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The regio- and diastereoselective synthesis of oxazolidinones via a Pd-catalyzed vicinal C–N/C–Cl bond-

forming reaction from internal alkenes of allylic carbamates is reported. The oxazolidinones are obtained

in yields of 44 to 95% with high to excellent diastereoselectivities (from 6 : 1 to >20 : 1 dr) from readily

available precursors. This process is scalable, and the products are suitable for the synthesis of useful

amino alcohols. A detailed theoretical and experimental mechanistic study was carried out to describe

that the reaction proceeds through an anti-aminopalladation of the alkene followed by an oxidative C–Pd

(II) cleavage with retention of the carbon stereochemistry to yield the major diastereomer. The role of Cu

(II) in a C–Cl bond-forming mechanism step has also been proposed.

Introduction

Vicinal difunctionalizations of alkenes under oxidative palla-
dium-catalyzed conditions have emerged as a powerful tool in
synthetic organic chemistry.1 Although there are several recent
studies exploring these reactions, they are still much less
exploited than the monofunctionalizations of alkenes. This
discrepancy can be attributed to the competing β-hydride elim-
ination reaction from Pd(II)–carbon intermediates, complicat-
ing the installation of the second functional group. Strategies
to overcome this challenge include the use of appropriate oxi-
dants able to drive reductive elimination from Pd resulting in
a new adjacent functionalization.2 These difunctionalization
strategies have also been shown to occur with high diastereo-
selectivities and the stereochemical relationship between the
two added groups usually furnishes valuable structural infor-
mation for mechanistic proposals.2k,3,4 Examples of intra-

molecular alkene difunctionalizations via aminopalladation
include aminoacetoxylation,2a,5 amino-hydroxylation,6 amino-
fluorination,7 aminotrifluoro-methoxylation,8 aminoalkyla-
tion,9 aminocarbonylation,10 diamination,2d,3,11 aminobromi-
nation12 and aminochlorination12a,13 reactions. In this
context, allyl carbamates are versatile compounds with con-
siderable potential for the synthesis of valuable building
blocks through metal-catalyzed-difunctionalization reactions.

Previous works involving the aminometallation of allylic
carbamates and related compounds for the synthesis of oxazo-
lidinones, lactams, and urea, resulting in vicinal nitrogen and
chlorine groups, have been reported (Scheme 1a–c). Bach suc-
cessfully disclosed the Fe(II)-catalyzed radical aminochlorina-
tion of a series of alkenes (Scheme 1a, left).14 In 2015, Xu
described an enantioselective Fe(II)-catalyzed aminochlorina-
tion of hydroxylamine derivatives (Scheme 1a, right).15

Recently, Xu reported the CuCl2 mediated aminochlorination
reaction of allylic carbamates and related compounds
(Scheme 1b).16 Lu reported one of the first studies involving
the intramolecular aminochlorination of olefins catalyzed by
Pd(II) (Scheme 1c, left).13a Christie demonstrated the crucial
role of oxidants in combination with Pd(II) (Scheme 1c,
right),13d reporting the production of oxazolidinones from
allylic carbamates using a combination of Pd(II) and Cu(II).
When Cu(II) is absent, a formal [3,3]-sigmatropic rearrange-
ment takes place to produce allylic amides. Despite these suc-
cesses, the palladium-catalyzed difunctionalization of 1,2-di-
substituted alkenes is known to be difficult and current amino-
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chlorination methods generally suffer from limited substrate
scope, as many of the reported methods are restricted to term-
inal alkenes.

This limitation prompted us to develop a method for the
Pd-catalyzed aminochlorocyclization of allylic carbamates with
internal alkenes (Scheme 1d). We also report additional fea-
tures of this transformation, such as its scalability, its poten-
tial for further derivatization, and experimental and theoretical
mechanistic considerations.

Results and discussion
Experimental studies

As the starting point, we chose cinnamyl alcohol-derived carba-
mate 1a as a model compound,17 and it was used to optimize
the reaction conditions for the vicinal aminochlorocyclization.
The influence of the Pd source, equivalents of oxidant and
solvent nature were investigated (Table 1).

Treatment of carbamate 1a with Pd(OAc)2 (10 mol%), CuCl2
(2 equiv.), LiCl (5 equiv.), and Bu4NOAc (1 equiv.) in CH3CN at
25 °C (Table 1, entry 1) was unsuccessful. However, when the
reaction was conducted at 60 °C, the 1H NMR conversion was
74%, and the ratio between the desired oxazolidinone 2a and
decarboxylated aza-Claisen18 by-product 3a was 40 : 60 (entry
2). Increasing the amount of the oxidant (CuCl2) up to 5.0
equiv. improved the conversion to 91% and the 2a : 3a ratio to
83 : 17 (Table 1, entry 5). Furthermore, various Pd sources were
investigated, and no significantly different results were
observed, except for PdCl2(PPh3)2, which required 12 h to
reach 75% conversion and provided a 100 : 0 2a : 3a ratio
(Table 1, entry 7). We also explored the effect of various other
solvents, such as THF, toluene, CH2Cl2, hexane, MeOH and
DMSO (entries 10–15); however, CH3CN remained the most

efficient solvent (entry 9), promoting a high 2a : 3a ratio of
86 : 14.19 Control experiments20 indicated that no aminochlorocy-
clization occurred in the absence of palladium or lithium chlor-
ide. Moreover, in the absence of CuCl2, only allyl sulfonamide 3a
was formed in 87% and 40% conversion using 10 and 100 mol%
of PdCl2(CH3CN)2, respectively. The use of 1.0 equiv. of Bu4NOAc
was crucial for generating product 2a in higher yield.

Conducting the reaction in the absence of Bu4NOAc
resulted in a 66 : 33 ratio of products 2a and 3a in only 15%
conversion.20 The reaction was neither moisture- nor air-sensi-
tive, and the results were reproducible using unpurified com-
mercial solvents.

Once we identified conditions that provided satisfactory
results for the aminochlorocyclization of 1a (Table 1, entry 9),
we began to explore the reaction scope (Scheme 2). First,
various tosylcarbamates (1a–l) with terminal aryl moieties were
surveyed. Substrate 1a afforded product 2a in 65% yield with
excellent diastereoselectivity (20 : 1). Electron-donating substi-
tuents such as –OMe (1b–d) and –Me (1e) gave similar results
with slightly reduced yield and diastereoselectivities when
compared to substrate 1a. Conversely, substrates bearing
benzene rings with electron-withdrawing substituents such as
nitro (1h and 1i) offered improved yields and diastereo-
selectivities, furnishing 2h and 2i in 70% (dr >20 : 1) and 60%
(dr >20 : 1) yields, respectively.

Despite this, chlorinated substrate 1j furnished product 2j
in 60% yield and only 6 : 1 dr. Fused bicyclic 2f was obtained
in a moderate yield with excellent diastereoselectivity (>20 : 1).
Notably, a substrate bearing an α-naphthyl group afforded the
desired product (2g) in excellent yield (92%) and diastereo-

Scheme 1 Context of the work.

Table 1 Optimization of aminochlorination conditionsa

Entry Pd Solvent
CuCl2
(equiv.)

Convnb

(%) 2a : 3a c

1d Pd(OAc)2 CH3CN 2 0 —
2 Pd(OAc)2 CH3CN 2 74 40 : 60
3 Pd(OAc)2 CH3CN 3 80 87 : 13
4 Pd(OAc)2 CH3CN 4 90 83 : 17
5 Pd(OAc)2 CH3CN 5 91 83 : 17
6 Pd(TFA)2 CH3CN 5 86 83 : 17
7 PdCl2(PPh3)2 CH3CN 5 61(75)e 100 : 0
8 PdCl2 CH3CN 5 90 84 : 16
9 PdCl2(CH3CN)2 CH3CN 5 92 86 : 14
10 PdCl2(CH3CN)2 THF 5 84 81 : 19
11 PdCl2(CH3CN)2 PhCH3 5 73 77 : 23
12 PdCl2(CH3CN)2 CH2Cl2 5 71 66 : 34
13 PdCl2(CH3CN)2 Hexane 5 82 77 : 23
14 PdCl2(CH3CN)2 MeOH 5 23 100 : 0
15 PdCl2(CH3CN)2 DMSO 5 49 86 : 14

a Reaction conditions: 1a (0.2 mmol), solvent (0.1 M). b Conversion of a
mixture of 2a and 3a determined by 1H NMR spectroscopy of the crude
reaction mixtures. c Product distribution determined by 1H NMR spec-
troscopy of the crude reaction mixtures. d 25 °C, 7 h. e 12 h.
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selectivity (>20 : 1). On the other hand, furan 1k and thiophene
1l are not compatible substrates with the reaction conditions,
and only traces of the desired products were detected along
with many by-products. The formation of these by-products
could be attributed to the low stability of compounds 1k and
1l, which must be used without further purification. Moreover,
nontosyl carbamates bearing other groups on the nitrogen
atom, such as diethoxyphosphoryl or aryl (1m–q), were also
suitable for the reaction, although some of the standard reac-
tion conditions had to be altered.

In order to expand the scope to the aliphatic substituted
alkenes, we selected the derivatives (E)-1r and (Z)-1s. Only
traces of product 2r were detected by 1H NMR from terminal
propyl derivative 1r. Under the optimized methodology, (E)-1r
alkyl derivative proved to be a poor substrate for aminochloro-
cyclization and to favor formal [3,3]-sigmatropic rearrange-
ment18 which was obtained in 23% yield. The heterocycle 2s
was obtained in 60% yield from (Z)-ethyl derivative 1s.

This result is consistent to that obtained by Lu13a for the
corresponding (Z)-methyl terminal allylic tosyl-carbamate. The
relative stereochemistry of 2o was determined by comparison
of the experimental NMR data for the same compound
described by Xu and co-workers.16 The relative stereochemistry
of 2a was determined by full NMR analysis and the relative
stereochemistry of the other oxazolidinones were proposed by
analogy based on the NMR patterns of compounds 2a and 2o.
Remarkably, all ring-forming allyl alcohol derivatives 2a–s
underwent 5-exo-closure to generate one regioisomer under
the optimized conditions, which shows the excellent regio-
selectivity of the palladium-catalyzed reaction.13a,21

To test the practicality of our methodology, two reactions
on gram-scale were carried out using substrate 1a (Scheme 3).
Product 2a was obtained with results comparable to those of
the 0.2 mmol scale reactions (65% yield, dr 20 : 1). When the
reaction was conducted for 24 h using 5 mol% of
PdCl2(CH3CN)2, the isolated yield improved to 75%.

To demonstrate the synthetic utility of the present method-
ology, four reactions aiming to synthesize different amino alco-
hols were carried out (Scheme 4).22 Heating oxazolidinone 2a
under basic (KOH 0.5 M) conditions generated amino dialco-
hol 4a in 66% yield. Treating 2a with K2CO3 in MeOH afforded
amino alcohol 5a in 90% yield. Compounds 4a and 5a were
likely formed through an aziridine intermediate in a fashion
similar to that reported by Shi for an analogous transform-
ation.23 Oxazolidinone 2a was subjected to reductive con-
ditions with LiAlH4 or DIBAL-H and furnished compounds 6a
and 7a in 56% and 57% yields, respectively. The diastereo-
meric ratios of derivatives 4a, 5a and 7a were maintained at
the same level of compound 2a.

Mechanistic studies

To allow a detailed description of the Pd-catalyzed aminochlor-
ocyclization reaction, a series of experiments and theoretical
modelling was carried out. The results are presented in five
distinct sections discussing: (i) a set of initial mechanistic
hypotheses; (ii) the role of Bu4NOAc in the initial anti-AP and

Scheme 2 Scope of the reaction – variation of R1 and R2: effect on
yields and diastereomeric ratio. Reaction conditions: 1a–q (0.2 mmol),
PdCl2(CH3CN)2 (0.02 mmol), CuCl2 (1.0 mmol), LiCl (1.0 mmol),
Bu4NOAc (0.2 mmol), CH3CN (0.1 M). Yields are isolated yields (average
of three experiments). The data in parentheses are the diastereomeric
ratio (dr) determined by 1H NMR analysis of the crude reaction mixture.
a At 50 °C. b For 24 h. c Bu4NOAc (0.4 mmol). d At 80 °C. e For 5 h.
f Solvent mixture (CH3CN : THF 1 : 1). g At 25 °C. h From Z-isomer.

Scheme 3 Chloroaminocyclization on a gram-scale synthesis.

Scheme 4 Synthetic transformations of oxazolidinone 2a.
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syn-AP steps; (iii) the chlorofunctionalization step; (iv) ESI-MS/
MS real time evaluation of intermediates; and (v) the consoli-
dated mechanistic proposal.

Mechanistic hypothesis

A set of mechanistic hypotheses involving four main steps for
the investigated reaction is depicted in Scheme 5. The for-
mation of the major diastereomer of heterocycles 2 from carba-
mate 1 indicates an anti-addition relationship of the nitrogen
from the tosylcarbamate and the chloride to the alkene. This
stereochemical outcome has distinct pathways that can be trig-
gered by either an anti-aminopalladation (anti-AP) I and syn-
aminopalladation (syn-AP) V, to form the intermediates II and
VI, respectively (Scheme 5). These pathways (anti-AP and syn-
AP) were proposed originally by Henry24 and supported by
other researchers.2d,3a,25

Control experiments20 showed that in the absence of CuCl2,
only allyl sulfonamide 3a was formed via a formal [3,3]-sigma-
tropic rearrangement from carbamate 1a. The only product
was 3a even when a stoichiometric reaction with Pd(II) is
carried out, corroborating the role of CuCl2 in an oxidative
mechanism and discarding a Pd(II)/Pd(0) catalysis.
Considering the formation of the product 2e from the tri-sub-
stituted allyl carbamate 1e, we also discarded a mechanism
that could involve the formation of an intermediary through a
η3-allylaryl-Pd complex26 with dearomatization of the arene
that should be precluded by the methyl substituents at 2- and
6-phenyl positions. Thus, to incorporate the second
functionalization, the intermediates II and VI could undergo
CuCl2 insertion to form III and VII, respectively, through a het-
erobimetallic σ-Pd/Cu complex27 or a transient palladium oxi-
dation, similarly to that postulated by Henry.28 In the following
mechanism step, copper chloride would assists the chlorine
transfer from palladium to carbon, to form both major and
minor diastereomer of 2, by path a and d, respectively. In this
mechanistic model, the oxidation state of the palladium
remains +2 throughout the process. Alternative mechanisms,
which involve the oxidation of Pd(II) to Pd(IV), to form inter-
mediates IV and VIII, from intermediates II and VI, respect-
ively, can also be considered (Scheme 5) as the formation of
these Pd(IV) intermediates promoted by CuCl2 have been pro-
posed by Chemler,12a Perumal,29 Sridharan,2l Shi,30 and
others. The following functionalization step would involve the
C–Cl bond formation, that can be reached by a reductive C–Pd
(IV) cleavage with retention of the carbon stereochemistry on IV

by path a to form the major diastereomer or path d on VIII for
the minor diastereomer (Scheme 5). Moreover, the C–Cl bond
formation could also result via an SN2-type reaction at the pal-
ladated carbon of IV by path c to form the major diastereomer
or path b on VI for the minor diastereomer (Scheme 5). The
combination of these mechanistic sequences is grounded on
earlier studies developed by Muñiz,1a Stahl,1b Chemler,1c,12a

Bäckvall,1e Liu,1f,2c,j,6,13a Michael,2d,3b Sigman3c and others.

The role of Bu4NOAc

To evaluate the proposed mechanistic pathways for this trans-
formation at the molecular level, the steps depicted in
Scheme 5 (R1 = Ph and R2 = Ts) were modelled by DFT calcu-
lations at the M06-2X/Def2-TZVPP(Pd,Cu)/6-311++g(2df,2pd)
(all others)//PBE1PBE/Def2-TZVPP(Pd,Cu)/6-31g(d,p)(all others)/
SMD level in acetonitrile.31 Initially, the base Bu4NOAc was not
considered in our calculations for an anti-aminopalladation
mechanism (Fig. 1).2a,13a Carbamate 1a (model substrate) coordi-
nates to Pd(II) by dissociative substitution of one LiCl from
Li2[PdCl4] (formed in situ),32 leading to intermediate Int-A (analo-
gous to species I, Scheme 5), calculated to be 17.5 kcal mol−1 in
relation to the isolated reactants (Fig. 1). Intermediate Int-A then
undergoes anti-aminopalladation via transition state TSAB with
an energy barrier of 35.8 kcal mol−1 to form zwitterionic inter-
mediate Int-B (analogous to species II, Scheme 5) 11.3 kcal mol−1

higher in free energy than Int-A. This barrier is too high for the
aminopalladation to occur in absence of Bu4NOAc.

1g,3,4

To survey the role of Bu4NOAc and to obtain further experi-
mental mechanistic evidence of the palladium-carbamate inter-
mediate formation, titration experiments were carried out and
followed by 1H NMR (Fig. 2). The titration of a CD3CN solution of
1a with PdCl2(CH3CN)2 up to 1 : 1 equivalent did not result in
any change in the NMR signals of carbamate 1a and the resulting
mixture was used to a reference spectrum (bottom of Fig. 2) for
the following 1H NMR experiments. Conversely, the titration of a
1 : 1 mixture of 1a and PdCl2(CH3CN)2 up to an equimolar
amount of Bu4NOAc led to a gradual formation of at least two
new sets of signals that could be attributed to intermediates Int-
C and Int-G (Fig. 3) species, which the appearance of new peaks
from 6.3 to 7.0 ppm can be ascribed to the alkene entering the
coordination sphere of the palladium. This result can justify the
role of the base Bu4NOAc associated with the acidic N-tosyl-carba-
mate 1a (pKa = ca. 3.7).33

Therefore, the mechanistic proposals were reinvestigated
considering the involvement of tetrabutylammonium acetate.

Scheme 5 Mechanistic steps proposed for the amino-chloro-difunctionalization of allylic carbamates 1.
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To reduce computational cost, the experimental tetrabutyl-
ammonium ion was replaced by the smaller cationic tetra-
methylammonium (TMA) species. Inclusion of the tetra-
methylammonium acetate allowed the computational model-

ling of the competitive anti- and syn-aminopalladation steps to
form the intermediates Int-E and Int-I, respectively (Fig. 3) to
account for the experimentally observed stereochemical
outcome. The anti-AP starts with intermediate Int-C, which is

Fig. 1 Computed31 free energy profile for the neutral anti-aminopalladation step of 1a. ΔG values in kcal mol−1 in relation to the isolated reactants
(acetonitrile, 333.15 K, 1 atm).

Fig. 2 1H NMR titration experiments (300 MHz at 25 °C) of a 1 : 1 equivalent mixture of 1a and PdCl2(CH3CN)2 with gradual increasing of Bu4NOAc
concentration.
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stabilized by TMA-AcO when compared to the TMA free inter-
mediate Int-A (17.5 kcal mol−1, Fig. 1). C then proceeds
through transition state TSCD with a barrier of 5.6 kcal mol−1

to form a C–N bond via anti-aminopalladation, leading to
intermediate Int-D (−8.5 kcal mol−1). Intermediate Int-D
releases AcOH and TMA-Cl to afford intermediate Int-E
(−2.2 kcal mol−1). In the mechanism involving syn-AP (Fig. 3),
the nitrogen atom of carbamate 1a is deprotonated and then
coordinates to the palladium center of Li2PdCl4, releasing one
of the Cl− ligands to give intermediate Int-F. Intermediate Int-
F is easily converted to amidate-alkene chelate Int-G, liberating
lithium chloride. The next stage includes the formation of
metallabicyclic Int-H via TSGH for C–N bond formation. Alkene
insertion into the Pd–N bond exhibits a barrier of 10.7 kcal
mol−1. Intermediate Int-H easily undergoes cleavage of the Pd–
N bond, forming the six-membered intermediate Int-I with a
sulfuryl oxygen atom coordinated to the Pd(II) center (Fig. 3).
These results suggest that the anti-AP pathway is favored over
the syn-AP pathway (ΔG‡ 12.3 vs. 13.6 kcal mol−1). In addition,
our calculations agree with the experimental studies on
Wacker reactions developed by Bäckvall,34 Henry,35 Oxgaard
and Goddard III,36 that suggest the anti-AP is a dominant
mechanism step when the reaction is conducted at high [Cl−]
and [CuCl2] concentrations.

Chlorofunctionalization step mechanism

Once the initial species involved in the anti-AP and syn-AP
steps were established (Fig. 3), we turned our attention to cal-
culate the next mechanistic intermediates for the chlorofunc-
tionalization. We first developed a mechanistic model in
which the oxidation state of palladium remains +2 throughout
the process (Fig. 4). Thus, the first-formed σ-alkylpalladium
complex intermediates Int-E and Int-I that resulted from anti-
AP and syn-AP, undergo insertion of 2 equiv. of CuCl2 to form

exergonically the heterobimetallic Pd/Cu intermediates Int-J
and Int-L, respectively. The Pd–Cu bimetallic complex with a
bridging chloride ligand is proposed based on Hosokawa
studies.37 Next, chlorine transfer from palladium assisted by
Cu(II) occurs by forming the C–Cl bond with retention of the
carbon configuration, resulting in the palladated intermedi-
ates Int-K and Int-M. Oxidative cleavage of C–Pd bonds by
CuCl2 with retention at the carbon atom, in the presence of a
large excess of chloride ion, was also observed by Lu and co-
workers.38 The formation of intermediates Int-K and Int-M
occurs via cyclic transition states TSJK and TSLM, requiring an
activation free energy of only 3.3 kcal mol−1 and 0.7 kcal
mol−1, respectively (Fig. 4), in a similar model described by
Liu and co-workers2c,j and others. The last step involves the
dissociative substitution of a coordinated sulfonyl oxygen on
palladium of intermediates Int-K and Int-M by lithium chlor-
ide, which regenerates the catalyst releasing major and minor
diastereomers of 2a, respectively.

According to the proposed mechanistic pathways in
Scheme 5, an alternative step includes the oxidation of Int-E
(formed by anti-AP mechanism, Fig. 3) to give alkyl Pd(IV) inter-
mediate Int-N in the presence of the CuCl2 which is computa-
tionally viable (Fig. 5). Although the oxidation of C–Pd(II) to C–
Pd(IV) intermediates promoted by Cu(II) salts has been
suggested by other authors, there is still a lack of clear evi-
dence to support this hypothesis.

Nevertheless, this proposal cannot be completely discarded.
It should be noted that other oxidizing systems, such as H2O2/
LiCl,2c H2O2/CaCl2,

2j could follow this mechanism proposal. A
direct reductive elimination from Pd(IV)-intermediate Int-N
could occur via TSNO, forming the C–Cl bond with retention of
the carbon configuration. Finally, the main diastereomer of 2a
is formed by dissociative substitution of a coordinated sulfonyl
oxygen on palladium by lithium chloride, which regenerates

Fig. 3 Computed31 free energy profile for the anti-AP vs. syn-AP step of 1a. ΔG values in kcal mol−1 (acetonitrile, 333.15 K, 1 atm).
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Fig. 4 Computed31 free energy profiles for the C–Pd reductive elimination step assisted by CuCl2 to the formation of 2a (both major and minor dia-
stereomers). ΔG values in kcal mol−1 (acetonitrile, 333.15 K, 1 atm).

Fig. 5 Computed31 free energy profiles for the C–PdIV oxidation followed by reductive elimination step vs. anti-SN2-type chlorination–depallada-
tion process to the formation of 2a (both major and minor diastereomers). ΔG values in kcal mol−1 (acetonitrile, 333.15 K, 1 atm).
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the catalyst. The intermediate Int-N could also be subject to an
anti-SN2-type chlorination-depalladation process due to the
large excess of lithium chloride. Next, intermediate Int-Q is
formed in a low TSPQ barrier energy ΔG‡ 1.8 kcal mol−1, result-
ing in the minor diastereomer of 2a by regenerating de palla-
dium catalyst.

We also computationally investigated the formation of both
diastereomers of 2a from intermediate Int-I (formed through
syn-AP path, see Fig. 3). Similar to formation of Int-N, inter-
mediate Int-I is oxidized by CuCl2 to give octahedral Pd(IV)
complex Int-R (Fig. 5). Intermediate Int-R can also follow by:
(i) direct formation of intermediate Int-S by reductive elimin-
ation from Pd(IV)-center via TSRS, forming the C–Cl bond with
retention of the carbon configuration; or (ii) by association
with lithium chloride intermediate Int-T, stabilized by Li–π
interactions,39 followed by an anti-SN2-type chlorination-depal-
ladation process to form intermediate Int-U, with both path-
ways depicting low energy barrier for TSRS and TSTU (Fig. 5).
The latter step leads to concomitant depalladation of inter-
mediates Int-S and Int-U and regenerates the palladium cata-
lyst. In this way, we present an alternative mechanism that is
energetically feasible for the formation of both diastereomers
of 2a obtained experimentally.

As described above, in addition to the regioselective for-
mation of 5-membered rings, decarboxylative [3,3]-sigmatropic
rearrangement by-products were also obtained. Previous
studies have shown that allylic carbamates are excellent sub-
strates for formal decarboxylative [3,3]-sigmatropic rearrange-
ment palladium-catalyzed reactions.13d,18b–c,40 The allylic
amines obtained through [3,3]-sigmatropic rearrangement
could justify the non-formation of a vicinal amino-chloro

6-membered ring. Based on the mechanism proposal to decar-
boxylative [3,3]-sigmatropic rearrangement of allylic carba-
mates described by Peters and collaborators,18b–c and mechan-
istic studies developed by Overman and collaborators41 for
allylic imidates, we calculated a pathway for the formation of
allylic amine 3a starting from a key-intermediate Int-C gener-
ated by anti-AP, which is a common intermediate for the 5-
endo-closure (Fig. 6).

The intermediate Int-C is also subject to 6-endo-closure for
the subsequent C–N bond formation that provides the cyclic σ-
C–Pd bonded intermediate Int-V. This step occurs through
endergonic transition state TSCV, which ΔΔG‡ is 1.8 kcal mol−1

higher in energy than TSCD responsible for 5-endo-closure via
anti-AP (Fig. 6). In TSCV transition structure, the formed cycle
is in an envelope conformation with both palladium and
phenyl ring substituents in pseudoequatorial positions.
Intermediate Int-V undergoes ring-opening β-elimination
along with decarboxylation to produce the amidate Int-X that
after protonation and decomplexation furnish the allylic
amine 3a and regenerate the ammonium salt, lithium chloride
and palladium(II) catalyst (Fig. 6).

Real time evaluation of intermediates

Mass spectrometric monitoring was performed with a Waters
Acquity Triple Quadrupole Detector (TQD), in order to gain
deeper insights about the mechanism of the amino-chloro-
difunctionalization of allylic carbamates and unravel reaction
intermediates, we evaluated the reaction mixture by direct
injection ESI-MS/MS of the 1a cyclization reaction media
mediated by PdCl2(CH3CN)2 for the formation of 2a, as sum-
marized in Fig. 7.42–44

Fig. 6 Computed31 free energy profiles for the decarboxylative formal [3,3]-rearrangement to the formation of 3a. ΔG values in kcal mol−1 in
relation to the isolated reactants (acetonitrile, 333.15 K, 1 atm).
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These results (Fig. 7 – left) show a simplified catalytic cycle
based on the theoretical description reported above, highlight-
ing the species proposed to take part in the mechanism as

derived by the observed ions identified by mass spectrometry.
The first step in the process is the coordination of carbamate
1a, observed as the ion with m/z 330 in negative mode ESI,

Scheme 6 Competitive catalytic cycles proposed for amino-chloro-difunctionalization of 1a.

Fig. 7 Left – Simplified mechanism of 2a formation from 1a in presence of carbamate (1a, 0.02 mol L−1, 1.0 mL) PdCl2(CH3CN)2 (5.0 mol%), CuCl2
(30 µmol L−1, 1.0 mL) and LiCl (0.07 mol L−1, 1.0 mL), Bu4NOAc (20 nmol L−1, 1.0 mL) in CH3CN at 70 °C. Species highlighted in blue were observed
by negative mode ESI-MS2 (see text and ESI‡ for fragmentation patterns). Right – Evolution of ion intensity vs. reaction time. Dotted vertical lines
indicate the time each component was added to the reaction media.
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with the PdCl2 to form either the species Int-C (anti-AP) or Int-
F (syn-AP), as reported in Fig. 3. Upon the addition of
PdCl2(CH3CN)2 (Fig. 7 right), one can observe the immediate
detection of [PdCl3]

−, a reporter ion for the PdCl2 complex,
and formation of the species with m/z 544, assigned to the
species Int-C′/Int-F′ confirmed by MS2 as well as the other ions
reported, that may be correlated to the Int-C/Int-F species
(Fig. 3), and to the isomer Int-D′/Int-H′, formed upon cycliza-
tion. It is also possible to observe the start of a slow formation
of an ion with m/z 508, assigned to the species Int-E′/Int-I′, cor-
related with the initial species Int-E/Int-I of the chlorofunctio-
nalization step.

Subsequent additions of Bu4NOAc and CuCl2 showed no
significant change in the ion intensities, except for a small
increment in the [PdCl3]

− intensity caused by the Cl− addition
to the system at 6 min (Fig. 7 right). The ion intensities
responded only after the addition of LiCl. Nevertheless,
control experiments showed that the reaction would only
proceed if Bu4NOAc and CuCl2 were present in the reaction
media before LiCl was added. The most significant change
observed, besides the increase of [PdCl3]

− signal, was the slow
decay of the intermediate Int-E′/Int-I′ with m/z 508 and a com-
patible formation of the product 2a, observed by the reporter
ion 2a′ with m/z 366 (Fig. 7 – left). The LiCl addition also
increased the deprotonated carbamate as the high chloride
concentration may facilitate the formation of deprotonated
carbamate.45

Consolidated mechanistic proposal

Based on our findings, Scheme 6 shows the overall proposed
competitive catalytic cycles for the formation of 2a (both major
and minor diastereomer). These catalytic cycles suggest the
two possible pathways for the aminopalladation, in which the
anti-AP approach is responsible for the formation of major dia-
stereomer and the syn-AP for the minor diastereomer, in agree-
ment with theoretical and experimental results.
Complementary, Cu(II) assists the installation of the second
functionalization in which the carbon configuration is pre-
served, and the oxidation state of palladium remains in +2
throughout the process.

Conclusion

We have demonstrated the ability of simple Pd(II)-complexes to
catalyze the vicinal diheterofunctionalization of internal
alkenes, affording Csp3–N and Csp3–Cl bonds not typically gen-
erated by palladium-catalyzed processes. This cyclization reac-
tion allows the rapid synthesis of a series of oxazolidinones in
moderate to good yields with high to excellent diastereo-
selectivities from readily available precursors. The reaction is
effective on a gram scale and was further applied to the syn-
thesis of useful amino alcohols. We present in details a viable
competitive mechanistic pathway for the formation of both
diastereomers of the aminochlorocyclization supported by
theoretical and experimental results. Our findings suggest

the anti-aminopalladation mechanism followed by oxidative
C–Pd(II) cleavage assisted by Cu(II) with retention of the carbon
stereochemistry. Explorations toward an asymmetric variant of
this transformation are currently underway in our laboratory.
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