investigated one.® A
general accepted mechanism® was proposed, consisting of the following steps: the active species [LnAu]
coordinates and activates the alkyne toward the nucleophile attack by methanol,* then the reaction is
completed by the anion- or solvent-assisted* proton transfer from the methanol OH group to the other
carbon atom (protodeauration), forming an enol-ether product. Subsequent reaction of the enol-ether with a



second methanol molecule leads to the formation of the acetal final product, probably through a classical
acid-catalyzed process.? Despite the large amount of work on the methanol addition to alkynes, systematic
experimental studies aimed at understanding the role of the anion are only very recent,*>!* while, from the
theoretical point of view, to the best of our knowledge, no systematic computational data are available
yet.

Up to now, the role of the anion has been firmly recognized only in the protodeauration step, acting as a
proton shuttle, or forming weak interactions with the substrate in order to explain the enantioselectivity,™ or
modulating the reactivity of cationic intermediates,’® whereas the anion effect in the nucleophilic attack
step has been analyzed only in our preliminary communication.’* A rational understanding of anion
effects in gold catalysis is therefore lacking, particularly in the light of new experimental results.*>#

In a series of experiments on gold-catalyzed alkoxylation of alkynes, some of the present authors have found
that [IPrAuX] (IPr = 1,3-bis(2,6-di-isopropylphenyl)-imidazol-2-ylidene, X = BAr"~ (tetrakis(3,5-
bis(trifluoromethyl)phenyl)-borate), BF4 ~, determined to be the rate-determining step, thus suggesting an
active role of the anion within this step.

The mechanism proposed by us combining theoretical and experimental findings is summarized in
Scheme 2. The role of
OTf (trifluoromethanesulfonate), OTs™ (p-toluensolfonate),the anion is emphasized in all the steps of the
pathway, which
TFA™ (trifluoroacetate), or OAc (acetate)) is an efficient catalyst, with the activity depending on the nature
of the anion. For this reaction the authors have carried out a series of kinetic experiments using CH3OH as
nucleophile, 3-hexyne as substrate and CDClIs as solvent (see Scheme 1).

Scheme 1. Schematic Representation of the Experimentally Studied Reaction
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Experimental results show that the order of catalytic efficiencies is the following: OTs™ > OTf > BFs >
BArf > TFA~, with the OAc™ showing no catalytic activity (Figure 1).
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Figure 1. Alkoxylation of 3-hexyne with [IPrAuX] catalysts.

Very surprisingly, the activity trend does not match with the coordinating ability of the anions, which
increases inthe order: BArf- < BF ~ < OTf <OTs < TFA™ < OAc".}"1° This
counterintuitive or unexpected result (since weak coordinating anions are commonly chosen as anion in
homogeneous gold catalysis in order to enhance the catalyst efficiency) deserves detailed investigation on
the role of the anion in the reaction mechanism. Noteworthy, also in the work of Zhdanko and Maier
(carried out in CD,Cl, and with PPh3 and o-(di-tert- butylphosphino)-biphenyl as ligands)*® the OTs™ has
been shown to significantly enhance the catalytic performances of the gold catalyst.

In the catalytic conditions employed by Zuccaccia et al.** the nucleophilic attack of the first methanol
molecule has been



are the pre-equilibrium, the nucleophilic attack of methanol to the Au—butyne complex (step I) and the
proton transfer to the unsaturated carbon atom (protodeauration, step Il). For the latter, the role of the
anion has been already explored,*** while inthe former two beneficial roles of the anion can be envisaged:

(i) it holds the reactive methanol molecule in the right position

for an anti-periplanar (outer-sphere'®) addition, acting as a template (RCx structure, Scheme 2); (ii) it
enhances the nucleophilicity of the attacking methanol through the MeOH--- X~ hydrogen bond (HB),
which induces a larger polarization on the oxygen. The importance of HBs in gold-catalyzed process has
been also established in recent works showing the

influence of HB acceptors and donors on the catalytic Output_5a,18,19

Step I, however, can be disrupted by an anion-induced catalyst poisoning, through two possible
deactivation pathways: a strongly coordinating anion will shift the pre-equilibrium stronger to the left
(i.e., toward ICx), eventually forming an intermediate tricoordinated complex, [NHCAuX(2-butyne)]-
(MeOH) (TCx, Scheme 2); alternatively, a strongly basic anion can abstract a proton from the methanol,
leading to the formation of the corresponding acid HX and free MeO™, which deactivates the catalyst
through the formation of the catalyti- cally inactive species (deactivated complex, DCx, see Scheme 2 and ref
14). Actually, the presence of [NHCAuUOMe] has been experimentally observed when TFA™ was used as
anion.*

In this paper, we report a density functional theory (DFT) description of the first methanol molecule
addition, since experimental evidence for a faster second methanol molecule addition to vinyl ether has
been given.®

Complex [NHCAuX] (NHC = 1,3-dimethylimidazol-2- ylidene; X = OTs", BF -, OTf, TFA", and
OAC") has been chosen as a model for the catalytically active species, 2-futyne and methanol have been
selected as substrate and nucleophile, respectively, for the calculations (Scheme 3). The influence of the
above anions on the catalytic efficiency of [NHCAuX] complexes in the methanol addition to 2-butyne
process under examination has been thoroughly analyzed, resulting in a tunable interplay between the
coordinating ability and the hydrogen bondingacceptor properties of the anion with respect to methanol.

We should mention here that preliminary DFT calculations have been performed by us on the reaction
mechanism of Scheme 2 using OTs™ as an anion in ref 14, where the experimentally observed anion
effect has been rationalized on the basis of the coordinating and basicity properties of this anion. Its best
catalytic performance has been attributed to its ability to abstract the proton from the methanol and thus to
its basicity.'* In this paper we have extended our analysis to all the experimentally used anions and to more
subtle effects.

In order to elucidate the anion role on the reaction
mechanism, we decided to include in our analysis the bare [NHCAu]*" complex, without any anion. This
could be a good model when a polar solvent is used (methanol itself, for example) or in the presence of
very low coordinating anions, such as BArf~,2% which is known to prevent the ion pairing phenomenon,
at least at low concentration.?*



Scheme 2. Reaction Mechanism between 2-Butyne and Methanol Catalyzed by the [NHCAuX] Complex
Showing the Role of Anion X
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4The two steps, following the pre-equilibrium, are (1) nucleophilic attack of methanol to butyne via anion
X template effect and activation of methanol by anion X~ proton acceptor properties and (I1) proton
transfer to substrate mediated by the anion X acting as a proton shuttle. Two catalyst deactivation
pathways for strongly coordinating or strong basic anions are shown, leading to two alternative inactivated
complexes.

Scheme 3. Schematic Representation of All the Species Considered in Our DFT Studied Reaction
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RESULTS AND DISCUSSION

Pre-equilibrium Step: Substrate vs Anion Coordina-
tion. We start our study with the searching for the most stable species formed by the catalyst, the anion and
the nucleophile. Basicity and coordinating ability of the anion are investigated in the presence of methanol by
examining the relative stabilities of the possible ternary adducts in the absence of 2-butyne substrate and, for
comparison, the adduct without the anion but including an additional methanol molecule is considered. The
inclusion of methanol allows to compare jointly both proton acceptor and coordinating ability of the
different anions. To analyze the role of the methanol—anion interaction, we calculated the energy
difference (in gas phase) between methanol-coordinated [NHCAu-(OHCH3)]X and anion-coor- dinated
[NHCAu-X](CH30H) adducts. The optimized geo- metries of all the involved species are provided in the
Supporting Information (SI), Figure S1, whereas the most stable adduct for each species is depicted in



http://pubs.acs.org/doi/suppl/10.1021/cs501681f/suppl_file/cs501681f_si_001.pdf

Figure 2.

In Table 1, the relative energies of the anion-coordinated [NHCAuU-X](CHsOH) and methanol-
coordinated [NHCAu- (OHCH3)]X species are reported, and H-OCHs and X— HOCHS3 distances are
summarized for the CH3OH-coordinated species.

Indeed, the analysis of the ternary adducts of the [NHC-Au]" catalyst with X~ and methanol allows to probe
the extent of the anion hydrogen-bonding ability. The distance between the anion and the hydrogen of the
gold-coordinated methanol is
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Figure 2. Optimized geometries of the most stable ternary adduct species. Distances are in angstroms.

1.062 A for OAc™, 1.255 A for TFA™, 1.425 A for OTs", 1.487 A for BF4~, and 1.491 A for OTf (Table 1
and Figure 2).

The extent of proton transfer from gold-coordinated methanol to the anion correlates with the relative
stability of the [NHCAu-(OHCH3)]X with respect to the [NHCAu- X](CH3OH) adducts. Interestingly
enough, for BF4~ anion, the HB with gold-coordinated methanol does not tend to abstract the proton, rather
it causes a B—F bond elongation from 1.404 to 1.479 A (see Figure S1). For this reason, the distance
between the hydrogen and the oxygen of the gold-coordinated methanol is a more suitable geometrical
parameter to quantify
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Table 1. Relative Dissociation Energies (kcal/mol) Calculated As the Energy Difference between Methanol-
Coordinated [NHCAu-(OHCH?3)]X and Anion-Coordinated [NHCAu-X](CHsOH) Species, Methanol O---H,
and Anion—Methanol (CH3OH---X) HB Distances (A) in [NHCAu-(OHCH3)]X Species?

X AE CHO:---H CH30H---X
none (CH;OH) -34.4 1.014 1.599
OTs™ +3.6 1.071 1.425
BF~ -8.3 1.025 1.487
OoTf -0.5 1.046 1.491
TFA™ +5.9 1.177 1.255

OAc™ +5.7 1.468 1.062



experimental grounds,*® or to a nonactivating complex for the nucleophilic attack in the outer-sphere
mechanism.

In the second conformation, the [X(CH3OH)]™ group occupies an area around the alkyne but in the
opposite site of the Au center and its energy is generally slightly higher than that of NCx. It represents
the reactants complex for the nucleophilic attack to the C—C triple bond in the anti periplanar (outer-
sphere) mechanism (structure RCx in Scheme 2).

The optimized geometries of the initial complexes ICx, the reactant complexes for the outer-sphere
mechanism RCx, and the tricoordinated TCx complexes are shown in Figure 3 for X
=none (CH OH), OTs ", BF -, OTf, TFA", and OAc", where
the hydrogen-bonding basicity and, then, the nucleophilic activation ability of the different anions: the
CH3O---Hdistance is 1.468 A for OAc™, 1.177 A for TFA™, 1.071 A for OTs’,

1.046 A for OTf, 1.025 A for BF4, and 1.014 A for CHsOH. It can be seen that the [NHCAu-
(OHCH?3)]*(CHsOH) bonddissociation is calculated to be 34.4 kcal/mol with respect to
[NHCAuU(CH30H)2]", where the two hydrogen-bonded methanol molecules form an additional HB with the
backbone of the NHC ligand (Figure S1). In the presence ofthe anion, calculations predict that gold-anion
bond adducts [NHCAu- X](CH3OH) are more stable than gold—methanol bond

adducts [NHCAu-(OHCH?3)]X for all X", except for BF~
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the relative stabilities of the RCx and TCx, calculated with
respect to the ICx, are also reported.

First we consider the catalyst without the anion. The alkyne catalytic cycle initiates when the 2-butyne
passes from the second (ICnone) to the first coordination sphere. The optimized structures after ligand
substitution can be described as linear gold complexes, where the two Au—C bond distances are slightly
different in RCnone (2.206 and 2.234 A). The consequence of the alkyne coordination is the lengthening
of the triple bond (the C—C distance is 1.216 A in ICnone and
1.243 A when coordinated). The (CHsOH). dimer forms a weak interaction with a hydrogen of the butyne
through (CH--- O—H = 2.069 A) in RCnone. Optimization of a tricoordinated structure, where both the
butyne and one methanol molecule are coordinated to gold, was unsuccessful, always ending up in two-
coordinated structures as NCnone and RCrone. The former
(—8.3 kcal/mol) and OTf" ismore stable than the initial complex by 1.4 kcal/mol, whereas

0.5 kcal/mol). Notable, for
OTs", AE is smaller than that for TFA™ or OAC".

Such a trend well correlates with the anion coordination power, identified with the metal—anion

dissociation energies in a noncoordinating solvent (dichloroethane) and calculated by Lledoset al.*'® for
[PAuX] — [PAu]* + X~ (P = PHsz and PPh3, X~ = TFA", CI, NO3", OTs", OTf", and BF ").
However, our calculated AE values in Table 1 are generally lower than those computed by Lledoset al.,
and this is due to the presence of a CH3OH---X HB, which facilitates the decoordination of the anion. If
the anion is a strong base, experimental observations showed that the alcoholic proton is completely
abstracted from the methanol, with the formation of a methoxide moiety.*

The first step of the catalysis is the ligand substitution, CH3OH or X, by the alkyne. Quaternary
adducts formed between the anion X, methanol, 2-butyne, and [NHC-Au]* were computationally found
in which the 2-butyne is coordinated through its triple bond. However, the initial complex (ICx) is
represented by the most stable ternary adduct calculated above for each anion plus the 2-butyne substrate in
the second coordination sphere (see Scheme 2).

Coordination of 2-butyne to the metal center leads to different conformations. Among them, two
conformations are of interest for the nucleophilic attack step. In the most stable one, the hydrogen-bonded
[X(CH3sOH)] group is located above the gold. We denote it as structure NCx (nonactivating complex), and
itisgiveninthe Sl forall the species (Figures S2 and S3).

The NCx conformation corresponds either to the reactant complex for the nucleophilic attack in the syn
periplanar (inner- sphere) mechanism, which is unfavorable on the basis of the calculations (it was not
possible to locate a transition state for this mechanism on the potential energy surface) and on
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the latter is less stable by 1.2 kcal/mol (Figure S2 and Figure 3).

Now we consider the inclusion of the anion X". The initial quaternary complex ICx is the anion-
coordinated species with the 2-butyne in the second coordination sphere, [NHCAu- X](CH3OH)(2-
butyne), except for BFs~ and OTf", for which the methanol-coordinated species is more stable and is taken
as the initial complex. For BF ~ and OTs™ IC s the 2-butyne is weakly interacting through HB with the
NHC ligand, whereas for OTf, TFA™, and OAc" it forms an HB with the oiygen atom of the methanol
or the anion coordinated to Au (Figure 3).

After ligand substitution, in the butyne-coordinated com- plexes the [(CH3OH)X] ™ adduct can be found
either at the same side of the substrate (RCx) or between the catalystand the substrate, weakly or strongly
interacting with the Au center through the X~ anion (see NCx structures in Figures S2 and S3).

In all RCx complexes at least one basic atom of the anion weakly interacts with the metal center
(Au---O = 3.283 Afor OTs", 3.332 A for OTf", 3.105 A for TFA", and 2.907 A for OAc"; Au---F =
3.204 A for BF -, Figure 3) while forming an HB with methanol. The oxygen, atom of methanol is at
about 3.1-3.2 A distance from the closest carbon atom of the coordinated butyne.

The search for tricoordinated species, either having the 2- butyne and the anion (TCx) (see Scheme 2
and Figure 3) or the 2-butyne and the methanol (TCwuc) (Eigure S3) coordinated to the metal, was
successful for TFA™ and OAc™ but not for OTs™, BF4~, and OTf", always ending up in two- coordinated
structures. Tricoordinated species TCx thus represent substitution reaction intermediates for TFA™ and
OAc ", whereas TCx is a transition state for OTs™ (see below).
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Figure 3. Optimized geometries of the initial complex ICx, reactants complex for outer-sphere attack RCx and
intermediate tricoordinated complex TCx for all the considered quaternary adducts. Distances are in
angstroms. Relative stabilities of RCx and TCx with respect to ICx are also reported (kcal/mol).

In TCtea, TFA™ forms relatively strong interaction with the gold center through one of its oxygen atoms
(Au---O = 2.360 A), also strengthening the 2-butyne/gold interaction (Au---C =
2.130and 2.127 A, compared to 2.22 A in the two-coordinated complexes and C—C = 1.264 A compared to
1.24 A in two- coordinated complexes) (Figure 3). The OAc™ anion forms even stronger interaction with
the metal in TCoac, With an Au— O distance of 2.300 A, also in this case with a strengthening of the 2-
butyne/gold interaction (Au---C=2.109and 2.116 A, C- C = 1.270 A) (Figure 3).

Very interestingly, in the two-coordinated RCoac, the nucleophile locates near the 2-butyne, forming
one HB between the oxygen atom of the anion and the proton of the



methanol (O---H = 1.690 A, CH3;0-H = 1.003 A), thus revealing again a strong proton acceptor
behavior of OAC".

All the NCx complexes are slightly more stable than the reactant complexes RCx for OTs ™, BF4, OTf",
and TFA™ (in the range 0.9-2.9 kcal/mol). For TFA™ the tricoordinated complex TCrea is 1.8 kcal/mol
less stable than NCtra and only
0.9 kcal/mol more stable than RCtra. The exception is OAc: the tricoordinated complex TCoac IS
calculated to be the most stable structure, 8.5 kcal/mol more stable than RCoac.

The formation of the RCx adducts from the corresponding initial complexes ICx is thermodynamically
favored for BF4 and OTf", with energies of —2.2 and —2.5 kcal/mol, respectively. For OTs", TFA", and
OAC™ the reaction is endothermic by +2.7, +10.5, and +18.4, respectively, but the

RCx adduct is easily accessible from NCx for OTs™ (0.9 kcal/ mol) and TFA™ (2.7 kcal/mol) (Table 2). The
thermodynam-

Table 2. Relative ICx and RCx Energies (kcal/mol), Metal— Anion (M---X) (the Anion Basic Atom Closest to
the Metal Is Reported) and Metal-Hydrogen (M---HOCH3) Bond Distances (A) in RCx?

X AE M---X  X---HOC
— H3
none- +1.2 1.825
CHsOH
OTs™ +2.7 3.283 1.780
— 2.2 3.204 1.8
BF4 10
oTf -2.5 3.332 1.8
28
TFA™ +10 3.105 1.7
5 36
OAc™ +18 2.907 1.6
4 90

4Species without anion with one additional CH3OH are also shown.

ical analysis shows that, at least for OAc™, the anion substitution by substrate process is not feasible. The
RCoac is less favorable than 1Coac by 18.4 kcal/mol, meaning thatthe ICoac — RCoac equilibrium should
be shifted toward 1Coac and the activation barrier for the OAc™ substitution is certainly larger than 18.4
kcal/mol, that looks already quite high.

Thus, the RCx formation energy in the presence of methanol is in the order OAc™ > TFA™ > OTs > BF4 >
OTf (see Table 2). However, this trend is a result of a net balance between the metal coordinating and the
proton acceptor abilities of the anion. Indeed, in our preliminary calculations for OTs™,** we already
noticed that in the absence of methanol, the NCors formation energy from ICots is +3.6 kcal/mol,
indicating a somewhat unfavorable alkyne substitution of the coordinated OTs", whereas this value lowers
to +1.8 kcal/mol when one molecule of methanol is introduced, thanks to the HB formation between the
methanol and the anion. However, whether the OTs™ substitution process is feasible or not could be crucial
for explaining the best catalytic efficiency by OTs . For this counterion the energy barrier for the reaction
ICots — NCorts has been calculated to be 11.5 kcal/mol, and the transition state structure, a tricoordinated
species, is shown in Figure S4 (TS_Preeqorts). This result indicates a feasible anion substitution by alkyne.
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This picture is consistent with the experimental results where no catalytic activity was found using OAc™ as
anion. The high coordination energy of OAc™ makes the formation of the reactant complex RCoac highly
disfavored. On the other hand, one could be tempted to predict that the most active anion should be OTf",
since for the latter the RCors is the most stable one. Unfortunately, pre-equilibrium alone, mostly driven by
the coordinating ability of the anion, cannot explain the experimentally observed trend, according to which
the catalytic activity is higher when OTs™ is used.

In the next section the addition of methanol to 2-butyne will be investigated in detail.

Nucleophilic Attack (Step 1) and Protodeauration (Step I1). The reactant complex RCx, where the anion
acts as a template, holding the reactive methanol molecule in the right position for an outer-sphere
addition, will be the starting complex for the study of this process.

First we analyze the cationic butyne-coordinated species, [NHCAu-(2-butyne)]*(CH3OH).
RChone-Mmeon, In the absence of the anion. The inclusion of a second methanol molecule is needed to
activate the first methanol molecule (nucleophile), which otherwise would be not sufficiently nucleophilic to
attack the substrate. All our attempts to locate a transition state for the nucleophilic attack without the anion
and only one molecule of methanol failed.

The activation barrier corresponding to the transition state structure involved in the outer-sphere
nucleophilic attack amounts to 12.0 kcal/mol (Figure 4). The transition state (TSlone-Mcon) €VOlves with
the formation of the intermediate lnone-mecon, Which is less stable than RChone-meon by 8.9 kcal/ mol (3.1
kcal/mol more stable than the transition state leading to it, Figure 4). In TSlnone-mcon, the bond between
the gold center and the carbon atom on which the nucleophile attacks (C1) is elongated (2.770 A), while
that between the gold and the other carbon of the triple bond (C2) becomes shortened (2.100 A).

Simultaneously, the C1—C2 bond length increases (1.283 A) and the distance between C1 and the oxygen
atom of the nucleophile is 1.988 A. The intermediate lnone-veon Structure is very similar to that of the
transition state, with a much reduced C1---O distance (1.565 A). The second methanol molecule assisting
the nucleophilic attack is not sufficiently strong to
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Figure 4. Reactant complex RCuone-Mmcon, intermediate Inone-meon, product complex PCuone-Mmceon, transition
state TSlnone-meon for the methanol nucleophilic attack (step 1), and transition state TSllnene-meon for the
proton migration (step 1) for the addition of methanol to 2-butyne reaction in the absence of the anion.
Energies values (kcal/mol) refer to RCrone-Mcon taken as zero. Bond lengths are in angstroms.
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Figure 5. Reactants complex RCors, intermediate lots, product complex PCors, transition state TSlors for the
methanol nucleophilic attack (step 1), and transition state TSllots for the proton migration (step 1) for the
addition of methanol to butyne reaction in the presence of the OTs™ anion. Energies values (kcal/mol)
refer to RCorts taken as zero. Bond lengths are in angstroms.

abstract the proton from the coordinated nucleophile: the O— H bond length in coordinated methanol is
1.047 A, and the hydrogen of the coordinated methanol is at a distance of 1.492 A from the O atom of the
assisting methanol molecule.

The methanol addition is completed by the migration of the proton bound to the oxygen atom of the
nucleophile in the intermediate compleX lnone-mecon t0 C2 (protodeauration), through the transition state
TSlHnone-Meon. In the latter, the second molecule of methanol acts simultaneously as a proton acceptor (with
respect to the coordinated methanol, O---H1 =
1.003 A), and a proton donor (with respect to C2, O---H2 =
1.126 A). The calculated activation barrier for this step is 11.0 kcal/mol, and the product is highly stabilized
with respect to the intermediate species (—31.4 kcal/mol). TSllhone-mcon €Volves to the final product
complex (PCrone-Meon, Figure 4), in which the organic moiety is n?-coordinated to the gold via its remaining
unsaturated double bond in an asymmetric fashion (Au---C2 = 2.195, Au---C1 = 2.531 A). The AE for the
overall reaction of methanol addition to 2-butyne is calculated to be exothermic by —22.5 kcal/mol. From
the whole reaction energy profile, it is evident that the hydrogen atom migration is subjected to only a
slightly lower energy barrier than the initial nucleophile attack step (11.0 vs 12.0 kcal/mol, Figure 4), but it is
important to note that the absolute energy of TSllone-meon IS higher than that of TSlnone-meon (19.9 vs. 12.0
kcal/mol with respect to the RCrone-Mcon, respectively).

Next, we consider only three out of the five different anions X", namely OTs", BF4, and OAc", as
representative for the activity observed experimentally, in order to emphasize the critical role of the



anion. In particular, OTs™ and BF4 have been chosen because the former shows a higher catalytic activity
than the latter, in spite of its higher coordinating ability, while OAc™ has been chosen for its catalyst
deactivator behavior. The concerted nucleophilic attack to butyne and hydrogen abstraction from
nucleophile by the anion (i.e., nucleophile activation) has been investigated with the aid of two-
dimensional plots of the energy, which are provided in the Supporting Information with relative
computational details (Figures S5and S6). For BF ~, two additional two-dimensional energy plots have been
constructed for concerted nucleophilic attack/protodeauration mechanism and for protodeauration step
with an additional methanol molecule and they are also presented in the Supporting Information (Figures
S7 and S8).

Let us focus on OTs™ first.

The transition state for the nucleophilic attack step gives an activation barrier of 15.6 kcal/mol and the
formation of the intermediate (loTs) is exothermic by 1.5 kcal/mol (Figure 5). In the TSlors the attack of
methanol at C1 causes gold to changeits coordination, forming analmostdirect bond withthe other carbon
atom that lies at 2.101 A from it. The C1—C2 bond length increases (1.275 A), and the distance between

C1 andthe oxygen atom of the nucleophile is 2.084 A. Anincipient abstraction of hydrogen of methanol by

OTs™ can be observed (CHsO—H = 1.033 A, CH30H---O(OTs") = 1.538 A). Very
interestingly, the characteristic template structure of RCors with the anion in a bridging position between
Auand methanol is retained in TSlots.*

In the intermediate complex lots the H-O(OTs) distance is
1.035 A and the CH30---H is 1.565 A, therefore the hydrogen of methanol has been completely abstracted
by OTs™, and this causes a larger stabilization of the intermediate lots (—1.5 kcal/ mol) with respect to the
corresponding species formed with the additional methanol molecule, in the absence of the anion (+8.9
kcal/mol).For the protodeauration, the fact that anions can assist and facilitate proton transfers by
lowering the energy barriers is well-known in literature.!**22 In the transition state TSllors the proton is
found between the OTs™ oxygen (H---O = 1.252 A) and C2 (H---C2 = 1.418 A), therefore the proton
transfer takes place in one step. In the product complex PCors, the hydrogen is bound to C2 in the trans
position with respect to the methoxy and the product is n-coordinated to the gold via its remaining
unsaturated double bond (Au---C2 =2.209, Au---C1
=2.430 A), with the OTs™ weakly interacting with the gold center.

The calculated energy barrier for the hydrogen transfer to the carbon is only 4.7 kcal/mol. The product
complex PCors is stabilized with respect to the intermediate lots by 15.5 kcal/ mol, and the AE for the
overall reaction of methanol addition to 2-butyne is —17.0 kcal/mol (Figure 5).

To check the effect of an additional nucleophile molecule mediating the proton transfer on the
activation barriers, the nucleophilic attack and protodeauration steps have been recalculated for OTs™ with
the inclusion of a second methanol molecule. The reactants complex RCors-meon, intermediate lots-meom,
product complex PCors-meon, transition state TSlots-meon, and transition state TSlors-meon structures and
energies referred to RCors-meon taken as zero are provided in Figure S9. Indeed, the activation barrier of the
step | is greatly lowered to 7.3 kcal/mol (compared to 15.6 kcal/mol including only one methanol molecule),
whereas the activation barrier for step II is not affected (4.7 kcal/mol, the same value as in the case with
only one methanol molecule).

We move now to BF4~ anion assisted nucleophilic attack of methanol to butyne.

Also in this case the formation of the O—C1 bond (nucleophilic attack to butyne) and the H—F bond
formation (hydrogen abstraction from nucleophile by anion) is a concerted process, although in the
intermediate Igrs the optimal H---F distance is at about 1.25 A and the hydrogen abstraction is not
complete. A transition state calculation shows that the activation energy required for TSlgrs is 16.5 kcal/mol
and the formed intermediate Igr4 is 9.9 kcal/mol above the reactants complex RCgra (Figure 6). In TSlgrs
the distance between the oxygen atom of methanol and C1 is 1.994 A, and, simultaneously, gold changes its
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coordination, forming an almost direct bond with C2 that lies 2.092 A from it, and the C1-C2 bond
distance increases to 1.282 A. An incipient abstraction of hydrogen of methanol by BF ~ can also be

3 FBE 4
observed (CH O-H = 1.014 A, CH OH--- =1.550 A),
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Figure 6. Reactant complex RCagr4, intermediate Isr4, product complex PCgrs, and transition state TSlgrs
for the methanol nucleophilic attack (step 1) for the addition of methanol to 2-butyne reaction in the
presence of BF4 . Energy values (kcal/mol) refer to RCgr4 taken as zero. Bond lengths are in angstroms.

An estimate of the energy barrier for this process would lead to a very high value, higher than 40 kcal/mol
(at BP86 level). This barrier would be too high, thus this pathway can be ruled out and two alternatives
pathways, one considering a concerted nucleophilic attack to butyne and proton migration to the second
carbon atom and one including a second methanol molecule mediating the proton transfer, have been
considered (see two-dimensional energy plots, Figures S7 and S8, respectively).

Due to the calculated very high activation energy (larger than 40 kcal/mol al BP86 level, see Figure S7),
also the concerted nucleophilic attack/proton migration process can be ruled out too.

On the other hand, inclusion of a second methanol molecule has indeed a beneficial effect on the whole
step. The activation barrier of the step | drops to 14.8 kcal/mol and the endothermicity to 6.4 kcal/mol
(Figure 7).

In RCgrs-mcon, BF4~ and the additional CH3OH molecules bridge the Au center and the attacking
methanol, building up a chain. The anion distance from Au decreases to 3.133 A and the anion---HOCHj3
distance is 1.736 A. Compared to TSlgr4 for the process with only one methanol molecule, the TSIsrameon
including two methanol molecules shows that the nucleophil-

but less pronounced than that by OTs . Similarly to OTs , the icity of the attacking methanol
molecule is enhanced by the
characteristic template structure of RCgr4 with the anioninp a BF ~---HOCHg; chain, acting as a better

proton acceptor than
bridging position between Au and methanol is retained in
TSlBFa.
In the intermediate structure Igrs the methanol nucleophile hydrogen atom has not been completely
abstracted by the BF ~
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the single BF4: the distance between the oxygen atom of the nucleophile and C1is 2.035 A, and an
incipient abstraction of hydrogen of methanol nucleophile by additional CH3OH is observed (CH O—-H =
1.029 A), as well as of hydrogen of



anion. However, quite interestingly, the H— 4

Fdistanceis 1.278 3

additional methanol by BFs (CHsO—H = 1.000 A).

A and the B-F bond length elongates to 1.556 A.

Compared to the intermediate species with the OTs™ anion, BF4, although less coordinating, is a less
effective hydrogen acceptor from methanol than OTs", and the activation barrier for the nucleophilic attack

is slightly higher (16.5 vs 15.6 kcal/ mol), in agreement with the experiment.14

For the proton transfer step, in an attempt to find a transition state structure by approaching the methanol
proton to C1, avery high energy structure, characterized by a four-membered COHC-ring, has been found.
In the intermediate structure Isrs-mcon, the methanol nucleophile hydrogen atom has been almost
completely abstracted by the additional CH3OH (CHsO-H = 1.378 A), which acts both as a proton
acceptor and a proton donor (CH30—H = 1.090 A with the proton from nucleophile, CHs;0—H = 1.067 A

with the proton interacting with BF 7).

As also noticed in literature, the solvent molecules play a central role in the overall reactlon
mechanism, since the participation of other molecules (like the additional methanol molecule) can lead to

significantly lower reaction barriers and
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Figure 7. Reactant complex RCgrs-mcon, intermediate Igrs-meon, product complex PCgra-mcon, transition
state TSlIsrs-meon for the methanol nucleophilic attack (step 1), and transition state TSlIgrs-meon for the
proton migration (step 1) for the addition of methanol to 2-butyne reaction in the presence of the BFs~ anion
with an additional methanol molecule. Energy values (kcal/mol) refer to RCgrs-meon taken as zero. Bond

lengths are in angstoms.
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methanol- coordinated hydrogen has been almost
completely transferred to the additional methanol
(H-0 = 1.090 A) which is forming an HB with the
anion. In the transition state TSllgrsmcon the
migrating proton is far from the methanol



20+
nucleophile oxygen (1.956 A), bound to the
additional methanol molecule (O—H= 0.999 A)
and at a distance of 2.465 A from the unsaturated
carbon atom, while BF4~ is accepting the second
proton from the additional methanol (F—H = 1.286
A, O-H=1.105 A). e

The actual proton transfer takes place in one step, A none-MeOH

where the additional methanol plays a crucial role. RC, TS, I Tsl, PC,

In the product complex

PCgrs-mcon, the hydrogen is bound to carbon in the trans position with respect to methoxy and the
product is coordinated to gold via its remaining unsaturated double bond in an asymmetric fashion (Au—C
=2.201,2.474 A), with the BF ~ weakly interacting with the gold center.

Thescalculated energy barrier for the hydrogen transfer to the carbon is only 2.4 kcal/mol. This barrier is
very low, thus showing that the proton transfer is greatly facilitated by the additional CH3sOH-BF ~ proton
shuttle chain.

The product complex PCgra-mcon i Stabilized with respect to intermediate Igrs-mecon by 25.5 kcal/mol, and
the AE for the overall reaction of methanol addition to 2-butyne is —19.1 kcal/ mol. Ultimately, with the
inclusion of a second methanol molecule, the activation barrier for the nucleophilic attack is much higher
in case of BF4 (14.8 kcal/mol) in comparison with OTs™ (7.3 kcal/mol).

In Figure 8, all the energy profiles for OTs", BF , including both one and two nucleophile molecules, and
for the species without the counterion are summarized. From this figure it can be easily seen that inclusion
of two methanol molecules is crucial to see the effect of each counterion on each step of the profile. In
addition, the reaction mechanism with OTs™ and BF4 with two methanol molecules can be directly
compared to that with the catalyst without the anion. We conclude that the anion greatly facilitates the
proton migration step (activation Figure 8. Energy profiles for the nucleophilic attack (step I) and
protodeauration (step I1) for OTs, BF4, including one (OTs™, BF4") and two (OTs /MeOH, BF4,/MeOH)
methanol molecules, and without the anion (none-MeOH).
energy 2.4 kcal/mol for BF ~ and 4.7 kcal/mol for OTs™ vs 11.0 kcal/mol without the anion, respectively),
making the nucleophilic attack the rate-determining step. The nucleophilic attack is, in turn, greatly
facilitated by a stronger proton acceptor anion.

Catalyst Deactivation Pathways. In order to analyze the catalyst deactivation pathways competing with
the first nucleophilic attack step, we investigate a hypothetical OAc™ assisted nucleophilic attack of
methanol to 2-butyne, with the aid of the two-dimensional plot of the energy, which is provided in the SI
(Figure S10). The plot gives an interesting view of the catalystinactivating process in the nucleophilic attack
step and five key point structures are shown in Figure 9. A starting low energy point is represented by
structure A (—3.9 kacl/mol with respect to RCoac) that is somewhat similar to TCoac, the most stable
structure where both the butyne and the anion are coordinated to gold (compare Figures 3 and 9). A
transition state can be reached easily by shortening the O—H distance to
1.2 A, which represents the transition state for hydrogen abstraction from methanol. The geometry
optimization with

10+

OTs
BF,/MeOH

Energy (kcal/mol)

-204
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Figure 9. Optimized geometries at five key points in the two-dimensional contour plot (Eigure S8) for the
C—0 bond formation and OAc™ proton abstraction pathways: low-energy structure (structure A); estimated
transition state for proton abstraction (structure B); estimated product complex from proton abstraction path
(structure C); estimated transition state for C—O bond formation (structure D); estimated product complex
from C— O bond formation path (structure E). The fixed parameters are shown in red and blue. Estimated
energy values at the DFT/BP86 level are in kilocalories per mole; distances are in angstroms (see text).

O—C1 fixed at 2.8 A and O—H at 1.2 A gives the structure shown in Figure 9, denoted as B. As we can see
from Figure S10, the hydrogen abstraction by OAc™ takes place before the nucleophilc attack starts, since
the O—C1 distance is still very large. Moreover, the hydrogen abstraction is able to induce the anion
decoordination from gold. Then the system proceeds to a low-energy region (at about O-C1 = 2.5 A and
O-H =1.0 A). The geometry optimization with O—C1 fixed at 2.6 A and O— H at 1.0 A gives the structure
C (Figure 9), which shows that the 2-butyne has been released and CH3zO™ methoxy species formed is
coordinated to Au, with the protonated HOAc forming an HB with the methoxy group. This path clearly
indicates a strong basicity of OAc™ which would be able to deprotonate the nucleophile so that it could
displace the substrate and attack directly the metal center, thus inactivating the catalyst. An estimate of the
energy barrier for this deactivating path can be done from the energy of structure B with respect to the
energy of RCoac, i.e. about 2.5 kcal/mol at DFT/BP86 level, which indicates that if RCx could be easily
reached this would be a facile process. However, the whole deprotonation path would start from ICx,
which for OAcC™ is

18.5 kcal/mol more stable than RCoac at DFT/BP86 level,

meaning that B would be 21.0 kcal/mol higher in energy than 1Coac. Therefore, this deactivation pathway
leading to the formation of the catalytically inactive species DCx from RCx can be ruled out for OAc™, but
not for TFA™. In principle, TFA™ has a relatively strong proton acceptor capacity and, at the same time, the
RCrra is accessible. Interestingly enough, the 2-butyne is located in the second coordination sphere both in
ICoac and in structure C. Thus, alternatively, the DCoac (or the DCtra) species could be generated in the
pre-equilibrium step, before the substrate coordination to the catalyst takes place. In order to investigate
this point, we considered the two ternary adducts depicted in Figure S1 for both OAc™ and TFA™, and a
transition state structure for the anion substitution by nucleophile has been calculated (see Figures S11 and
S12). Indeed, the process leading to the methoxy inactivated species
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is feasible, with an activation energy barrier of 16.9 kcal/mol for OAc™ and 14.8 kcal/mol for TFA™. This
result is in agreement with the experimental observation that the reaction of the gold catalyst in the
presence of OAc™ with methanol and in the absence of substrate is very slow (10% of acetic acid in 24 h),
whereas in the presence of TFA™ it is faster (complete formation of TFAH after 3 h).

In the energy plot in Figure S8, there is a second transition state which can be reached from RCoac by
shortening the O— C1 distance to ca. 2.2 A, which represents the transition state for the formation of the
C—O bond (nucleophilic attack to butyne). The geometry optimization with O—C1 fixed at 2.2 A and O-H
at 1.6 A gives the structure D shown in Figure 9. Then, the system proceeds to the vinyl ether
intermediate product | (bottom, right corner in the plot) by only shortening the O—H distance (i.e., the
hydrogen abstraction step follows the nucleophilic attack step). The geometry optimization with O—C1
fixed at 1.6 A and O—H at 1.6 A gives the structure E depicted in Figure 9, which indeed is close to the |
structure. However, this process requires an even higher activation barrier (estimated value from the energy
of structure D with respect to the energy of RCoac) of about 8.7 kcal/mol (at DFT/BP86 level) than that of
the hydrogen abstraction from methanol. D would be 27.2 kcal/mol higher in energy than 1Coac. We
conclude that the strong coordinating ability of OAc™ is more responsible than the strong proton acceptor
capacity for the lack of catalytic activity of the gold catalyst in the presence of the OAc™ anion. The strong
coordinating power is related to the inability of acetate to form stable template character
reactants complex RCoac. Since OAc™ requires a relatively high energy to hold the reactive methanol
molecule in the right position for an outer-sphere addition, a concerted nucleophilic attack to
butyne/nucleophile activation by anion cannot take place. On the other hand, the TFA™ strong proton
acceptor character and less strong coordinating ability than OAc™ lead to the inactivation of the catalyst
through the methoxy

nucleophilic attack to gold and concomitant release of the substrate, as experimentally observed.

CONCLUSIONS

In this paper we studied the role of the anion in the three main

steps of the reaction mechanism of NHC gold(l)-catalyzed alkoxylation of alkynes, i.e. in the pre-
equilibrium, nucleophilic attack, and protodeauration. We conclude that, compared to the bare [NHCAu]*
catalyst, the anion greatly lowers the activation barrier of the protodeauration step acting as a proton shuttle,
thus making the nucleophilic attack the rate- determining step.

However, in the first nucleophilic attack step, the anion can be responsible for two competing deactivation
pathways of the catalyst.

The strong coordinating ability of the anion, which is commonly believed to be responsible for a scarce
catalyst activity, is not the only reason for that, but also the combined strong proton acceptor capacity
contributes to it.

This is the case for TFA™ and OAc . The lack of activity of OAc™ complex in the investigated catalytic
process can be mainly attributed to its high coordinating affinity toward the cationic gold, which inhibits the
reaction, preventing the alkyne coordination. Instead, the reduced catalytic efficiency of TFA™ complex can be
mainly explained by its strong ability to accept the nucleophile proton and consequently to form free methoxy
anion insolution which preferentially performs a nucleophilic attack to Au, thus inactivating the catalyst.

On the other hand, a weak coordinating ability and a poor proton acceptor capacity of the anion lead to
an efficient catalystonly if the proton acceptor capacity can be enhanced by additional methanol molecules,
as for BF4 . However, a relatively strong coordinating ability of the anion combined with a sufficiently
good proton acceptor capacity yields an ideal catalyst, as for OTs . Hence, when an optimal balance between
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coordinating and proton acceptor abilities is realized, a more efficient catalyst can be obtained for gold
catalyzed reactions where the nucleophilic attack is the rate-determining step.

These results rationalize well the experimentally observed catalytic activity, which varies in the order
OTs >BF ™~ > ‘
TFA , with OAc  showing no catalytic activity. Within this

calculations were carried out at the DFT level of theory using the GGA functional BP86 (DFT/BP86).2°
Relativistic effects were treated with the scalar zero-order regular approximation, ZORA model.?” All atoms
were described with aSlater-type TZ2P triple-{ quality basis set, using the frozen core approximation (1s
for B, C, N, O, F; 2p for S; 4d for Au). Frequency calculations at the same BP86 level of theory have been
also performed to identify all stationary points as minima (zero imaginary frequencies) or transition states (one
imaginary frequency). All the two-dimensional plots of the energy have been calculated at BP86 level
(DFT/BP86). Final energies have been calculated using ORCA program package?® by single point B2PLYP
perturbatively corrected doubly hybrid functional?® calculations on the optimized BP86 gas phase
structures in conjunction with a def2-TZVP basis set for all atoms and an ECP pseudopotential for gold to
account for relativistic effects. This combined BP86 geometry optimization and B2PLYP energy
calculation approach has been shown to give an high accuracy to describe gold species along reaction
paths in benchmark studies (we refer toitas B2PLYP//BP86).%° Unless otherwise specified, the B2PLYP
functional is used for energy calculations. Due to the fact that the investigated reactions involve four
molecules ([INHC-Au]", 2-butyne, methanol, and the anion X"), the reference energy has been set to the
most stable adduct involving all the molecules, in order to minimize entropy problems. Indeed, the entropic
contribution to the reaction profile for OTs™ has been calculated for the two most different adducts (NC and
PC) and they resulted identical in terms of translational contribution, very similar for the rotational one
(0.04 entropic unit difference) and only with a small difference for the vibrational one (13 entropic units),
as reported in the Supporting Information of our preliminary communication.*For this reason,
computational mechanistic analysis is presented in enthalpy energies. All calculations were performed for the
closed shell singlet state. For the same OTs™ reaction profile, calculations have been done including
dispersion (B2PLYP-D3 functional) and solvent (CHCIs) effects (B2PLYP/COSMO model) and
comparable potential energy profiles have been found. All results are available as Supporting Information
of our previous communication.
picture, the experimentally considered OTf™ anion, with coordinating and proton acceptor abilities
intermediate betyveen those of BF ~and OTs", can be predicted to have a catalytic efficiency which is also
intermediate between those of BFs and OTs™ in the investigated reaction, in agreement with the
experimental results.*3

This study highlights which are the important properties one should consider in selecting the correct anion
for gold catalyzed alkoxylation of alkynes processes, as it can play a crucial role in determining the catalyst
efficiency.

Clearly, the observed trend depends on the specific considered reaction and ligand (NHC). How the use
of
different substrates or ligands modifies the observed pattern is currently under investigation in our lab.
A comprehensive computational DFT??* study was performed
with ADF2013.01%° program package to identify all the structures involved in the catalytic mechanism
for different anions in the [NHCAu]" catalyzed addition of methanol to 2- butyne reaction (Scheme 2). For
geometry optimizations,
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