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Anomalous ligand effect in gold(I)-catalyzed intramolecular hydroam-

ination of alkynes†

Carlo Alberto Gaggioli,a Gianluca Ciancaleoni,b Luca Biasiolo,c Giovanni Bistoni,a,b Daniele Zuc-

caccia, c,b Leonardo Belpassi,∗b Paola Belanzoni, ∗a,b Francesco Tarantelli,∗a,b

We analyzed the ligand electronic effect in a gold(I)-

catalyzed intramolecular alkyne hydroamination, through

a DFT and Charge-Displacement Function (CDF) study.

We found that, in the presence of π-electron conjuga-

tion between the alkyne and the nucleophilic functionality,

electron poor ligands modify the coordination mode and

the geometric parameters of the substrate in such a way

that, contrary to expectations, the activation barrier of

the nucleophilic attack increases. This remarkable effect

is due to the competition between alkyne activation and

nucleophile deactivation. The general relevance of these

findings is highlighted.

Homogeneous catalysis based on gold(I) linear complexes of

formula [L-Au-S]0/+ (L=auxiliary ligand, S=Substrate) has

undergone a rapid development in the last decade.1 One of

the most important factors for the optimization of the catalytic

performance is obviously the ligand L: its choice can be cru-

cial in tuning catalytic activity2 because it can control the elec-

tronic properties of the metallic fragment,3–5 the anion/cation

relative orientation6 and the outcome of a reaction (includ-

ing the stereo-regiochemistry).7,8 The reliable rationalization

of ligand effects is therefore crucial for the design a priori

of new efficient catalysts, but a fully satisfactory understand-

ing is still unattained and, indeed, the development of new

catalysts is still mainly based on a trial-and-error procedure.9

Recently, a few works have tried to rationalize the ligand ef-

fect.10,11 Wang et al.,11 have found that, when the electronic

activation of the unsaturated substrate is the rate determining

step (RDS), stronger electron-withdrawing ligands favor the

reaction, while the opposite is true when protodeauration is the

RDS. A notable example of successful ligand design based on

this paradigma is in the recent works by Alcarazo et al., where
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various cationic ligands have been synthesized7,12 to increase

the electron-withdrawing ability (acidity) of the metal frag-

ment and so to enhance its capacity to activate π systems.

A very helpful way to theoretically quantify the acidity

of the [LAu]+ fragment, and thus to analyze substrate acti-

vation/reactivity correlation, is to use the Charge Displace-

ment Function (CDF) approach,13 which provides a quanti-

tative picture of the charge transfer between an unsaturated

substrate and a metal fragment. The CDF analysis was intro-

duced to study the chemical bond between gold(I) and the no-

ble gases,13 and subsequently used in several contexts, includ-

ing excited states14 and coordination chemistry.3,5,15,16 We re-

port here a detailed CDF analysis of the electronic effect of

the ligand on the gold-catalyzed intramolecular hydroamina-

tion of alkynes.17–20 The reaction we studied is the cyclization

of the N,N-dimethyl-2-(methylethynyl)aniline (S, see Fig.1a).

The reaction mechanism is very simple and seems particularly

suitable to selectively study the electronic effect of the ligand

on the nucleophilic attack step. The mechanism starts with the

coordination of the metal fragment ([LAu]+ in Fig.1a) to the

triple bond of S. Subsequently, the nucleophilic nitrogen at-

tacks the C2 carbon, leading directly to the product (P). Since

the reaction proceeds through an anti-periplanar attack,18,21,22

the steric properties of L (Figure 1) are expected not to in-

fluence the barrier of the attack. Moreover, the presence of

two methyl groups prevents the protodeauration step,18 mak-

ing this a suitable reaction to study the electronic ligand effect

also by experimental investigations.

We started our analysis by optimizing the geometry of the

[LAu-S]0/+ complex (Reactant Complex, RC), with L cover-

ing a wide range of ligands (Fig.1b), from strongly electron-

withdrawing (such as the dicationic phosphine ACPP7) to

electron-donating ones (such as the anionic ligands).23 Geom-

etry optimizations have been performed using Density Func-

tional Theory (DFT) with a TZ2P basis set for all atoms and

the BP86 functional.24 Energies have then been computed at

the optimized geometries with the B2PLYP functional.25 Re-

cent benchmark studies show that this procedure yields ac-

curate geometries and energies of typical intermediates in

gold(I)-catalyzed reactions.26 All computational details, in-

cluding optimized structures, are given in the ESI.†

Our first noteworthy finding is that the alkyne coordination
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plexes vary along a continuum between two limit structures,

which we refer to as the ”alkyne” and the ”allene” one, respec-

tively, which display different bonding (Fig. 3). The former

possesses an alkyne triple bond and a single NC3 bond, while

in the latter an allene bond and a double NC3 bond with a pos-

itively charged sp2 N atom are present. The alkyne structure is

predominant with the anionic ligands, while the allene struc-

ture prevails for electron-withdrawing ones. It is noteworthy

that cationic gold(I) enamine complexes with phosphine lig-

ands display a highly distorted coordination mode that is con-

sistent with a stable iminium ion structure,29 such as is found

in the allene structure.

What we then set out to investigate is if there is a recog-

nizable quantitative relationship between the varying [LAu]+

coordination mode we have just discussed and its acidity.

For this, we resorted to the CDF approach, which allows us

to quantitatively estimate the charge transfer (CT) from the

alkyne to the [LAu]+ fragment (Table S1, ESI†). This is a

measure of [LAu]+ acidity, which, in turn, depends on the

electron donating power of L. We found, as may be expected,

that the anionic ligands induce small CT values (below 0.07 e),

whereas the cationic [(ACPP)Au]3+ (0.55 e) and Au+ (0.62 e)

reach the highest CT values. As it turns out, a clear quantita-

tive relation exists between the acidity of [LAu]+ and alkyne

coordination mode: CT is directly proportional to the C1C2Au

angle and inversely proportional to the NC3 distance (Fig. S3

and Fig. S4, respectively, ESI†).

Our next focus has been to ascertain how ligand acidity and

the coordination mode of the metal fragment influence the ac-

tual substrate activation, with an eye to verifying if the prac-

tical rule mentioned earlier (i.e.: strong electron withdrawing

metal fragments favour the nucleophilic attack) holds in this

case. We thus computed the activation energies (∆E‡) for the

nucleophilic attack by transition state calculations for all the

considered ligands (Table S1, ESI†), and set this against the

S→Au CT values. What we found is that the ∆E‡ vs CT

plot (reported in Fig.4 and labeled as ’S’) displays an unex-

pected ”V” shape: the barrier is high when the [LAu]+ acidity

is either very low (14.1 kcal/mol for CH3O−) or very high

(15.9 kcal/mol for ACPP), while it presents a minimum for

the carbene and alkyl phosphines (5.3 kcal/mol for CAAC).

(The same trend is also found using the BP86 functional.)

Interestingly, however, if one considers just the η2 systems,

the trend is the expected one and the barrier decreases when

the electron-withdrawing power of L (as measured by the

sustrate-to-metal CT) increases. For the η1 systems, the trend

is the opposite.

In order to cast light on these findings, an analysis of the

transition state (TS) structures (ESI†) is particularly revealing

and in Fig.2b we show, as examples, the TS structures for the

Cl−, NAC and CO ligands. Unlike the RCs, all TS structures,

irrespective of the ligand L, show the same η2 coordination

(slightly slipped towards the C1 carbon) and a pyramidalized

nitrogen (as in the ”alkyne” structure of Fig.1). As is eas-

ily understood, a pyramidalized nitrogen is essential for an

effective nucleophilic attack, since the lone pair of the nitro-

gen is a more efficient nucleophile than the iminium ion of

the allene structure. In addition, in the allene structure, the π

system is not activated by the metal and C2 is less prone to

a nucleophilic attack. In conclusion, it appears that, if in the

RC alkyne coordination tends to η1, some energy has to be

spent in order to restore the η2 coordination that facilitates the

attack.

We can thus recognize that, for this electronically conju-

gated substrate, there are two conflicting effects on the reac-

tion barrier, and thus on the catalyst effectiveness: on the one

hand, decreasing the electron donating power of L has the ef-

fect of enhancing the metal fragment acidity and thus increas-

ing its substrate activation power; on the other hand, it also

has the effect of progressively shifting the RC towards the al-

lene structure, where the reactivity of both the nucleophile and

of the site of attack is diminished. These two effects, which

we may concisely describe as substrate activation and nucle-

ophile deactivation, produce a minimum barrier when the right

compromise between them is reached, with the carbene-type

ligands. Indeed, Bertrand and coworkers discovered that using

[(CAAC)Au(C6H6)]BARF the reaction is practically instanta-

neous.20

The deactivation of the nucleophilic functionality is due to

the π electron conjugation assisted by the phenyl group. In-

deed, when we considered an aliphatic version of the sub-

strate, with the phenyl ring substituted by the C2H4 group

(S2), we found that the alkyne coordinates η2 in the RC with

any ligand, and larger values of CT correlate with lower en-

ergy barriers (Fig.4, data labeled as ‘S2’). Actually, using

strong electron-withdrawing ligands, the nucleophilic attack

takes place even without barrier (see details in ESI†). For the

anionic ligands, the aromatic or aliphatic nature of the sub-

stituents hardly affects either CT or ∆E‡ (Fig. 4). For exam-

ple, with L = Cl− CT increases from 0.04 to 0.07 e on going

from the phenyl to the ethyl substituent, while the activation

barrier slightly decreases from 11.5 to 11.2 kcal/mol. Con-

versely, for neutral ligands both CT and ∆E‡ are quite differ-

ent for the aromatic or aliphatic substrate. For the CO ligand,

the CT decreases from 0.41 to 0.33 e, while the activation bar-

rier drops from 10.6 to 0.0 kcal/mol. The observed difference

in CT is consistent with the different substrate coordination,

since a σ-bonded carbon is expected to donate more electronic

density to the metal.

In summary, we have studied a typical [LAu]+-catalyzed

intramolecular hydroamination of alkynes and found an in-

teresting and unforeseen effect. Purely due to electronic ef-

fects, the coordination of the gold complex to the substrate,

which contains both the amino nucleophile and the alkyne,
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