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Group 13 Lewis acid-mediated formation
of 5-oxazolone derivatives from tert-butyl
isocyanoacetate†

Zhou He,‡ab Shaoying Ju, ‡b Ting Chen, b Xinghua Zhang,*ab

Douglas W. Stephan *c and Yile Wu *bd

tert-Butyl isocyanoacetate 1 reacted with B(C6F5)3 to give a Lewis

acid–base adduct 2. GaCl3 and GaI3 promoted cyclization affording

the N-bound Lewis acid adducts of the cyclized product

5-oxazolone derivatives 3 and 4, resulting from isocyano insertion

into the ester C–O bond, with the loss of isobutylene. In contrast,

the reactions with InBr3 and InI3 afforded the analogous adducts of

5(4H)-oxazolone derivatives 5 and 6, without the loss of the tert-

butyl group. A proposed reaction mechanism is provided for these

reactions of 1.

Isocyanides and their derivatives are valuable synthetic inter-
mediates and are widely used in pharmaceuticals,1 materials
science,2,3 and organic synthesis.4–7 They are frequently used in
multicomponent reactions (e.g., Passerini, Ugi, Barton–Zard
and Van Leusen reactions),8–10 which exploit the acidity of
the a-C–H bonds to enable efficient cyclization or coupling
reactions.11 Additionally, isocyanides can insert into C–X (X =
halogen, C, O, S and H)12–14 or metal–carbon bonds12,15,16,
mediated or catalyzed by transition metal complexes (e.g. Pd
and base metals).

Group 13 Lewis acids have been widely exploited as reagents
or catalysts in organic synthesis,17–22 as Lewis acid activation
can induce the transformation of small molecules and func-
tional groups.23–28 For example, the Lewis acids AlCl3 and GaCl3

are known to mediate the Friedel–Crafts reactions29,30 as well

as cyclocondensations.31–33 In recent years, highly active group
13 Lewis acids such as B(C6F5)3 and Al(C6F5)3 have attracted
considerable attention.27,28,34,35 Perhaps most notably, such
Lewis acids generate ‘‘encounter complexes’’ with bulky Lewis
bases prompting frustrated Lewis pair (FLP) chemistry of a variety
of small molecules and affording new reaction types.36–41 While
these group 13 Lewis acids have been used to effect cyclization
reactions of alkynes,42–48 the corresponding reactions of isocya-
nides have not been reported. However, reactions of a phosphorus/
boron FLP with isocyanides have been reported to generate a
heterocyclic zwitterionic product of 1,1-addition of the FLP to the
terminal carbon atom (Scheme 1).49

Scheme 1 Group 13 Lewis acid-mediated isocyanide activation.
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Despite the presence of a triple bond in both alkynes and
isocyanides, the latter are strong sigma donors due to the lone
pair of electrons on the terminal carbon atom. As a conse-
quence, these species form stable adducts with Lewis acids,
although group 13 Lewis acids have been used to mediate the
insertion of isocyanide groups into heterocycles containing
C–O bonds, effecting ring expansion (Scheme 1).50–52 In the
present study, we probe the reactivity of tert-butyl isocyanoace-
tate with various group 13 Lewis acids. The findings demon-
strate that, depending on the Lewis acid used, the reaction
pathway can provide Lewis acid–base adducts, effect intra-
molecular cyclization and in some cases also induce degrada-
tion of the tert-butyl group and transfer of the hydrogen atom to
the isocyanide carbon atom, thus providing facile and unique
access to 5-oxazolone derivatives53 (Scheme 1).

Initially, density functional theory (DFT) calculations for the
molecular orbitals of tert-butyl isocyanoacetate 1 were per-
formed at the B3LYP-D3/def2-TZVP level of theory. The lone
pairs of electrons at the carbonyl oxygen atom contribute to the
highest occupied molecular orbital (HOMO) of 1, while the
HOMO�1 of 1 is mainly associated with the lone pair at the
terminal carbon atom of the isocyanide group (Fig. 1a). Inter-
estingly, computations for the corresponding interactions of
B(C6F5)3 with 1 showed that isocyanide-binding to B(C6F5)3 is
energetically favoured (�91.3 kJ mol�1) over interaction with
the carbonyl group. This may be in part attributed to the steric
hindrance between B(C6F5)3 and the tert-butyl group, but the
focused directionality of the lone pair at the terminal carbon
atom of the isocyanide group may also be important here.

To probe this experimentally, a mixture of 1 and B(C6F5)3 in
toluene solution was stirred at ambient temperature for 1 hour
(Scheme 2). This afforded a new set of 19F NMR resonances at
�132.9, �154.9 and �162.7 ppm, as well as a new singlet at
�21.2 ppm in the 11B NMR spectrum. These data are suggestive
of a tetracoordinate boron center.54 Colourless crystals of 2
suitable for X-ray diffraction (XRD) analysis were obtained from
toluene solution at �30 1C. The structural solution affirmed the
tetracoordinated nature of the boron center and the formulation

of 2 as (tBuO2CCH2NC)B(C6F5)3 (Fig. 2). The binding of the
isocyanide to boron gave a B–Cisocyano bond length of 1.613(5) Å.
This value is very close to the B–Cisocyano bond length found for the
(Ph3PNNC)B(C6F5)3 adduct,55 while the N–C bond length in 2
(1.133(4) Å) of the isocyano group is consistent with a triple bond.

In contrast, treating 1 with one equivalent of BCl3 or
BF3(OEt2) gave complex and inseparable mixtures of products.
On the other hand, a reaction with GaCl3 in a toluene solution
(Scheme 2) led to a new singlet in the 1H NMR spectrum at
6.36 ppm. The singlet at 164.80 ppm in the 13C NMR spectrum
was assigned to the carbonyl group, while no methyl reso-
nances were observed in the 1H or 13C NMR spectra. Colourless
crystals of product 3 were isolated from a toluene solution after
standing at �30 1C overnight. The molecular formulation of 3
(Fig. 3a) was crystallographically determined to be (CH2CO2-
CHN)GaCI3 featuring a five-membered 5(4H)-oxazolone ring
coordinated to a GaCl3 moiety via the N atom. This was
consistent with the degradation of the t-butyl group. The Ga–N
bond (1.978(6) Å) and three Ga–Cl bonds (2.1349(19), 2.1562(18)
and 2.158(2) Å) complete the pseudo-tetrahedral coordination
spheres of the Ga atom. The C3NO ring is nearly planar with a
C–N–C angle of 107.0(6)1. The two N–C bonds with lengths of
1.260(9) and 1.465(9) Å can be attributed to a NQC double
bond and a N–C single bond, respectively. The IR spectrum of 3

Fig. 1 (a) HOMO and HOMO�1 of 1 and (b) different coordination modes
of 1 with B(C6F5)3, each accompanied by its gas-state single-point energy.

Scheme 2 Synthesis of 2–6.

Fig. 2 POV-ray image of 2. Solvents are omitted for clarity. H: white, C:
black, F: hot pink, N: blue, O: red, and B: yellow-green.
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features a strong resonance around 1733 cm�1, which was
attributed to the carbonyl moiety.

The analogous reaction of 1 with GaI3 in a toluene solution
results in the formation of compound 4 (Scheme 2). The singlet
1H and 13C NMR spectra were similar to those observed for 3
and compound 4 also showed a strong CQO resonance peak at
1731 cm�1. Colourless crystals of 4 suitable for single-crystal
XRD analysis were obtained after storing the toluene solution at
�30 1C overnight. The molecular structure of (CH2CO2CHN)-
GaI3 4 (Fig. 3b) is similar to that of 3, with a Ga–N bond length
of 2.023(11) Å and three Ga–I bond lengths of 2.5321(18),
2.504(2) and 2.4978(19) Å.

The corresponding reaction of 1 with InBr3 (Scheme 2)
proceeded in CH2Cl2 solution at room temperature. In contrast
to the Ga products 3 and 4, a new singlet was observed at
1.57 ppm in the 1H NMR spectrum and a corresponding singlet
at 26.31 ppm in the 13C NMR spectrum. These were attributed
to a tert-butyl group in the product. The IR spectrum of product
5 showed a strong absorption peak around 1904 cm�1, again
consistent with the presence of a carbonyl fragment. Single-
crystal X-ray crystallographic analysis of 5 (Fig. 3c) confirmed
the formulation ((tBu)COC(O)CH2N)InBr3. In this case, analogous
cyclization and binding of the Lewis acid to the oxazolone ring is
observed; however, the C-tBu moiety is retained. The In–N bond
length was determined to be 2.315(4) Å.

Using InI3, the related adduct ((tBu)COC(O)CH2N)InI3 6
showed similar spectral data and its formulation was confirmed
by crystallographic data (Fig. 3d). The planar five-membered 5(4H)-
oxazolone ring was bound to InI3 with an In–N bond length of
2.280(6) Å, while the carbonyl fragment exhibited an IR absorp-
tion peak around 1901 cm�1.

The formation of these oxazolone products 2–6 is thought to
be initiated via initial coordination of 1 to the group 13 Lewis
acids (Scheme 3). The steric demands of B(C6F5)3 result in a
preference for interaction with the HOMO�1 of 1 located on

the isocyanide fragment, affording the isolation of adduct 2.
In contrast, binding of gallium and indium Lewis acids to the
HOMO on oxygen induces cyclization, with concurrent migra-
tion of the tert-butyl group to the isocyanide carbon as well as
migration of the Lewis acid to the more basic imine nitrogen
atom (Scheme 2) as in the indium derivatives 5 and 6. However,
in the Ga reactions, the resulting steric congestion between the
GaX3 and tert-butyl fragments induces degradation of the tert-
butyl group, resulting in the loss of isobutylene leaving a C–H
bond on the heterocycle providing gallium derivatives 3 and 4.
Similar degradation of tert-butyl ester fragments has been
reported for the reactions of di-tert-butyl diazodicarboxylate
with B(C6F5)3

56 or BF3.57

In conclusion, we have demonstrated the varying reactivities
of tert-butyl isocyanoacetate 1 with a series of group 13 Lewis
acids. The reaction of 1 with B(C6F5)3 gave the classic Lewis
acid–isocyanate adduct 2, while reactions employing gallium
and indium Lewis acids induced cyclizations, yielding 5(4H)-
oxazolone derivatives 3–6. It is further proposed that the steric
congestion of adjacent tert-butyl and GaX3 fragments results in
the elimination of isobutylene, affording the C–H fragments in
3 and 4. It is interesting to note that the present study
illustrates that variations of the Lewis acidity and steric proper-
ties of group 13 Lewis acid centers can be exploited in the
synthesis of 5(4H)-oxazolone derivatives. Moreover, the varia-
tion of the Lewis acids affords products that model the various
stages of the reaction pathway. We are continuing to explore the
utility of group 13 Lewis acid mediated transformation in our
effort to uncover novel strategies to heterocyclic species.

Z. H. performed the experiments. S. J. carried out the DFT
calculations. T. C. assisted Z. H. with data collection. X. Z., D. W. S.
and Y. W. prepared the manuscript and managed the project.
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Fig. 3 POV-ray images of (a) 3, (b) 4, (c) 5 and (d) 6. Solvents and disorders
are omitted for clarity. H: white, C: black, N: blue, O: red, Ga: sky blue, In:
wheat, and I: violet.

Scheme 3 Proposed reaction mechanism for the reactions of 1 with
group 13 Lewis acids.
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2015, 44, 7025–7043.
21 L. L. Liu and D. W. Stephan, Chem. Soc. Rev., 2019, 48, 3454–3463.
22 J. M. Bayne and D. W. Stephan, Chem. Soc. Rev., 2016, 45, 765–774.
23 H. Yamamoto and K. Ishihara, Acid catalysis in modern organic

synthesis, Wiley-VCH, Weinheim, 2008.
24 M. M. Alharbi, Y. van Ingen, A. Roldan, T. Kaehler and R. L. Melen,

Dalton Trans., 2023, 52, 1820–1825.
25 J. F. Kögel, A. Y. Timoshkin, A. Schröder, E. Lork and J. Beckmann,

Chem. Sci., 2018, 9, 8178–8183.
26 Y. Ma, S.-J. Lou and Z. Hou, Chem. Soc. Rev., 2021, 50, 1945–1967.

27 S. Basak, L. Winfrey, B. A. Kustiana, R. L. Melen, L. C. Morrill and
A. P. Pulis, Chem. Soc. Rev., 2021, 50, 3720–3737.

28 J. L. Carden, A. Dasgupta and R. L. Melen, Chem. Soc. Rev., 2020, 49,
1706–1725.

29 R. Sunke, S. B. Nallapati, J. S. Kumar, K. Shiva Kumar and M. Pal,
Org. Biomol. Chem., 2017, 15, 4042–4057.

30 M. K. Gupta and T. P. O’Sullivan, RSC Adv., 2013, 3, 25498–25522.
31 V. Vinayagam, S. K. Karre, S. R. Kasu, R. Srinath, H. S. Naveen Babu

Bathula and S. K. Sadhukhan, Org. Lett., 2022, 24, 6142–6147.
32 Y. Miyahara and Y. N. Ito, J. Org. Chem., 2014, 79, 6801–6807.
33 W.-C. Gao, Y.-F. Cheng, H.-H. Chang, X. Li, W.-L. Wei and P. Yang,

J. Org. Chem., 2019, 84, 4312–4317.
34 M. Hong, J. Chen and E. Y. X. Chen, Chem. Rev., 2018, 118,

10551–10616.
35 M. Oestreich, J. Hermeke and J. Mohr, Chem. Soc. Rev., 2015, 44,

2202–2220.
36 T. Mahdi and D. W. Stephan, J. Am. Chem. Soc., 2014, 136,

15809–15812.
37 D. J. Scott, M. J. Fuchter and A. E. Ashley, J. Am. Chem. Soc., 2014,

136, 15813–15816.
38 G. C. Welch, R. R. S. Juan, J. D. Masuda and D. W. Stephan, Science,

2006, 314, 1124–1126.
39 D. W. Stephan, Science, 2016, 354, aaf7229.
40 D. W. Stephan, Chem, 2020, 6, 1520–1526.
41 D. W. Stephan and G. Erker, Angew. Chem., Int. Ed., 2015, 54,

6400–6441.
42 L. C. Wilkins, J. R. Lawson, P. Wieneke, F. Rominger, A. S. K.

Hashmi, M. M. Hansmann and R. L. Melen, Chem. Eur. J., 2016,
22, 14618–14624.

43 J. Zhang and Z. Xie, Chem. Sci., 2021, 12, 1745–1749.
44 A. Ullah and G.-Q. Chen, Org. Chem. Front., 2022, 9, 4421–4425.
45 J. Cui and T. Wang, Chem. Commun., 2023, 59, 10279–10282.
46 C. Chen, M. Harhausen, R. Liedtke, K. Bussmann, A. Fukazawa,

S. Yamaguchi, J. L. Petersen, C. G. Daniliuc, R. Fröhlich, G. Kehr and
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