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ABSTRACT: A Palladium-N-heterocyclic carbene-catalyzed methodology for the synthesis of substituted, N-unprotected 
indoles and azaindoles is reported. The protocol permits access to various, highly substituted members of these classes of 
compounds. Although two possible reactions pathways (deprotonative and Heck-like) can be proposed, control experi-
ments, supported by computational studies, point towards a deprotonative mechanism being operative. 

KEYWORDS:  Cross-coupling, NHC, indole, heterocyclic compounds, ketone arylation, ligand effect 

INTRODUCTION 

Heterocyclic architectures comprise the core of countless 
biologically active compounds1 and functional materials.2 
The development of methodologies enabling their synthe-
sis, began in the late 19th century,3 remains a field of high 
activity. Since the report of early examples by Hegedus,4 
Larock5 and Cacchi,6 palladium catalysis has provided a 
number of entries into the synthesis and functionalization 
of heterocyclic compounds.7 The Pd-catalyzed α-arylation 
of carbonyl compounds belongs to the class of deprotona-
tive cross-coupling processes,8 in which the nucleophile is 
generated by deprotonation of acidic compounds, afford-
ing the reactive anionic nucleophilic coupling partner. Dis-
covered concomitantly by Hartwig, Buchwald and Miura, 9 
it has rapidly evolved and can currently be performed on a 
wide range of coupling partners in a very efficient manner. 
10 The well known chemistry of carbonyl compounds 
makes these protocols particularly suitable for further 
functionalization towards complex molecules: 11 indeed, 
during the last decade, the application of the α-arylation 
(or vinylation) of carbonyl derivatives has provided a 
number of protocols achieving highly substituted hetero-
cyclic moieties such as indole derivatives,12 benzofurans,13 
isoquinolines14 and pyridines15 (see Scheme 1).  

Despite their relatively recent development, these ap-
proaches have already proven useful in the synthesis of 
medicinal compounds and natural products, 16 as recently 
demonstrated by Donohoe and coworkers in the prepara-
tion of various members of the protoberberine class of 
alkaloids. 17 As most of the cross-coupling protocols re-
ported to date, the efficiency of the α-arylation of carbon-

yls (AAC) is profoundly influenced by the steric and elec-
tronic properties of the ancillary ligand(s) bound to the Pd 
center:8 bulky, electron-rich phosphines, as well as N-
heterocyclic carbenes (NHCs) generally provide state-of-
the-art level of reactivity in cross-coupling processes. 18 

 Scheme 1. Selected synthetic approaches leading to highly 

substituted heterocycles by α-arylation or vinylaton reactions. 

Although rare examples of ligand-free protocols exist, 19 
our recent work has demonstrated that bulky-yet-flexible, 
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“new generation” NHC ligands are ideally suited for this 
palladium catalysis, rendering transformations more facile 
and less precious metal demanding. 20 Following this initial 
study, we envisaged the possibility of preparing unpro-
tected N-indole derivatives by a sequential ketone aryla-
tion/condensation reaction between a ketone and an o-
chloroaniline derivative. Such an approach would poten-
tially give access to a wide variety of indole scaffolds, 
which is considered the most widespread heterocyclic mo-
tif found in industrially relevant compounds.21 Disappoint-
ingly, the intermolecular one-pot approach did not afford 
clean reaction crudes, as competition between α-arylation 
and N-arylation at the aniline moiety occurs. 22  

 

Figure 1. Intramolecular approach towards the unprotected 
N-indole scaffold. 

In order to overcome this problem, we prepared the imine 
1a by condensation of the two coupling partners (see Fig-
ure 1), followed by a distinct cyclization step. A strategy 
involving the cyclization of o-haloimines has been previ-
ously developed by Lachance and coworkers,23 although 
their protocol suffers many drawbacks (high tempera-
tures, high catalyst loadings, only moderate yields when 
chloroarenes are used). Moreover, the reaction conditions 
used by this group, namely [Pd(PPh3)4] as catalyst and an 
amine base, suggest that a Heck mechanism, rather than 
ACC, was active. The present work is therefore aimed at 
the development of an intrinsically different, and ideally 
more efficient, catalytic method affording indole scaffolds. 

RESULTS AND DISCUSSION 

Selection of the pre-catalyst: our initial attempts at the 
cyclization of 1a were carried out employing the condi-
tions we previously developed for the intramolecular ke-
tone arylation using different precatalysts. 20 We found that 
the bulky IPr* ligand (IPr* = [1,3-bis(2,6-dibenzhydryl-4-
methylphenyl)-2-methylene-2,3-dihydro-1H-imidazol-2-
ylidene]) gave full conversion to a single product at 1 
mol% catalyst loading. We therefore lowered the catalyst 
loading to 0.5% and screened a library of pre-catalyst, var-
ying the bulkiness of the ancillary ligand, the throw-away 
ligand and the metal (see Scheme 2). Surprisingly, both 
IPr- and IHept-based pre-catalysts (3a and 3c), which 
proved active in the α-arylation of ketones,20,24 gave low 
conversion. Ni-based pre-catalyst 3f also gave poor con-
versions even at relatively high catalyst loading. We found, 
however, that the (flexible) bulkiness of the ligand was 
crucial when Pd was the metal: pre-catalysts 3b and 3d, 
bearing IPr* and IPr*OMe ligands respectively, afforded 
nearly quantitative conversions to the desired product 2a 

even at 0.5% catalyst loading; various other ligands gave 
unsatisfactory conversion (for the complete screening list, 
see ESI). Complex 3e, in which the cinnamyl sacrificial lig-
and was substituted with the acetylacetonate moiety, 
showed slightly inferior results. The role of the very bulky 

IPr*-derived ligands clearly appears critical in promoting 
this reaction efficiently at low catalyst loading. These re-
sults further highlight the colossal effect that exceedingly 
bulky, monodentate ligands have on the catalytic proper-
ties of monoligated Pd species.25 Similar performance-
enhancing effects have also been observed under Ni catal-
ysis, both in cross-coupling processes26 and in other trans-
formation types.27 The steric shielding provided by such 
ligands has also been used in the study of highly unstable 
complexes of coinage metals. 28 

 

 
Scheme 2. Selection of the pre-catalyst. Conversion deter-

mined by GC analysis. Conditions: 0.25 mmol 1a, 1.1 equiv. 

NaOtBu, 0.5 mol% catalyst, 0.125 M in toluene, 110 °C, 16 

hours. [a] Catalyst loading 5 mol%. 

Optimization of the base/solvent system. Once the 
commercially available29 complex 3b was selected as op-
timal pre-catalyst for this transformation, we performed a 
screening of base/solvent combinations (selected results 
are summarized in Table 1). These experiments showed 
the profound influence of the base counterion, especially in 
relation with the solvent employed: when using t-butoxide 
bases, switching from sodium to lithium to potassium cati-
ons completely changed the reactivity. While NaOtBu gave 
good results both in toluene and dioxane, with no detec-
tion of starting material in the latter case (entries 4 and 5), 
it gave lower conversion in DME (entry 6). KOtBu gave 
high conversion only in toluene, while it performed very 
poorly in ethers (entries 7-9); LiOtBu, on the contrary, 
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gave almost no conversion in toluene, but high conversion 
in ethers, particularly in DME (entries 1-3). Such an influ-
ence of the base counterion is typically observed in depro-
tonative couplings, such as the AAC class of reac-
tions.10b,20,26c The complete base/solvent optimization can 
be found in the ESI. 
 

Table 1. Optimization of the base/solvent system. 

 

Entry T°C Base Solvent Conversion[a] 

1 110 LiOtBu Toluene 3 

2 110 LiOtBu Dioxane 81 

3 110 LiOtBu DME 95 

4 110 NaOtBu Toluene 93 

5 110 NaOtBu Dioxane >99 

6 110 NaOtBu DME 68 

7 110 KOtBu Toluene 96 

8 110 KOtBu Dioxane 16 

9 110 KOtBu DME 33 

10 80 NaOtBu Toluene 20 

11 80 NaOtBu Dioxane 67 

12 80 LiOtBu DME 33 

13 80 KOtBu Toluene 10 

14 110 NaOtBu Dioxane 95b 

15 110 NaOtBu Dioxane >99c 

16 110 NaOtBu Dioxane 17d 

Conditions: Conditions: 0.25 mmol 1a, 1.1 equiv. base, 0.5 
mol% 3b, 0.125 M in solvent, 80 °C or 110 °C, 16 hours. [a] 
Calculated by GC analysis. [b] Concentration 0.250 M. [c] Reac-
tion time 4 hours. [d] Catalyst loading 0.1%. 

The reactions presented in entries 3,4,5, and 7 where re-
peated at lower temperature to identify the best 
base/solvent system (entry 11). Further optimization of 
the reaction time showed that the conversion was com-
plete after 4 hours (entry 15), and an increase in concen-
tration only slightly lowered the efficiency of this intramo-
lecular process (entry 14). However, a further decrease of 
the catalyst loading from 0.5 mol% to 0.1 mol% resulted in 
a dramatic decrease in conversion (entry 16). Conditions 
summarized in entry 15 were therefore adopted for the 
study of the scope of the cyclization reaction. 

Scope of the reaction: the protocol proved suitable for the 
synthesis of differently substituted indoles (see Scheme 3): 
the propiophenone derived imine 1a was fully converted 
to the respective 3-methyl-2-phenylindole and isolated in 
91% yield. The acetophenone derived indole 2b was also 
obtained in good yield under the same conditions. 3-
pentanone-derived indole 2c was also obtained at 0.5 
mol% catalyst loading by prolonging the reaction time to 

overnight, while tricyclic product 2d required higher cata-
lyst loading and 24 hours under these reaction conditions 
to afford good yields. Substitution with 1- and 2-naphthyl 
substitution at the 2-position was well tolerated. It is in-
teresting to notice the difference in reactivity observed 
between regioisomers 2e and 2f, which only differ in the 
position of the indole-naphtalene bond: the former bears 
the less sterically crowded 2-naphthalene moiety, and re-
quires longer reaction times when compared to the bulkier 
1-naphthalene derivative 2f, clearly showing a positive 
effect of the steric pressure on the overall catalytic effi-
ciency. This methodology was also able to afford tetracy-
clic cores such as 2i. Base sensitive functional groups, such 
as the nitrile moiety, were tolerated, although in this case 
the yield was lower (entry 2j). The presence of a deactivat-
ing electron donating group on the A-ring was also accept-
ed, as exemplified in compound 2k. The protocol was 
found suitable for scale up, as illustrated by a 10 mmol-
scale (ca. 2 g) synthesis of 2c, affording slightly improved 
yield. 

 

 
Scheme 3. Scope of the reaction: synthesis of indoles. Condi-

tions: 0.25 mmol 1, 1.1 equiv. NaOtBu, 0.5 mol% or 2.0% 3b, 

0.125 M in dioxane, 110 °C, 4-24 hours. Yields are average of 

two runs. [a] Reaction performed on a 10 mmol scale: 10 

mmol 1c, 1.2 equiv. NaOtBu, 0.5 mol% 3b, 0.125 M in diox-

ane, 110 °C, 24 hours. 
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Of note, some of the compounds shown in Scheme 3 are 
industrially significant: compound 2g is a key intermediate 
in the synthesis of antidiabetic drugs, 30 while 2i is an in-
termediate in the synthesis of organic electronic materials 
31and 2k is used in the synthesis of drugs for lower urinary 
tract disfunction.32   

As it does not require dry box technique, and relies on a 
bench-stable, single component pre-catalyst, this protocol 
is of remarkable practicality, especially considering the 
wide variety of o-chloroaniline and ketones that are com-
mercially available. The results obtained in the synthesis of 
indoles encouraged us to extend this methodology to even 
more challenging targets, namely 4- and 6-azaindole cores, 
which are of great interest in medicinal chemistry (see 
Scheme 4). 32 

 
Scheme 4. Synthesis of azaindoles. Conditions: 0.25 mmol 1a, 

1.1 equiv. NaOtBu, 0.5 or 2.0 mol% 3b, 0.125 M in dioxane, 

110 °C, 16-24 hours. Yields are average of two runs. 

Four differently substituted 4-azaindole derivatives were 
prepared: compound 5a bearing the bulky 2-naphthyl sub-
stituent at the 2-position, was obtained in good yield. The 
propiophenone derivative 5b was obtained in 80% yield 
with only 0.5 mol% catalyst loading. Substitution on both 
starting material was well tolerated (5c and 5e), and the 6-
azaindole core was also accessible by this methodology 
(entry 5d). Attempts to expand the scope to 2,3-diphenyl 
substituted indoles, as well as the extension of this meth-
odology to the 5- and 7-azaindole cores, were unsuccess-
ful: in both cases, the synthesis of the imine could not be 
achieved in significant yield. 

MECHANISTIC STUDY 

Computationlal studies: The proposed mechanisms for 
the catalytic transformation of 1 into 2 (or 2’) are given in 
Scheme 5. The following notation is introduced in the 
scheme: if the substrate is in the enamine form, the com-
pound or complex is designated with a prime (‘), e.g. 1’. 
Since coordination of one 1,4-dioxane molecule to 
[Pd0(NHC)] species was found to be exergonic by 2.7 

kcal/mol, we believe the reaction begins from a complex of 
[Pd0(NHC)] with 1,4-dioxane, denoted as 6. The relative 
free energy of 6 plus the substrate was taken as 0 
kcal/mol. At the first step of the mechanism, reaction of the 
organic substrate A with 6 occurs via C–Cl bond scission 
and formation of complex 7 and release of dioxane. This 
transformation was found to be endergonic by only 1.3 
kcal/mol. The following conversion of 7 to 7’ occurs with 
hydrogen migration to the nitrogen atom and simultane-
ous coordination of the olefin to the Pd center. This pro-
cess is exergonic by 13.3 kcal/mol. The direct transfor-
mation 6 → 7’ is exergonic by 12 kcal/mol, thus possible if 
1 undergoes to isomerization to 1’, which is only 4.3 
kcal/mol less stable. 

Starting from species 7’ there are three different pathways 
leding to product 2 (or 2’) and regeneration of the catalyst. 
First, we propose a pathway involving imine deprotona-
tion followed by reductive elimination (PATH A in Scheme 
5). In this mechanism, 7’ reacts with NaOtBu and forms 8’ 
and NaCl. This step was found endergonic by 11.6 
kcal/mol. The following transformation of 8’ into 10’ and 
tBuOH was calculated to be thermodynamically favorable 
by 22.6 kcal/mol and occurs via transition state TSA1. The 
associated Gibbs free energy barrier is 21.1 kcal/mol. 10’ 
can then eliminate 2’, giving back the catalytic species 6. 
This process is exergonic by almost 40 kcal/mol and is 
apparently irreversible. Kinetically this is a very fast con-
version since the associated transition state (TSA2) is only 
4.3 kcal/mol above 10’. Alternatively, 10’ can isomerize 
into 10. This process is thermodynamically favorable by 
2.7 kcal/mol. Then, 10 can form the initial species 1 and 
eliminate 2 via transition state (TSA3). The process is fa-
vorable thermodynamically by 37.2 kcal/mol and associat-
ed Gibbs free energy barrier is only 3.5 kcal/mol. After-
wards, 2 converts into 2’, since this process is thermody-
namically favorable by 10.8 kcal/mol because of the aro-
matization of the heterocycle. The rate limiting barrier in 
PATH A is between TSA1 and 7’ and amounts to 32.7 
kcal/mol. Overall 1 → 2’ conversion is exergonic by 62.9 
kcal/mol. In addition, direct amine de-protonation of 7’ 
with NaOtBu to form negatively charged ion 5 with tBuOH 
and Na+ species was studied (PATH C). As expected in 1,4-
dioxane solvent, this transformation is thermodynamically 
prohibited, being endoergonic by 40.8 kcal/mol, and can 
therefore be discarded. The second proposed mechanism 
is “Heck-type” (carbopalladation followed by hydride elim-
ination, PATH B) and was postulated for a similar trans-
formation, which occurs under different conditions with 
respect to the precatalyst, the base and the temperature 

used. 23 In this mechanism 7’ converts into 11’ via a car-
bopalladation transition state (TSB1). Despite the fact that 
this process is thermodynamically favorable by 11.9 
kcal/mol, it requires 32.2 kcal/mol of activation energy 
that makes it the rate-determining step in PATH B. Further 
transformation of 11’ into 12 is exergonic by 16 kcal/mol 
and occurs with elimination of 2’. This step is almost barri-
erless since the associated β-hydride elimination transition 
state (TSB2) was found to be energetically equal to 11’ (in 
fact even slightly more stable which is an artifact of calcu-
lations, due to different basis sets for geometry optimiza-
tions and SP energy evaluations). The subsequent reaction 
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 5

of 12 with NaOtBu to form 13 and NaCl was found to be 
exergonic by 4.7 kcal/mol. The subsequent transformation 

of 13 into initial catalyst 6 is thermodynamically favorable 
by 18.3 kcal/mol and occurs with release of tBuOH. 

 
2)  

 

 

 

 

 

 

 

 

 

 

Scheme 5. 1) Possible reaction pathways involved in this approach and 2) their representation on the reaction coordinates. 

Based on DFT calculations, the catalytic conversion of 1 
into 2’ can occur via two highly competitive mechanisms, 

PATH A and PATH B. Both mechanisms possess an esti-
mated overall activation barrier of some 33 kcal/mol, 

-75

-60

-45

-30

-15

0

15

30

45

Δ
G

 (
k

ca
l/

m
o

l)
 

Reaction coordinate

6+1 7

7'

8'

TSA1TSB1

9

10' 10
TSA3

6+2'

11'

TSB2
12

13

ΔG=-62.9

ΔG‡=32.2
ΔG‡=32.7ΔG‡=40.8

Page 5 of 10

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 6

which  is in good agreement with the experimental condi-
tions (4 hours at 110 °C in 1,4-dioxane).  

Further mechanistic studies: ruling out the Heck 

pathway. To shed further light on the mechanism, we 
designed an additional set of experiments involving the 
use of triethylamine (TEA) as a base for this reaction. Our 
hypothesis relies on the intrinsically different role of the 
base in the two mechanistic pathways (A and B) pro-
posed: in PATH A, the base is necessary to form the imine 
enolate by deprotonation at the α-position, while in 
PATH B it acts as a proton sponge, facilitating the reduc-
tion of the Pd(II)-hydride species. In the former case, the 
pKa of the base chosen, as well as its counterion, should 
play a central role in dictating the catalytic efficiency; in 
the latter case, the reactivity should not significantly be 
affected by the pKa of the base. This hypothesis is based 
on typical conditions for the Heck reaction compared to 
those employed for the AAC.33 The use of TEA would 
therefore be disadvantageous if the reaction proceeds 
through PATH A, in which the deprotonation step is rate-
determining, while it would not affect the reaction out-
come in PATH B, as in that case the base is not involved 
in the rate-limiting step. The catalytic experiments per-
formed are showed in Scheme 6. The reaction summa-
rized in eq. 1 was performed under the conditions previ-
ously applied for the transformation (see Scheme 3, entry 
2a) substituting the t-butoxide base with TEA, and af-
forded no detectable product. 

 

 
Scheme 6. Further mechanistic studies 

To rule out the possibility that this could be due to the 
inability of such a weak base to promote the activation of 

the cinnamyl-based pre-catalyst34 , we performed a reac-
tion under the same conditions, adding 10 mol% of 
NaOtBu. In this case, only 10% conversion was observed 
(eq. 2). We finally tested the feasibility of such a reaction 
under more forcing conditions, increasing the catalyst 
loading to 2.0 mol% and the reaction time to 24 hr, ob-
taining again only 10% conversion (eq. 3). These results 
point towards an AAC-like mechanism (PATH A) rather 
than a Heck mechanism. To further confirm these data, 
additional computational experiments were performed, 
examining the thermodynamic feasibility of the catalytic 
steps involving the base in both PATH A and PATH B. 

 
Scheme 7. Three additional reactions used to discrimi-
nate between PATH A and PATH B.  

The reaction depicted in eq. 1 of Scheme 7 was found 
thermodynamically unfavorable by 4.1 kcal/mol. Clearly, 
with standard 1 M conditions the reactants are more 
preferable than the products. However, this equilibrium 
can be shifted to the left by the concentration factor, and 
is therefore theoretically possible. The second reaction 
(eq. 2) is thermodynamically forbidden since the associ-
ated Gibbs free energy change is 16.1 kcal/mol: this equi-
librium cannot be shifted by the concentration factor. 
Finally, the direct α-deprotonation showed in eq. 3 can-
not take place under the computed conditions, as the 
products are immediately converted to the starting ma-
terials. Comparing these computed results with the ex-
periments performed using TEA as a base (Scheme 6), we 
can conclude that the Heck-like mechanism, that would 
be theoretically active in the presence of a weak base, can 
be excluded as a viable reaction route. Therefore, we 
propose that the reaction proceeds via a deprotonative 
mechanism, related to that of the α-arylation of carbon-
yls, when [Pd(IPr*)(cinnamyl)Cl] (3b) is used as pre-
catalyst. 

CONCLUSIONS 

The present work disclosed an efficient synthesis of N-
unprotected indole derivatives starting from o-
chloroarylimines. This transformation highlights the re-
markable effects of the steric properties of the ligand 
employed, and allows for the synthesis of a wide variety 
of functionalized compounds also on a gram scale. This 
protocol represents an improvement over existing meth-
ods in terms reaction temperature, catalyst loading, av-
erage yields and reaction scope. Other catalytic protocols 
leading to the synthesis and functionalization of hetero-
cycles are currently being developed in our laboratories 
and will be reported in due course. 

EXPERIMENTAL SECTION 

EXPERIMENTAL DETAILS 
Synthesis of imines 1 and 4 : METHOD A: The ketone (2.0 

mmol, 1.0 equiv.), 2-chloroaniline (2.4 mmol, 1.2 equiv.) NaH-
CO3 (840 mg, 10 mmol, 5 equiv.), a magnetic bar and activated 
molecular sieves were charged with 8 mL of toluene into a 50 
mL Schlenk flask under anaerobic/anhydrous conditions. The 
reaction was then stirred for 16 hr at 90°C. After this time the 
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 7

mixture was permitted to cool to room temperature and filtered 
though celite, the solvent and the excess aniline were evapo-
rated under reduced pressure. The imine isolated was used 
without further purification. METHOD B: The ketone (2.0 mmol, 
1.0 equiv.), 2-chloroaniline (2.4 mmol, 1.2 equiv.) p-toluene-
sulfonic acid monohydrate (38 mg, 0.2 mmol, 10%) a magnetic 
stiring bar and activated molecular were charged with 10 mL of 
toluene into a 50 mL Schlenk flask under anhydrous conditions. 
The reaction was then stirred for 16 hr at 110°C. After this time 
the mixture was permitted to reach room temperature and was 
then quenched with sodium carbonate, filtered though celite, 
the solvent and the excess aniline were evaporated under re-
duced pressure. The imine was used without further purifica-
tion. 

LARGE SCALE SYNTHESIS OF 1c: A flame-dried 100 mL 
round bottom flask, equipped with a stirring bar and a conden-
ser, was charged with 30 g of activated 3Å molecular sieves, 
21.2 mL of 3-pentanone (17. 3 g, 0.2 mol, 10 equiv.) and 2.1 mL 
of 2-chloroaniline (2.51 g, 20 mmol). The mixture was heated to 
reflux for 48 hours, then allowed to cool to rt and filtered 
through MgSO4, washing with EtOAc, then the excess pentanone 
was evaporated using a rotoevaporator and the traces of 2-
chloroaniline removed leaving the mixture drying at the pump 
for two days at 35 °C with stirring. The desired product was 
obtained as a yellow liquid (2.5 g, 64%) 

Optimized protocol for the cyclization of imines into in-

doles:  

METHOD Cy-A: The pre-catalysts 3b [Pd(IPr*)(cinnamyl)Cl] 
(1.5 mg, 0.5 mol%), the imine (0.25 mmol, 1 equiv.) and NaOtBu 
(26.4 mg, 0.28 mmol, 1.1 equiv) were weighted and charged 
into a screw-cap vial equipped with a magnetic stirring bar. The 
vial was closed with a septum cap and purged with 3 va-
cuum/nitrogen cycles. Dry dioxane (2 mL) was added with a 
syringe, and the reaction was then stirred at 110°C for 4 hr. The 
vessel was then allowed to cool to rt and the reaction was 
quenched with 3 drops of water, the organic phase was filtered 
through magnesium sulfate washing with ethyl acetate. The two 
reaction duplicates were purified together via flash chromato-
graphy to afford the pure product.  

METHOD Cy-B: The precatalysts 3b [Pd(IPr*)(cinnamyl)Cl] 
(1.6 mg, 0.5 mol%), the imine (0.25 mmol, 1 equiv.) and NaOtBu 
(26.4 mg, 0.28 mmol, 1.1 equiv) were weighted in a screw-cap 
vial equipped with a magnetic stirring bar. The vial was closed 
with a septum cap and purged with 3 vacuum/nitrogen cycles. 
Dry dioxane (2 mL) was added by syringe, and the reaction was 
then stirred at 110°C for 16 hr. The vessel was then allowed to 
cool to rt and the reaction quenched with 3 drops of water, the 
organic phase was filtered through magnesium sulfate washing 
with ethyl acetate. The two reactions duplicate were purified 
together via flash chromatography to afford the desired pro-
duct.  

METHOD Cy-C: The pre-catalysts 3b [Pd(IPr*)(cinnamyl)Cl] 
(5.9 mg, 2.0%), the imine (0.25 mmol, 1 equiv.) and NaOtBu 
(26.4 mg, 0.28 mmol, 1.1 equiv) were weighted in a screw-cap 
vial equipped with a magnetic stirring bar. The vial was closed 
with a septum cap and purged with 3 vacuum/nitrogen cycles. 
Dry dioxane (2 mL) was added with a syringe, and the reaction 
was then stirred at 110°C for 24 hr. The vessel was then allowed 
to cool to rt and the reaction was quenched with 3 drops of wa-
ter, the organic phase was filtered through magnesium sulfate 
washing with ethyl acetate. The two reactions duplicate were 
purified together via flash chromatography to afford the desired 
product. 

LARGE SCALE CYCLIZATION: A flame dried 250 mL Schlenk 
flask containing a stirring bar  was charged with NaOtBu (1.15 g, 
12 mmol, 1.2 equiv.), filled with argon and then 60 mL of dry, 
degassed dioxane were added via syringe. The imine (1.95 g, 10 
mmol) was weighed into a vial and added via syringe, washing 
both vial and syringe with dioxane (2x5 mL). 

[Pd(IPr*)(cinnamyl)Cl] 3b (55 mg, 0.5 mol%) was dissolved in 5 
mL of dioxane and added to the reaction mixture with a syringe, 
washing with 5 mL dioxane. The flask was then immerged in a 
pre-heated oil bath at 110°C, stirring at 300 rpm for 24 hours. 
The reactor was then permitted to cool to rt and the reaction 
quenched with 20 mL of water and extracted with diethyl ether 
(4 x 20 mL). The combined organic layers where dried over 
MgSO4, filtered and evaporated under vacuum. The crude was 
left under high vacuum for two hours, after which time NMR 
analysis revealed the pure product  to be present (>95 %). Iso-
lated yield 1.31 g, 83%. 

 

COMPUTATIONAL DETAILS. 
Geometry optimizations and calculations of thermo-

chemical corrections. All geometry optimization were per-
formed using the PBE GGA35 functional as implemented in 
PRIRODA 13 DFT code. 36 All electron basis sets (λ1) 37 compa-
rable in quality to the correlation consistent valence double-ζ 
plus polarization (cc-PVDZ) basis sets of Dunning were used. All 
stationary geometries were characterized by analytically calcu-
lated Hessian matrix. Scalar relativistic effects (for Pd, Br) were 
taken into account via the Dyall Hamiltonian 38 The default, 
adaptively generated PRIRODA grid, corresponding to an accu-
racy of the exchange-correlation energy per atom (1×10-8 har-
tree) was decreased by a factor of 100 for more accurate evalua-
tion of the exchange-correlation energy. Default values were 
used for the Self-Consistent-Field (SCF) convergence and the 
maximum gradient for geometry optimization criterion (1×10-4 
au), whereas the maximum displacement geometry conver-
gence criterion was decreased to 0.0018 au. Translational, rota-
tional, and vibrational partition functions for thermal correc-
tions to arrive at total Gibbs free energies were computed with-
in the ideal-gas, rigid-rotor, and harmonic oscillator approxima-
tions. The temperature used in the calculations of thermochem-
ical corrections was set to 298.15 K in all the cases.  

Single-point (SP) energy evaluations. The energies were 
re-evaluated at optimized geometries by means M06 39 func-
tional as implemented in Gaussian 09 code. 40 All electron def2-
tzvpp basis sets of Ahlrichs groups were used with correspond-
ing density-fitting basis sets. 41 The default value for the SP SCF 
convergence was adopted. The “Integral (grid=ultrafine)” option 
was used for evaluation of the exchange-correlation term.  

Solvent effects. Electrostatic and non-electrostatic solvent 
effects were estimated by means of SMD 42 solvation model as 
implemented in Gaussian 09 code. The internal program values 
for 1,4-Dioxane (dielectric constant, etc.) were adopted. 
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N
H

R''

R'R (Het)

Cl

N R'

R''

R (Het)

Base

0.5-2.0 mol%

Valuable heterocyclic compounds
Straightforward and practical assembly

Easily accessible from 
commercially available 

starting materials

52-91% yield

[Pd(IPr*)(cinnamyl)Cl]
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