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ABSTRACT.

The reaction mechanism and regioselectivity forgblel(l)-catalyzed hydroamination reaction of
terminal alkenes are analyzed by means of Densitctional Theory (DFT) calculations. The
influence of the nature of the olefin as well as tigand present in the gold(l) catalyst on the
regioselectivity is investigated. The anti-Markdsaow addition is preferred for some alkenes,
particularly those having cyclopropyl or good etentwithdrawing groups in their structures. The
regioselectivity of the process is quantitativelgalyzed with the help of state-of-the-art

computational methods, namely the Activation Stisiodel (ASM) of reactivity and Natural



Orbitals for Chemical Valence (NOCV) method. Ifasind that the backbonding interactions in
the initially formedr-complex is directly related to the Gibbs energyriba difference between
the Markonikov and anti-Markovnikov additions. #rcbe concluded that the coordination mode

of the initialz-complex ultimately controls the regioselectivitytoome of the transformation.

KEYWORDS

DFT calculations, Gold, Hydroamination, anti-Markawov, ASM-EDA(NOCV) analysis

INTRODUCTION

Hydroamination of alkenes is arguably one of thestmmportant and atom-economical methods
for the construction of C—N bonds. Several traositmetal catalysts have been developed to
improve both the efficiency and the selectivitythbis transformatiod:>3#with gold playing a
prominent role, particularly in recent yearRegarding regioselectivity, the development of a
general anti-Markovnikov procedure (listed as ohthe ten challenges in catalysts still far
from being accomplished, although some examplededound in the literature® Among them,
the recent findings by Widenhoefer's group on tlwst fgold-catalyzed anti-Markovnikov
hydroamination reaction of an alkylidenecyclopropa®ACP) substrate should be specially

highlighted (Scheme £)1°

ACPs are extremely helpful starting building-blocksr the synthesis of functionalized
cyclopropanes, since this structural motif is founda large number of biologically active
moleculest! Remarkably, the hydroamination of the C=C doulolecbdeveloped by Widenhoefer
and co-workers takes place by the nucleophilictamidbf the amine at the terminal carbon atom,

thus leading to the anti-Markovnikov reaction pradioreover, whereas most of the methods to



functionalize ACPs involve the simultaneous cyctyggl C—C bonds cleavage, this procedure

overcomes this main synthetic limitation (Scheme 1)
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Scheme 1 Gold(l)-catalyzed  anti-Markovnikov ~ hydroamination reaction  of

alkylidenecyclopropanes described by Widenhoefdranworkers (see red).

In order to understand the regioselectivity of amital reaction, the operative reaction
mechanism should be first known in detail. Compatet investigation is proven to be an
extremely useful tool to this erdd!® In this sense, the hydroamination reaction de\ezlopy
Widenhoefer et al. has been computationally stubie®i, Xu and coworkers quite recentfy.
The authors analyzed three alternative reactionwmts, namely amine activation, activation of
the three-membered ring and the alkene activailitvey concluded that the latter pathway is
preferred. Therefore, the mechanism involved is ttansformation can be generally described as
follows: generation of a catalytically active gd)efr complex>1éfrom a gold—chloride precursor,
followed by the nucleophilic addition of the N-naophile on the activated C=C bond, and final
proton migration from nitrogen to carbon atoms. Tds step corresponds to the protodeauration

reaction of the corresponding alkenyl gold(l) imediate to generate the observed hydroaminated



product. This proposed pathway is therefore in Vund the commonly accepted mechanism for

gold-catalyzed nucleophilic additions on unsatutatgbstrates’

Given the importance of developing anti-Markovnikpecedures, and following our interest in
rationalizing the transition metal-mediated nucleitip additions on alken€e'$,herein we decided
to explore in detail the reaction mechanism of themsformation by means of computational
methods (Scheme 2a). The influence of both thereatithe substrate and the gold ligand on the
reaction outcome was investigated (Scheme 2b)ddiitian, the origin of the regioselectivity of
the process was quantitatively rationalized in terof the backdonation interactions and

geometrical parameters occurring in the iniaomplex.
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Scheme 2(a) Schematic representation of the hydroamingirogesses studied in this work. (b)

substrates and ligands evaluated.

MODELS AND COMPUTATIONAL METHODS
All calculations were carried out using Gaussiarpf8yram'® Calculations were performed at
DFT level by means of the M&&functional with and ultrafine grid option. The Easets used

were the 6-31G(d,p) for all the atoms, except farwhere the SDD (with an additional set of f



polarization functiong} along with the associated pseudopotential was @magl The structures
were fully optimized in solution using the SN¥fOnodel with standard parameters and 1,4-dioxane
as solvent §=2.2706). The nature of stationary points (mininmal &'S) was confirmed by
frequency calculations. Connections between thesitian states and the minima were checked
by following the Intrinsic Reaction Coordinate (IR€and subsequent geometry optimization till
the minima. Energy values given in the text coroespto Gibbs energies at 298K calculated

including solvent effects.

EDA-NOCV calculations were carried out using the BID17 prograrit at the dispersion-
corrected BP86-D3%6 level of theory in conjunction with the tripté quality TZ2P basis s€ton
the geometries optimized at the M06/6-31G(d,p)&Sip2{vel. Core electrons were described in
a frozen-core approximation and the scalar rektitveffects were accounted for using the zeroth-
order regular approximation (ZORAJ. This level is therefore denoted ZORA-BP86-

D3/TZ2P//M06/6-31G(d,p)&SDD(f).

Calculations have been performed taking the L-dptoimplex without simplifications in any
of the ligands employed: P1= P{y-biphenyl); Cy=cyclohexyl, PMeandsa (see Scheme 2).
The structures are named according to the followpragedure: ny where n corresponds to the
stationary point on the energy profile and y cqoesl to the Markovnikov (m) or anti-
Markovnikov (a) isomer obtained (for exam@®e,corresponds to the second point for the reaction

yielding the anti-Markovnikov isomer).

RESULTS AND DISCUSSION

The results are presented in three sections. T$teofie describes the operative mechanism for

the hydroamination reaction of alkylidenecyclopnogs catalyzed by a gold(l) complex with a



phosphine ligand using 1-methyl-imidazolidin-2-oa® nucleophile. In the next sections, the
influence of both the nature of the substrate &edgold ligand on the process are evaluated by
analyzing the hydroamination reactions of eighteddnt alkenes catalyzed by three different

gold(l) catalysts having different ligands (PMe: andsaligands, Scheme 2).

Analysis of the reaction mechanism

As commented above, the general mechanism for tfa{(ljy catalyzed hydroamination of
alkenes involves the initial generation of a catelly active goldr complex from a gold-chloride
precursor followed by the nucleophilic additiontbé N-nucleophile into the activated carbon-
carbon double bond. Then the proton migration fthennitrogen atom to carbon atom takes place
followed by the final protodeauration of the alkegwgld(l) intermediate to generate the reaction

product. As commented above, this mechanism wasopemd in a previous computational stdfly.

For the sake of completeness, we decided to expiodetail the reaction mechanism for the
[Au(P1)]* mediated hydroamination of 1-benzyl-2-methylenémyopane,b-ACP, with 1-

methyl-imidazolidin-2-onelN-nuc (Scheme 3).
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Scheme 3.Selected Au(l)-catalyzed hydroamination reactioncomputationally analyze the

mechanism involved in the process.

For analyzing the regioselectivity, the nucleomh#éiddition over the terminal and internal

carbon atoms of the ACP were both explored. Theoprmigration (protodeauratiofl)is known



to be significantly favored by the presence ofabenterion or the nucleophile itséf:3°31n the
previous computational study, it was suggested ftirathis system the anion assistance can be
discarded due to the low basicity of the counteman®bk~. An enthalpic barrier of 31.3 kcal- mol

1 was calculated for the SpFassisted proton transf&r.Herein we explored the nucleophile
assistance not considered in the previous workd@yding a second amine molecule in the model.
The intermediate formed upon the initial nucleoph#ddition step transfers the proton to the
second nucleophilet (Scheme 4). From this intermediate two possibdittan be envisaged,
namely the direct proton transfer to the carbomagenerating the produds, or the proton-
transfer to the oxygen atom of the bonded ureaebaseleophile8, prior to the protonation of
the carbon atom of the alkenyl moiet}). Both possibilities were evaluated for either the

Markovnikov or anti-Markovnikov reaction pathways.
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Scheme 4Pathways analyzed for the nucleophile assistembgeauration process (only the anti-
Markovnikov pathway is shown; similar reaction stepere analyzed for the Markovnikov

addition).

The Gibbs energy profiles of the four pathways yaed (i.e. Markovnikov and anti-

Markonikov addition along with the two pathways tbe proton transfer described above) are



depicted in Figure 1. The first step of the hydrowation reaction of alkylidenecyclopropane is

the N-nucleophilic addition into the gold(l)-coondted alkenel. The Gibbs energy barriers for

the nucleophilic addition step into the terminadiamternal carbon atoms of alkeneSl_2aand

TS1 2m are 21.0 and 21.7 kcal/mol, with respect to #yeasated reactants,andN-nuc.3? The

adducts formed after the Markovnikov and anti-Mark&ov nucleophilic additions2fm and2a)

were located at 13.5 and 20.2 kcal/mol, respegtivEthe relatively high computed barriers are

then consistent with the temperature used expetatigrby Widenhoefer and co-workers (80-

100°C)?
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Figure 1. Evaluated reaction profiles for hydroaminationleatbenzyl-2-methylenecyclopropane
with 1-methyl-imidazolidin-2-one catalyzed by [Ad(f* complex. The most plausible
mechanism is the so-called “anti-Markovnikov, intiidecular proton transferRelative Gibbs

energies (1,4-dioxane solvent, at 298 K, in kcaljmwere computed at the MOG6/6-

31G(d,p)&SDD(f) level.

For the proton transfer step, we analyzed a pathmayding a second amine in the reaction
able to act as a proton shuttle. The generatethietdiate has a relative Gibbs energy of 13.3 and
4.5 kcal/mol for anti-Markovnikov3a, and Markovnikov,3m, additions, respectively. Then a
proton transfer from the bonded nucleophile todkggen of the second amine molecule takes
place to generate intermediate@vith relative Gibbs energies of 18.2 and 3.6 kunal for 4aand
4m, respectively). At this point the proton can e transferred to the coordinated carbon atom
to generate the produé;,or to the oxygen atom of the added nucleophifgetterate intermediates
8, which are then transformed into the final produ&O. For the anti-Markovnikov addition
pathway, the intermediate with the protonated sé@mine4a, can evolve to intermediates,
located at 21.8 kcal/mol. The transition state essed with the subsequent proton transfer to
generate the produciS5a_6a is located at 22.8 kcal/mol. Alternatively, frekathe protonated
amine can be reoriented towards the oxygen atotheobonded amine to form a more stable
intermediate,7a, and then the proton can be transferred to thigyerx, 8a; the relative Gibbs
energies of these intermediates are 5.3 and 6lAriaarespectively. The latter species can evolve
to the final coordinated produdiQa through transition stafES9a_10a their Gibbs energies are
-4.2 and 11.6 kcal/mol, respectively. This pathvgdgbeled as “anti-Markovnikov intramolecular
proton transfer” because the proton migrates froenaxygen atom of the added nucleophile to

the carbon atom. The role of the additional nudhepmolecule is therefore to bring the proton



from the N to the O atoms of the bonded nucleopFilgure 1. The presence of an O center in the
nucleophile seems to be crucial in this step. Idd@esimilar hydroamination reactivity to that

found for imidazoline-2-ones, has been also repdide 2-pyridonese:1°

The Gibbs energy profiles clearly show that theqmdransfer (protodeauration) is much lower
in energy for both, Markovnikov and anti-Markonikgathways than the initial nucleophilic
addition (Figure 1). For the anti-Markovnikov adoiit, the highest energy transition state for the
proton transfer step is located at 11.6 kcal/m8Qa_10a with a relative barrier of 6.3 kcal/mol,
whereas the nucleophilic additioR$1_23 is located at 21.0 kcal/mol. According to thessuits,
it can be safely concluded that the nucleophilditah constitutes the rate determining step (rds)
of the entire transformation. In the work of Qi, &ud co-workers (using a slightly different ACP),
they found a direct proton transfer (with an englaknergy barrier of ca. 20 kcal/mét)The
direct proton transfer in our system gives a Gibhsrgy barrier of 28.9 kcal- mbTThe presence
of a second amine molecule, however, significarglyuces the proton transfer barrier for this

process (transition state Gibbs energy at 11.6kcd).

Effect of modifying the alkene’s substituents

As the nucleophilic addition constitutes the rastedmining step of the process, it can be
assumed that the regioselectivity of the transfdionais determined by the barrier energy
difference AAG*) between the anti-Markovnikov and Markovnikov reaphilic additions. This
section is devoted to analyze how the nature ohtkene influences the regioselectivity. To this
end, the nucleophilic addition for both Markovnik@and anti-Markovnikov pathways was
computed for a set of eight different alkenes (€ahlsee also Scheme 1). Five alkenes, studied

experimentally by Widenhoefer, were analyzed: ethgl (entry 1), styrene (entry 5), isobutene
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(entry 7), 1-benzyl-2-methylenecyclopropaneACP) (entry 6), and methylenecyclobutene
(MCB) (entry 8)?%d For styrene (entry 5), isobutene (entry 7) anchylehecyclobutene (MCB)
(entry 8) the formation of the corresponding Mankidov isomer was favored and only for 1-
benzyl-2-methylenecyclopropane (entry 6), thanti-Markovnikov reaction product is
regioselectively preferred. Unfortunately, the teats of ethylene (entry 1), styrene (entry 5) and
isobutene (entry 7) were carried out experimentadiyng different ligands, and no experiments

with the [Au(P1)j catalyst are available for a direct comparison.

Alkenes including substituents that modify thdackbonding capacity of the terminal alkene
have been also considered: the alkene includingldatron withdrawing Cgroup (entry 3), two
CRs groups (entry 2) and one €&nd one electron donor methyl group (entry 4). €hergy
barriers for the Markovnikov and anti-Markovnikogditions, as well as the respective energy

barrier differences for this series of alkenescattected in Table 1.

As shown in the previous section, the energy dfiee between Markovnikov and anti-
Markovnikov addition for the process involvitig ACP (entry 6) is 0.7 kcal/mol in favor of the
anti-Markovnikov adduct Following the available experimental data, the M@Rs also
evaluated. For the MCB reactant (entry 8), our Walions give an energy difference of 7.3
kcal/mol in favor of the Markovnikov product, whigh fully consistent with the experiments,

where no trace of the anti-Markovnikov product watected.

When isobutene was used as reactant, where bosfitsehts are donating groups (entry 7),
the energy difference is 7.0 in favor of the Mankiov product, once again in agreement with
the experimental findingsAt variance, the presence of asQffoup (entry 3) clearly favors the

anti-Markovnikov addition (energy barrier differencf 8.4 kcal/mol). The strong influence of the

11



electron withdrawing C4§ group becomes evident in (§¥C=CH (entry 2), where the
regioselectivity was even much more pronounced withenergy barrier difference of 15.1
kcal/mol. Not surprinsingly, this effect is somehattenuated by the presence of a weak donor
group (methyl substituent, entry 4), though a chaati-Markovnikov preference was still found
(AAG* = 7.4 kcal/mol). Finally, our calculations usirtgrene as substrate predict a 2.0 kcal/mol

barrier energy difference favoring the anti-Markikav addition3

Table 1.Gibbs energy barriers (MarkovnikadGu* and anti-MarkovnikovAGawm®, in kcal/mol)
for theanti nucleophilic attack catalyzed by [Au(P13nd geometrical parameters (in A) for their

initial intermediatessx(-coordinated alkene&y.

Entry Substrate AGw* AGam* AAGH di—dl]

1 = 154 - -0.002

2 = 232 81 151 0.007
3 = 190 106 84 -0.002
4 >=< 235 161 7.4  -0.105
5 >=< 214 194 20 -0.154
6 \>=< 217 21.0 07 -0.119
7 " 204 274 70 -0.257

=
8 />=< 200 273 -73 -0.256

[ All data have been computed at the M06/6-31G(d3DR(f) level.
bl d;=distance Au-Gminaj tb= distance Au-Gierma from optimized structures.
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The activation of an olefin ligand by a metal certtevard the nucleophilic addition was
qualitatively analyzed by Eisenstein and Hoffmaarlier in the 80836 They realized that the
activation of an olefin takes place by%ton?! slippage which is also directly related to thepgha
of the LUMO. Distortion of the ideal position (frosymmetric olefins where the distance between
the metal and both carbon atoms of the alkenesisdime) drives the activation of the olefin. This
idea was successfully applied to the nucleophilidition to Pt(Il)-coordinated terminal olefit{s

and to the hydroamination of alkenes catalyzed®yDPEphos)] complex quite recentlS?

Figure 2 graphically shows the barrier energy déifce between the Markovnikov and anti-
Markovnikov addition §AG*) versus the difference between the distance ftr barbon atoms
of the alkene and the metal centei—@) in the initialr-coordinate substrate. From the data in
Figure 2, it becomes evident that there existxa oorrelation between theAG* and the degree

of slippage of the coordinated C=C double bondréation coefficient, R= 0.91).

AAGF¥ (kcal mol™)
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Figure 2. Plot of difference in Gibbs energy between Markken and anti-Markovnikov addition

barriers AAGY) versus the difference in the distance of botb@aratoms of alkene and the metal

center (d—c parameter). Values refer to entries in Table 1.
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Our calculations therefore suggest that a kineticameter AAG¥) can be correlated to a
magnitude that can be directly obtained by knowrg coordination mode of the alkene to the
catalyst (an intermediate, that corresponds toranmim on the potential energy surface). The
same conclusion was also obtained for the Rh-cadlyanti-Markovnikov hydroamination of
alkenes’® This finding may open the door to directly estimtite regioselectivity of the process

by simply measuring geometrical parameters ofriteal n-coordinate substrate to the catalyst.

The results summarized in Table 1 show that evbtiesmodifications of the alkene substituents
strongly affect the Gibbs energy barriers for tharkbvnikov and anti-Markovnikov additions
and their energy difference4G%). To gain further quantitative insight into thegatt of the
substituents in the alkene on the regioselectivitythe process, the Activation Strain Model
(ASM)3° of reactivity was applied next. Within this apach, which has enormously contributed
to our current understanding of different fundaraemtansformation4? the potential energy
surfaceAE(() is partitioned into two contributions along theaction coordinaté, namely the
strainAEstaif() associated with the deformation (or distortioxperienced by the reactants during

the transformation plus the interactiaBin(() between these fully deformed reactants (Eq. 1):

AE(Z) = AEstrair(Z) + AEint(Z) (eq 1)

Figure 3 shows the Activation Strain Diagrams (ApRs the reaction involving isobutene
(which produces the Markovnikov adduct, see Tabl&dm the initialz-complexes up to the
corresponding transition states, for both the Manikov and anti-Markovnikov additions. As
readily seen in Figure 3, tid=swainterm is not at all decisive for the regioseledyiwf the process
as both nucleophilic approaches requires a nededytical deformation. Instead, the interaction

between the deformed reactants (measured byAthe term) is much stronger for the

14



Markovnikov pathway along the entire reaction cawmate, which is translated into the lower

barrier computed for this approach.
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Figure 3. Comparative activation strain diagrams for thdd@pcatalyzed hydroamination
reaction involving isobutene along the reactionrdotte projected onto the forming C- - - N bond.
Markovnikov- and anti-Markovnikov pathways are m@m®d in solid and dotted lines,

respectively. All data were computed at the MO616&31,p)&SDD(f) level.

A markedly different scenario is found for the agalus process involvingACP (which leads
to the formation of the anti-Markovnikov produatesabove). As graphically shown in Figure 4,
the interaction between the deformed reactantsnie again stronger for the Markovnikov
pathway along the entire reaction coordinate. H@mein this particular case, thecomplex
requires a significantly lower deformation energgthe anti-Markovnikov approach as compared
to the Markovnikov pathway. This much low&Estain IS even able to compensate the stronger

interaction energy computed for the Markovnikovihpedy, and as a result, the anti-Markovnikov
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addition becomes favored. Therefore, it can be looled that ther-complex formed upon

coordination ob-ACP to the gold(l)-catalyst already possesses a desta@quilibrium geometry

that better fits the transition state structuretfia anti-Markovnikov approach. This conclusion is

clearly in line with the slippage argument desatibbove?>-3¢
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Figure 4. Comparative activation strain diagrams for thdd@pcatalyzed hydroamination

reaction involvingb-ACP along the reaction coordinate projected onto ¢meing C---N bond.

Markovnikov- and anti-Markovnikov pathways are m@m@®d in solid and dotted lines,

respectively. All data were computed at the MO616&31,p)&SDD(f) level.

The distortion induced by the coordination of thieeae to the gold(l)-catalyst should result in

significant changes in the electronic structurthefinitial cationic alkene-[Au(P1)k-complexes.

To explore this hypothesis, the main orbital cdmitions present in these species were

quantitatively analyzed by means of the NOCV (Naltudrbital for Chemical Valenc#)

16



extensiorof the EDA (Energy Decomposition Analysimethod. The EDA-NOCV approach,
which provides pairwise energy contributions foclepair of interacting orbitals to the total bond
energy, indicates that two main molecular orbitééliactions are present in theseomplexes,
namely the donation from the-molecular orbital of the alkene moiety to the va#cAu—P
antibonding orbital of the [AuP1]fragment (denoted gs) and the backdonatiompsd) from a
doubly occupied atomic orbital located at the titams metal to ther*-molecular orbital of the

alkene fragment (see Figures).

AE(p4) =-30.9 kcal/mol AE(p,) =—13.1 kcal/mol
7(C=C) — o*(Au—P) donation [Au] — 7z*(C=C) backdonation

Figure 5. Plot of the deformation densiti@g of the pairwise orbital interactions present ia th
[Au(P1)]*-b-ACP complex and associated stabilization energi€§). The color code of the
charge flow is red — blue. Data computed at the ZORA-BP86-D3/TZ2P//N606/

31G(d,p)&SDD(f) level (isosurface value of 0.0039.au

Not surprisingly, the direct donation from the alkefragment is systematically stronger than
the backdonation interactioAE(p1) > AE(p2)) regardless of the substituent present in theradk
(see Table 2). As expected, the donation from likena becomes stronger when donor groups are
attached to the C=C double bond (see for instarwcaplexes derived from isobuteffepor MCB,

8). In contrast, the backdonatipa becomes clearly weaker for those complexes hagouay
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donor substituents (i.e. complexé®r 8) whereas species having electron-withdrawing gsoup
(i.e. complexes derived from @Bubstitued alkene&or 3) and also the ACP group, exhibit much
higher backdonations. This trend in the backdonatwghly matches the trend computed for the
barriers associated with the anti-Markovnikov aiddit{see Table 2). For this reason, a very good
linear relationship was found when plotting the pomed barriers versus the energies associated
with the [Au} - n*(C=C) backdonation (correlation coefficient of 8,9igure 6). This linear
correlation therefore indicates that the higheratbidity of the alkene for accepting electron dgnsi
from the transition metal fragment, the higher blaekdonation (more negative values) and the
lower the anti-Markovnikov Gibbs energy barriercdin be then concluded that thig(p>) values
given by the EDA-NOCV method can be used as ahileligguantitative measure of the barrier
associated with the anti-Markovnikov addition, whidtimately determines the regioselectivy of

the transformation.

Table 2 Computed NOCV stabilization energia&(p) (in kcal/mol) present in the initial

[AuP1']-alkene complexes.[a]

alkene AE(p1) AE(p2) AGam*
2 -25.4 -21.9 8.1
3 —28.6 -19.4 10.6
4 -29.7 -15.6 16.1
5 -32.6 -13.3 19.4
6 (b-ACP)  —30.9 ~13.1 21.0
7 -33.1 -10.7 27.4
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8 (MCB)  —33.2 ~10.7 27.3

[ All data have been computed at the ZORA-BP86-D2A/AM06/6-31G(d,p)&SDD(f) level.

30+

N
(53]
1

S .
E
82
i *
S P |
2 s /4 ¢ | ¢ Markovnikov
i # anti-Markovnikov
2 e
3 R°=0.98
10 -
2 3
L 4
5 I I 1 I I 1 I
22 20 18 -16 14 12 10

AEy,(Au—= 7*) / kcal mol”

Figure 6. Plot of backdonation energies versus relative &ibbergy of Markovnikov (black

squares) and anti-Markovnikov (red squares) additmergy values refer to entries in Table 2.

Effect of modifying the L ligand on the [L-Au(l)] * catalyst

The effect of modifying the ligand of the catalygas computationally assessed next. The
nucleophilic addition on the chosen eight alkenes wtudied by using as catalyst a gold(l)
complex with two additional ligands: the trimethiygsphine (PMg), which is a stronger electron-
donor phosphine than P1-phosphine, and an abndtrhaterocyclic carbened, which is also

a more electron-donating ligand (see Scheme 2).
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The trimethylphosphine (PMewas selected because it is one of the best etedwnating
phosphine ligands. According to the tendency foumdthe previous section, i.e. higher
backdonation results into a lower anti-Markovnilkarrier (Figure 6), it was expected that the use
of this ligand should improve the regioselectiviy the anti-Markovnikov product compared to
the P1 ligand. The Gibbs energy barriers for botrkdvnikov and anti-Markovnikov additions
obtained as well as the difference energies ateatetl in Table 3. Comparing the data in Table
3 (PMeg ligand) and Table 1 (P1 ligand), it can be obsgithat, the Gibbs energy barrier for both
Markovnikov and anti-Markovnikov nucleophilic addits generally decreases when replacing
the P1 ligand by the trimethylphosphine ligand (BM&evertheless, even though the anti-
Markovnikov barrier decreases with the PMgand, in all cases the reduction of the Mark&emi
barriers is systematically higher than that for &inéi-Markovnikov addition. As a consequence,
anti-Markovnikov hydroamination is not enhancedmhis ligand but the opposite tendency is

found.

Table 3. Gibbs energy barriers (Markovnika¥Gm* and anti-MarkovnikovAGan®, in kcal/mol)
for theanti nucleophilic attack catalyzed by [Au(PBJE and geometrical parameters (in A) for

their initial intermediatestfcoordinated alkene$).

Entry  Substrate AGw¥ AGam*  AAGH  di—dl)

1 >=< 14 .4 - 0.001

2 >_< 18.4 6.0 12.4 0.046

3 =~ 163 87 7.6 0.022
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17.7 14.8 2.9 -0.080

17.1 18.5 -1.4 -0.152

19.2 27.4 -8.2 -0.230

16.9 24.8 -7.9 -0.252

b
=
6 \>:< 199 218 19  -0.130
.
!
-

[l All data have been computed at the M06/6-31G(d3D&(f) level.
bl d;=distance Au-Gminai tb= distance Au-Germa from optimized structures.

Finally, the hydroamination reaction of alkenes \&l® analyzed by using the catalyst ligand
sa(Scheme 2). We selected this particular ligancibse it showed the best performance for the
Au(l)-catalyzed hydrohydrazination of alkynes amdiféerent NHC ligands studied in a previous
work,'8¢in concordance with experimetitThe Gibbs energies for both Markovnikov and anti-
Markovnikov nucleophilic additions for the hydroaration reaction of the same eight alkenes as
well as the energy differences between both patbware gathered in Table 4. Similar
regioselectivity trends to those observed previpusth the PMe ligand are computed with this
particular NHC ligand. Therefore, our calculatiomsdicate that the anti-Markovnikov
regioselectivity is lower using either the trimdgtyosphine ligand (PMg or the abnormal NHC

ligand (sa) than the bulky P1 ligand.
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Table 4. Gibbs energy barriers (Markovnika¥Gm* and anti-MarkovnikovAGaw®, in kcal/mol)
for theanti nucleophilic attack catalyzed by [Au(sajind geometrical parameters (in A) for their

initial intermediatessx(-coordinated alkene&y.

Entry  Substrate AGu*  AGam¥  AAGH d1—d,lP)

H H

1 =~ 16.9 - -0.006

2 >=< 21 5.6 15.4 0.037
3 >=< 184 11 7.4 0.020
4 >=< 211 154 5.7 -0.068
5 >=< 199 217 1.8 -0.001
6 \>=< 19.4  20.8 1.4 -0.089
7 >=< 205 277 7.2 0.182

8 O—( 194 27 7.6 -0.205

[ All data have been computed at the M06/6-31G(d3DR(f) level.
bl dh=distance Au-Grminaj do= distance Au-Gernaifrom optimized structures.
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In order to check whether the regioselectivity baenalso related to the coordination mode of
the alkene for these two ligands (P\edsa), the difference of the distances between botharar
atoms of the alkene and the metal centerdd was plotted versus the energy difference between
the Markovnikov and anti-Markovnikov addition®AG*). Once again, very good linear
correlations were found for these hydroaminati@cttiens catalyzed by the cationic [Au(P§|é
and [AuGd)]* complexes (Figure 7), which further support that¢oordination mode of the initial

n-complex determines the regioselectivity outcom#heftransformation
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Figure 7.Plot of difference in Gibbs energy between Markken and anti-Markovnikov addition

barriers AAGY) versus the difference in the distance of both@aratoms of alkene and the metal
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center (@—c parameter) for hydroamination of alkenes catalybgdAu(PMe)]* (top) and

[Au(sa)]" (bottom).

CONCLUSIONS

The complete reaction mechanism for the hydroangnat of 1-benzyl-2-
methylenecyclopropan®{ACP) with an urea-based amine catalyzed by the catiéni(l)-P1]*
complex was explored by means of DFT calculatidine involved mechanism can be described
as a typicak-catalysis activation mechanism. Therefore, the Btep of the process involves the
coordination of the alkene to the metal centeofeéd by the nucleophilic addition of the amine
to the activated alkene. This step constitutesdteedetermining step for both Markovnikov and
anti-Markovnikov reaction pathways. Then, a finadtpdeauration reaction of the corresponding
alkenyl gold(l) intermediate, which is assistedabgecond amine molecule, occurs to generate the
hydroaminated product. For this particular alkahe, anti-Markovnikov addition is kinetically
preferred, which is fully consistent with the experntal observations. According to the ASM
approach, this is due to the comparatively lowdpmeation energy required by the initia-
complex to adopt the anti-Markovnikov transitioratst structure, which offsets the stronger

interaction energy between the deformed fragmemtthe alternative Markovnikov pathway.

In addition, it was found that subtle modificatiooithe electronic nature of the alkene are
translated into dramatic changes in the regioselgcof the process. Thus, the energy barrier for
the anti-Markovnikov addition significantly decreaswhen the capacity of the alkene for
accepting electronic density from the transitiontaheragment increases. Indeed, a nice

correlation between the backbonding ability oféaheene and the Gibbs energy barrier for the anti-
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Markovnikov route is found. The replacement of Btk ligand by good donor ligands such as
trimethylphosphine (PM# or thesaabnormal N-heterocyclic carbene leads to a rednaf the

anti-Markovnikov regioselectivity with respect teetP1 ligand.

Strikingly, the difference between the Markovnikaad anti-Markovnikov barriers can be
directly estimated by a geometrical parameter ithedisures the degree of slippage of the alkene
in thew-coordinated intermediate. Indeed, the geometdistbrtion induced by the coordination
of the alkene to the gold(l)-catalyst not only attethe extent of the required strain energy tgpado
the corresponding transition state structure bst,ahe strength of the main orbital interactions
(i.e. donation and backdonation) between the alkeme the catalyst. Therefore, it can be
concluded that the coordination mode of the initecomplex ultimately dictates the

regioselectivity of this important transformation.
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