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o Suppomng Informution
ABSTRACT: The remarkable structure-dependent reactivity HO Me bu b | COMe
. . ) . . , base Pd, base
observed in the cyclization of (2-haloanilino)-ketones with Pd- @fj) — A COMe 5 ),
catalysts has been studied computationally within the density NTo PE N n=2 N
R nucleophilic addition R enolate a-arylation R

functional theory framework. The experimental reaction pro-
ducts ratio may be explained through the formation of a
common palladaaminocyclobutane intermediate which can undergo a nucleophilic addition reaction and/or an enolate Oi-arilation
process. The evolution of this metallacycle to the final products depends on two factors, the length of the tether joining the amino
and the carbonyl groups, and the electronic nature of the substituent directly attached to the nitrogen atom. Thus, shorter chains
(2 CH,) facilitate the nucleophic addition reaction by approximating the reactive aryl and Pd-coordinated carbonyl groups whereas
longer chains (3 CH,) favor the enolate 0t—arylation procces. For electron-withdrawing groups attached to the aniline nitrogen
atom, the nucleophilic addition pathway becomes slightly disfavored, mainly due to the electron-withdrawing effect of the CO,Me
group which avoids the delocation of the LP in the 77-system, thus decreasing the nucleophilicity of the reactive arylic carbon atom.
In contrast, the enolate Ot-arylation reaction is facilitated by the CO,Me group. This is translated into a small computed barrier
energy difference of these competitive reaction pathways which should lead to a mixture of reaction products as experimentally
found.

B INTRODUCTION Scheme 1

The reactivity of main group organometallics, such as orga- o
nolithium compounds (RLi) and Grignard reagents (RMgX), is

. . . PdCly(PPhs); (0.2)
quite straightforward. In these species the R group usually @ P/ oo @\J\S
exhibits nucleophilic reactivity and an electrophilic character TH: ) 130 oc g‘n
cannot be induced. In contrast, in organopalladium complexes, 1 2
switching the usual reactivity from electrophilic to nucleophilic
has proven to be quite easy. Thus, although aryl and vinylpalla- HO
dium complexes are commonly used as electrophiles in C—C @ J)k PdCl,(PPha)z (02) Erﬁ
bond forming reactions,’ recent research has demonstrated that f:éczso(fé N
they can also react with carbon-heteroatom multiple bonds in a 3 i"

nucleophilic manner. So far, the intramolecular attack of these

species has been descrlbed on the carbonyl group of aldehydes, o HQ

ketones,’ esters, and amides,® and on the imino,’® cyano,” and @ j/ PdCL(PPhs) (0.2) ©f§ TFA ®
isocyanate® groups. Although these addition reactions are still T Ca00® N N
rare, they are growing in popularity because the increased 5 THF, 10°C GBn YBn
diversity they give to organopalladium compounds is beneficial

for organic synthesis. In this context, the direct addition reaction
of aryl and vinyl halides to electrophilic partners catalyzed by

palladium lil'a particularly att?cctllve strategy since no extra carbonyl, can be promoted starting from (2- haloamhno) ketones,
organometallic reagents are needed. which show structure-dependent behavior.*® Thus, treatment

Few efforts have been r‘nade, hov.vever, to r.nanipulate the ‘dual of y-(2-iodoanilino) ketone 1 with PACL(PPh,), and Cs,CO4
character of aryl and vinylpalladium species and selectively

promote either the electrophilic or nucleophilic reactivity from
the same starting materials. 234459 g0l and co-workers have Received:  October 22, 2010
reported that two different and competitive reaction pathways, Published: February 01, 2011

involving the enolate arylation and the nucleophilic attack at the
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afforded the ot-arylation compound 2 (Scheme 1a). In contrast,
under the same reaction conditions, 3-(2-iodoanilino) ketone 3
and 0.-(2-iodoanilino) ketone 5 exclusively afforded alcohols 4
and 6, respectively, as a result of the addition of the palladium
intermediate to the ketone carbonyl group (Schemes 1b,c).

In the reaction of carbamate 8, the competition between the
nucleophilic addition of the intermediate organopalladium to the
carbonyl group or the electrophilic attack of the ketone enolate to
this intermediate, resulted in a 1.5:1 mixture of alcohol 9 and indole
10 (Scheme 2). Interestingly, both the mtramolecular ketone
arylation'® and the addition of aryl halides to ketones™ catalyzed
by Pd(0) had been reported for the carbocyclic series. However, the
two reactions were not competitive in these cases. Furthermore,
-(2-halobenzylamino) ketones afforded exclusively ot-arylation
compounds in the presence of a palladium catalysts and base regard-
less of the structure of the amino ketone (Scheme 3).3

The reaction pathway dichotomy (namely the enolate aryla-
tion vs the attack at the carbonyl group) in the Pd-catalyzed
reactions of (2-haloanilino) ketones has been rationalized by the
intermediacy of four-membered azapalladacycles (A). The dif-
ferent interaction of the metal center with the carbonyl group is
chain-length dependent. Shorter carbon tethers (n = 1, 2) will
favor the nucleophilic attack of the arylpalladium metallacycle A
to the carbonyl group. Longer carbon tethers (n = 3) allow the
electrophilic attack of the enolate to the Pd-center (Scheme 4).

Recently, Solé and Serrano have taken advantage of the for-
mation of such putative four-membered azapalladacyclic intermedi-
ates to force the nucleophilic attack at functional groups less elec-
trophilic than the ketone carbonyl, such as the alkoxycarbonyl
and the carboxamide groups, and to manipulate the divergent
reactivity of arylpalladium species.**>” Thus, starting from /3-(2-
iodoanilino) esters and 3-(2-iodoanilino) carboxamides, either
the enolate arylation or the nucleophilic substitution at the
carbonyl group could be selectively promoted by a subtle mod-
ification of the reaction conditions.

The purpose of this paper is to present a computational study
of the mechanism of the palladium catalyzed intramolecular cou-
pling reactions of amino-tethered aryl halides and carbonyl groups

to achieve a deeper understanding of how the intermediacy of
four-membered azapalladacycles modifies the reactivity of the
arylpalladium species and exposes their dual character.

B RESULTS AND DISCUSSION

We first calculated (B3LYP/def2-SVP level) the reaction path
for the transformation of the model compound 1M (where the
benzyl group in compound 1 is replaced by a H-atom) in the
presence of the active model catalyst Pd(PH;), to the corre-
sponding O-arylation reaction product 2M. The theoretically
predicted reaction profile (which includes the initial oxidative
addition reaction, Figure 1) shows both, in principle, competitive
reaction pathways, namely the evolution of palladacycle 16 to
complex 18 and the formation of 2M through enolate pallada-
cycle 22 (Figure 2). The most important interatomic distances of
the located saddle points and key intermediates are also displayed
in Figures 1 and 2.

(i). Oxidative Addition Reaction. The calculations suggest
that the oxidative addition reaction producing 15-cis constitutes the
first step of the process. The computed low activation barrier
(AG#98 = 92 keal/mol) and exothermicity (AGgaos = —169
kcal/mol) of this transformation agrees w1th previous calculated data
for related oxidative addition reactions." Likewise, the main geome-
trical features of the saddle point TS1 are similar to those reported for
related computed transition states.''* Similar to other oxidative
addition processes, intermediate 15-cis readily isomerizes to the
most stable 15-trans isomer, which lies 2.7 kcal/mol below 15-cis.

(ii). Nucleophilic Addition vs a-Arylation Reaction. Com-
plex 15-trans is then transformed into palladacycle 16 (Figure 2).
This intermediate is similar to the palladacycle A (n = 3, Scheme 4)
that has been experimentally isolated (see above). Formation of
the key palladacycle 16 occur stepwise via the acyclic intermedi-
ate 19, formed after decoordination of a PH; ligand, through the
transition state TS2 (barrier energy of +9.6 kcal/mol in the gas-
phase and +10.6 in tetrahydrofuran solution). The correspond-
ing saddle point which connects 15-trans directly to 16 was not
located on the potential energy surface.
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Figure 1. Computed reaction profile for the transformation of 1M into 15. Numbers on arrows indicate the corresponding AG,gg energies (in keal/mol).
Bond lengths are given in angstroms. All data have been computed at the B3LYP/def2-SVP level.
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Figure 2. Computed reaction profile for the transformation of 15-trans into 18 and 2M. Numbers on arrows indicate the corresponding AG,gg energies
(inkcal/mol). Numbers in parentheses indicate the corresponding PCM corrected AG,og energies (in keal/mol) using tetrahydrofuran as solvent. Bond
lengths are given in angstroms. All data have been computed at the B3LYP/def2-SVP level.

Internal ligand interchange of the amino group by the carbonyl
group in four-membered palladacycle 16 forms the nine-mem-
bered palladacycle 17. Despite the obvious gain in stability in
passing from a four-membered to a nine-membered cycle, this
step is slightly endergonic (AGgraos = +6.4 kecal/mol). The
endergonic character of this transformation is attributed to the
lower donor-ability of the oxygen atom of the carbonyl group
compared to the nitrogen atom of the amino group. This fact is
reflected in the computed Wiberg indices, which indicate a stron-
ger Pd—N bond in complex 16 compared to the Pd—O bond in
compound 17 (bond orders of 0.242 au and 0.184 au, re-
spectively). From compound 17, intermediate 18, which would
be converted into the corresponding alcohol after hydrolysis,

is formed through the transition state TS3. This step, which
possesses an activation barrier of 24.7 kcal/mol, involves the
nucleophilic addition of the aromatic carbon atom attached to
the metal center to the carbonyl group. The computed C---C
bond length in TS3 was 2.106 A (see Figure 2).

The NBO-charges and frontier orbitals of palladacycle 17 nicely
agrees with the above description. Thus, whereas the aromatic carbon
atom bears a negative charge of —0.25 au, a value of +0.650 au is
found for the carbon atom of the carbonyl group. Moreover, the
acceptor orbital corresponds to the LUMO (which can be considered
as the 77%(C=0) molecular orbital), while the donor orbital corre-
sponds to the HOMO, a delocalized 7t molecular orbital involving
aromatic moiety and the lone pair of the nitrogen atom (Figure 3).
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However, the nucleophilic addition pathway discussed above
would lead to alcohols opposite to experimental results when the
arylamino group and the carbonyl group are tethered by 3 CH,-
chain. In this case, bicyclic ketones 2 are the experimentally
obtained products. The mechanistic branching point occurs by
formation of species 21b upon coordination of the correspond-
ing ketone-enolate (which is produced by base-assisted depro-
tonation of either metallacycle 16 or acyclic complex 19 via the
corresponding enols).'” Interestingly, the formation of the bicyclic
ketone 2M from the anionic complex 21b via transition state
TS4a occurs with a computed barrier energy of AG#,9g = 19.1
kcal/mol. This transformation is kinetically favored respect to
the nucleophilic addition in 17, which would form the alcohol
derived from 18, involving the saddle point TS3 (AAG#,95 = 5.6
kcal/mol in the gas-phase and 4.0 kcal/mol in solution). There-
fore, the formation of ketone 2M is favored over the alcohol
produced from 18. We also computed the analogous process
starting from 22, which produces 2M through TS4b with an
activation barrier of only AG#,9g = 7.5 kcal/mol. The dissocia-
tion of the iodide ligand in 21b is highly endergonic (AGg 295 =
+26.6 kcal/mol) rendering this process very unlikely. However,

HOMO LUMO

Figure 3. Frontier molecular orbitals of palladacycle 17 (isosurface
value of 0.05 au).

HOMO LUMO

Figure 4. Frontier molecular orbitals of palladacycle 21b (isosurface
value of 0.05 au).

when solvent effects are considered, the dissociation is only
slightly endergonic (AGg 95 = +3.5 kcal/mol) making the
process feasible and clearly favored over the nucleophilic
addition pathway (AAG#,05 = 9.7 kcal/mol including the
iodine ligand dissociation).

Thus, it can be concluded that the selectivity of the reaction is
mainly determined by the difference of the activation barriers of
the nucleophilic addition of the aryl group to the carbonyl group
in intermediate 17, and the enolate (t-arylation processes in
intermediates 21b or 22. Furthermore, in view of the computed
frontier orbitals and NBO-charges of palladacycle 21b, this
enolate (t-arylation process involves the nucleophilic addition
of the aromatic carbon atom (HOMO) to the carbon atom
placed in a-position to the carbonyl group (the LUMO is mainly
located in the 77* C=C(-O) molecular orbital, Figure 4).

To check our proposed reaction mechanism, the correspond-
ing reaction profile of 3M, a model compound of 3 which expe-
rimentally leads to exclusive formation of alcohol 4M at the
expenses of ketone 31, was computed. It is quite remarkable
that the shortening of the tether joining the amino and the
carbonyl group by a CH, completely switches the reactivity.
Similarly to 1M, 3M is converted into metallacycle 24 after an
oxidative addition process followed by cis- to trans- isomeriza-
tion reaction. The corresponding reaction barriers and en-
ergies are analogous to those computed for the 1M species
(Figure 5).

Palladacycle 24, formed from complex 27 via transition state
TS2' (activation barrier of 6.5 kcal/mol in solution), is readily
converted into the eight-membered palladacycle 25 in a slightly
endergonic process or even slightly exergonic when solvent
effects are considered (Figure 6). The formation of complex
25 from 24 is therefore favored compared to the formation of its
counterpart 17 from complex 16. Interestingly, the nucleophilic
addition process forming 26 via TS3' occurs with an activation
barrier of 17.5 kcal/mol in the gas-phase (17.3 kcal/mol in
tetrahydrofuran), that is 7.2 kcal/mol (5.9 kcal/mol in solution)
lower than the respective process involving 1M as starting
reactant (Figure 2). The origins of this dramatic reduction of
the barrier energy can be mainly ascribed to the shorther length
between the reactive aryl and CO centers in 25 (3.584.A)
compared to 17 (3.883 A). In contrast, the enolate ot-arylation
reaction product, namely the experimentally nonobserved bicyclic
ketone 31 formed via TS4a’, possesses an activation barrier of 22.5
kcal/mol (21.3 kcal/mol in solution), that is 3.4 kcal/mol (2.1 kcal/
mol in solution) higher than the respective process involving 1M as
starting reactant, and strikingly, 5.0 kcal/mol (4.0 kcal/mol in THF)
higher than the step connecting 25 and 26. This inversion in the
computed barrier energies justifies the observed inversion in the
selectivity of the process using compounds 1 and 3 and therefore,
provides further support to the proposed reaction profile given by

I _PHg HaP._ I

Pd Pd.
COM
N /\/COMe H/\/ e
H
23-cis 23-trans

Figure 5. Computed reaction profile for the transformation of 3M into 23. Numbers on arrows indicate the corresponding AG,g energies (in keal/mol).
Bond lengths are given in angstroms. All data have been computed at the B3LYP/def2-SVP level.
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Figure 6. Computed reaction profile for the transformation of 23-trans into 26 and 31. Numbers on arrows indicate the corresponding AG,gg energies
(inkcal/mol). Numbers in parentheses indicate the corresponding PCM corrected AG,oq energies (in keal/mol) using tetrahydrofuran as solvent. Bond
lengths are given in angstroms. All data have been computed at the B3LYP/def2-SVP level.
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Figure 7. Computed reaction profile for the M — 32 and 33 — 34 transformations. Numbers on arrows indicate the corresponding AG, g energies (in
keal/mol). Numbers in parentheses indicate the corresponding PCM corrected AG,og energies (in kcal/mol) using tetrahydrofuran as solvent. Bond
lengths are given in angstroms. All data have been computed at the B3LYP/def2-SVP level.

the calculations. We also computed the enolate t-arylation reaction (iii). Effect of a CO,Me Group Attached to the Nitrogen
from compound 30, formed after dissociation of the jodide ligand. Atom. The effect of the replacement of the N-benzyl group in 3
Similarly to the reaction profile of compound 1M, the activation to the N—CO,Me group in 8 was addressed next. The experi-
barrier involving TS4b’ is lower than that involving TS4a’". How- mental result indicates that the reaction of carbamate 8 produces
ever, this step also proceeds with a higher barrier energy than the the nucleophilic and enolate Qi-arylation competition and there-
nucleophilic addition process. fore a 1.5:1 mixture of alcohol 9 and indole 10 is found
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(Scheme 2). Our calculations indicate that the introduction of
the CO,Me group increases the activation barrier of the nucleo-
philic addition (Figure 7). Thus, the process involving TSSa is
more difficult than the analogous process involving TS3’
(AAG#,95 = 1.8 keal/mol in the gas-phase and 0.8 kecal/mol in
tetrahydrofuran solution). According to the molecular orbitals
depited in Figure 2, the HOMO exhibits a significant contribu-
tion of the LP of the nitrogen atom. Therefore, this increase in
the energy barrier is mainly due to the electron-withdrawing
effect of the CO,Me group which avoids the delocation of the LP
in the sr-system decreasing the nucleophilicity of the reactive
arylic carbon atom. This is clearly reflected in the computed
lower NBO-charge of this carbon atom (—0.24S au in 25 and
—0.208 auin 8M) and also in the lower N—C Wiberg-bond order
(1.09 au in 25 and 0.94 au in 8M).

Interestingly, the enolate Ot-arylation reaction from anionic
complex 33 is kinetically easier than from the analogous complex
29 (activation barrier 4.8 kcal/mol lower in the gas-phase and
3.2 kcal/mol in solution). Therefore, the CO,Me group facil-
itates the latter transformation. Thus, the difference in the barrier
energies of nucleophilic addition and O-arylation processes is
reduced from 5.0 kecal/mol (see Figure 6) to only 1.6 kcal/mol
when the hydrogen group in 3M is replaced to the CO,Me group
in 8M. This computed small value should translate into a mixture
of the reaction products as it was experimentally found. More-
over, when solvents effects are taken into account, no differences
were found in the corresponding activation barriers which nicely
agrees with the experimental result.

Bl CONCLUSIONS

From the computational-DFT study reported in this paper,
the following conclusions can be drawn: (i) the formation of
a common palladaaminocyclobutane intermediate, which can
undergo a nucleophilic addition reaction and/or an enolate
O.-arylation process, is the key point to explain the experimentally
observed reaction products ratio. (ii) The evolution of this
metallacycle to the final products depends mainly on two factors,
the length of the tether joining the amino and the carbonyl
groups, and the electronic nature of the substituent directly
attached to the nitrogen atom. (iii) While shorter chains (2 CH,)
facilitates the nucleophic addition reaction by approximating the
reactive aryl and coordinated carbonyl groups, longer chains (3
CH,) favor the enolate at—arylation procces. (iv) Electron-
withdrawing groups directly attached to the aniline nitrogen
atom disfavor the nucleophilic addition process. This is mainly
due to the electron-withdrawing effect of the CO,Me group,
which avoids the delocation of the LP in the 7-system, thus
decreasing the nucleophilicity of the reactive arylic carbon atom.
(v) In contrast, the enolate Qi-arylation reaction is facilitated by
the CO,Me group which is translated into a small or negligible
barrier energy difference of these competitive reaction pathways.
This leads to a mixture of reaction products, which is in nice
agreement with the experimental findings.

B COMPUTATIONAL DETAILS

All the calculations reported in this paper were obtained with the
GAUSSIAN 03 suite of programs.'® Electron correlation was partially
taken into account using the hybrid functional usually denoted as
B3LYP"* using the double-§ quality plus polarization def2-SVP basis
set'® for all atoms (this basis sets include effective core potentials,
ECPs, for palladium and iodine atoms). Reactants and products were

characterized by frequency calculations,'® and have positive definite
Hessian matrices. Transition structures (TS's) show only one negative
eigenvalue in their diagonalized force constant matrices, and their
associated eigenvectors were confirmed to correspond to the motion
along the reaction coordinate under consideration using the Intrinsic
Reaction Coordinate (IRC) method.'” The Wiberg bond indices'® Bi
and atomic charges were computed using the natural bond orbital
(NBO)" method. Solvents effects were taken into account using the
Polarizable Continuum Model (PCM).>° Single point calculations
(PCM-B3LYP/def2-SVP) on the gas-phase optimized geometries were
performed to estimate the change in the Gibbs energies in the presence
of tetrahydrofuran as solvent.

B ASSOCIATED CONTENT

© Ssupporting Information.  Cartesian coordinates (A) and
total energies (au, noncorrected zero-point vibrational energies
included) of all the stationary points discussed in the text and
complete ref 13. This material is available free of charge via the
Internet at http://pubs.acs.org.
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