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Abstract: Diradical chemistry, typified by the cycloaromatiza-
tion of enediynes or enyne-allenes, have been extensively
explored due to the involved intriguing biological activity
and unique mechanistic actions. Because of the essential
Myers-Saito cycloaromatization involved in the maleimide-
assisted rearrangement and cycloaromatization (MARACA)
mechanism disclosed in our recent work, the important
object of diradical/zwitterion dichotomy and the reactivity of
thermally induced σ,π-diradicals were investigated in this
work through the combination of experimental and compu-
tational studies. Deuterium incorporation experiments dem-
onstrated that the polar product was afforded from the
MARACA strategy, in which the diradical and zwitterion

reactivities from the cycloaromatization step could both lead
to the closed-shell product via the subsequent nucleophilic
addition reaction and protonation. Using the density func-
tional theory calculations, the unusual reactivity of the
heterosymmetric diradicals to closed-shell zwitterions was
examined, and the addition of carbonyl moiety to α,3-
dehydrotoluene was allowed to occur via a nonplanar cyclic
allene transition structure with a small barrier of 9.1 kcal/mol.
The observed nonplanar geometry is essential for the
necessarily symmetry-breaking action, resulted in the contin-
uous transformation from open-shell diradical to closed-shell
zwitterion species during the addition process.

Introduction

Cycloaromatization reactions, typically exemplified by Bergman
cyclization (BC)[1] and Myers-Saito cyclization (MSC),[2] are
intriguing in the chemistry of enediynes or enyne-allenes. The
special feature of cycloaromatization for both cases lies at the
creation of one σ-bond and two radical centres with the
sacrifice of two π-bonds as a result of transforming the closed-
shell molecules into reactive diradical species.[3] The generated
reactive centres are beneficial for many perspectives in organic
synthesis,[4] drug discovery[5] and materials science.[6] For
example, the 1,4-benzene diradicals formed through BC process
under biological conditions account for a fascinating class of
naturally occurring enediyne antibiotics like Calicheamicins,[7]

Dynemicins,[8] and Esperamicins[9] with astounding bioactivity
for antitumor applications.[10] In addition, the important bio-
logical performance of another kind of natural products like
neocarzinostatin (NCS)[11] attributes to the potential of diradicals
derived from MSC of enyne-allene moiety. Besides BC and MSC,
many related reactions that transform closed-shell molecules
into diverse diradical systems continue to expand on the way,
including Schreiner-Pascal,[12] Schmittel,[13] Garratt-Braverman,[14]

Hopf,[15] and Moore[16] cyclization reactions. The promising

future of cycloaromatization theme triggering radical produc-
tion from closed-shell precursors encourages one to further
explore the curious world of diradical chemistry.

Nevertheless, the general principle where the choice
between the nonpolar and polar extremes exists every time
when a chemical bond is broken, unsurprisingly endows the
formed intermediates with the dual reactivity in the cyclo-
aromatization, behaving either in a diradical or a zwitterion
form.[3,17] Indeed, there has been emerging evidences of
extending to the formation of zwitterions beyond diradicals
when the cycloaromatization proceeds under suitable reaction
conditions, such as in the presence of Au(I) catalysts,[18]

nucleophilic solvents[19] or specific substituents.[20] Alabugin
et al. have summarized the unusual chemistry and paid special
attention to the dichotomy between diradical and zwitterionic
species.[3,17] Among these, the dichotomy of two species within
many kinds of cycloaromatizations has invoked intriguing
mechanistic discussion. For example, Myers and co-workers
originally assigned the presence of a resonance structure
between the open-shell diradical and the closed-shell zwitterion
to the formation of the corresponding radical and ionic
products, which however was disagreed by Carpenter et al.
because the mixing of two electrons is symmetry forbidden in
the heterosymmetric Myers-Saito σ,π-diradicals.[21] They further
suggested that a nonadiabatic surface crossing from the
ground-state reactant to the excited-state zwitterion intermedi-
ate occurred after the transition structure during the cyclo-
aromatization process, indicating the existence of two parallel
mechanisms in which the zwitterionic intermediate was respon-
sible for the unexpected polar products.[22]

Apart from the directly formed zwitterionic species from the
substrates, an alternative path where the nucleophilic addition
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to diradicals after the cycloaromatization step has been
manifested to be accessible to the polar products. Generally,
the ionic reactivity in neutral systems is unfavorable owing to
the involved charge separation process. As a consequence, the
case of nucleophilic addition to homosymmetric σ,σ-diradicals
derived from BC was firstly reported until 2007 by Perrin et al.[23]

Recently, Basak et al. have reported the similar studies on
nucleophilic addition reactions on several enediynes, affording
deeper understanding of the ionic chemistry of the p-benzyne
intermediate.[24] Subsequently, Winter et al. demonstrated that
the addition of nucleophiles to homosymmetric diradicals can
proceed without any symmetry restrictions or reaction barrier
according to the high-level multireference computations.[25]

Similarly, they investigated the addition process to heterosym-
metric diradicals as a representative of intermediates produced
from MSC of enyne-allenes.[26] Unlike the former case, a
nonplanar cyclic allene geometry has been illustrated during
the approach of a chloride ion to the radical center because the
intrinsic orbital symmetry is broken upon the addition process.
Thus, these theoretical results may provide an explanation of
the addition product observed in the reaction of α,3-dehydroto-
luene formed from MSC with methanol.[2a,b] Different from the
former cases in which the external nucleophiles were needed,
certain substitution could also behave like the “intramolecular
nucleophilic reagent”, inducing the switch from diradicals to
zwitterions through the orbital isomerization in a special case of
Moore cyclization.[20a]

In our early efforts of exploring the maleimide-based acyclic
enediynes with potent antitumor activity, the cycloaromatiza-
tion reactivity of enediynes was manipulated regarding to the
steric and electronic effects of substitutions in the terminal

alkyne.[27] Following this line, a new mechanism named as
maleimide-assisted rearrangement and cycloaromatization
(MARACA) to trigger the antitumor potency of enediynes was
proposed recently.[28] Moreover, the interception pathways by
intramolecular hydrogen atom transfer (HAT) with regard to
highly reactive diradicals generated through MARACA have
been uncovered,[29] which clearly indicated that the intra-
molecular HAT pathways to consume the diradical species have
posed a challenge to further boost their biological activity
unless the enediyne molecules are elaborately designed. On the
other hand, because of the involvement of the essential MSC
step in the MARACA mechanism, the dual reactivity of the
intermediates from cycloaromatization is expected to show up.
Looking back at the MARACA of enediynes such as compound
1 (Scheme 1), we reconsider the possible pathways toward the
isolated compound 2. According to the dichotomy in cyclo-
aromatization, both the reactive diradical 4A and zwitterion 4B
intermediate can be formed from the MSC of the transient
enyne-allene 3. After the specific 5-endo cyclization, the path-
ways of the H-abstraction by 5A and the protonation of 5B
both lead to the identical structure of compound 2. In principle,
it is possible for the carbon radical center in 4A to exhibit the
zwitterionic (4B) or/and electrophile (4C) character via orbital
isomerization upon the attack by the adjacent carbonyl
group.[30] Notably, the manner of 5-endo attack in 4A leading to
5A or 5B determines if the diradicals will be quenched or not.
To resolve these issues, the three modes of reactivities (4A, 4B
and 4C) accessible to generate the product 2 after MARACA
process are investigated experimentally and computationally in
this work. Of special note is that the carbonyl group within
molecule itself could behave as a “nucleophile”, resulted in the

Scheme 1. The rearrangement and cycloaromatization of maleimide-based enediyne 1 and the subsequent 5-endo attack induced orbital isomers leading to
the formation of compound 2.
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switch from diradicals to zwitterionic species. Considering the
nucleophilic addition to heterosymmetric σ,π-diradicals, the
configuration change from open-shell to closed-shell species
would be allowed unless the symmetry of the system is
broken.[31] As expected, the nonplanar cyclic allene geometry as
the transition structure is involved along the addition reaction,
in which the unimolecular addition process is similar to that of
the reaction of α,3-dehydrotoluene with an additional
nucleophile.[26]

Results and Discussion

Radical and ionic pathways toward compound 2 after
MARACA. In our previous investigation on the MARACA
mechanism,[28] the transformation of enediyne 1 into the
cyclized product 2 was not only observed after its being heated
in methanol at 37 °C but also found during the synthesis of
enediyne 1 under the Sonogashira coupling conditions
(Scheme 2). The possible reaction pathway from compound 1
to 2 has been suggested, but the key issue concerning the
determination of radical and/or ionic pathways after cyclo-
aromatization of the enyne-allene precursor 3 was not clarified.
To gain a deeper insight into this process, several control
experiments using the additives serving as the hydrogen atom
or proton donors were carried out. The compound 2 was
obtained in a moderate yield through this tandem Sonogashira
coupling/cyclization processes. The one-pot synthesis accompa-
nying with deuterated agents to be added directly into the
system was adopted with no need to isolate compound 1,
leading to the distinct products of deuterium incorporation into
compound 2 (Scheme 2). The results of the product distribution
bearing varied numbers of deuterium atoms are summarized in

Table 1, evaluated from both nuclear magnetic resonance
(NMR) and high-resolution mass spectrometry (HRMS) analysis.

When mixed additives of 10 eq CD3OD and 4 eq D2O were
applied in the one-pot reaction, significant incorporation of
deuterium at C-1 (phenylic position) and C-2 (benzylic position)
were observed from the NMR peak integration analysis (entry 1,
Table 1). As suggested in the MARACA mechanism,[28] the
incorporation of the deuterium at C-1 and the first deuterium at
C-2 could be achieved during the cascade rearrangement
processes for generating the MSC precursor 3. Therefore, the
presence of [D3]-2 (13.6%) with three deuterium atom incorpo-
ration indicated the occurrence of H-abstraction/protonation
after the cycloaromatization from deuterium atom and/or ion
donors CD3OD/D2O. In order to disclose which path dominates,
control experiments with only deuterium-ion donors (entry 2
and 3, Table 1) or only deuterium-atom donors (entry 4, Table 1)
were performed under the same condition. The use of CH3OD/
D2O or CH3OD leaded to similar deuteration distributions with
that of CD3OD/D2O. By contrast, no deuterated 2 was formed in
the case of CD3OH/H2O. The same experimental sets were
extended to (CD3)2CDOD/D2O and (CD3)2CDOH/H2O systems.
Both cases were in good accordance with the above observa-
tion that the high deuteration degree was afforded for protic
deuterated agents (entry 5, Table 1), while non-deuterated
product for the other case (entry 6, Table 1). The deuterium
incorporation experiments were also performed with pure
compound 1 to avoid the influence of other additives added for
Sonogashira reaction. After incubated in CH3OD or CD3OH at
37 °C till the complete consumption of compound 1, the
mixtures were subjected for HRMS analysis, showing similar
deuterated product distribution (Table S1). Altogether, these
results indicate that the presence of protic additives is crucial
for the deuterium incorporation into compound 2. Although
the radical relevant reactivity of deuterium abstraction from

Scheme 2. One-pot synthesis for the deuterium incorporation into compound 2 in the presence of deuterated additives.

Table 1. The deuterium incorporation into compound 2 in the presence of different additives.

NMR[b] HRMS[c]

entry Additives[a] C-1 C-2 0D 1D 2D 3D

1 CD3OD/D2O 0.32 1.06 15.0% 35.9% 35.6% 13.6%
2 CH3OD/D2O 0.33 1.08 5.8% 35.3% 52.2% 6.7%
3 CH3OD 0.39 1.24 9.0% 41.7% 43.4% 5.9%
4 CD3OH/H2O 1 2 100.0% 0 0 0
5 (CD3)2CDOD/D2O 0.31 1.03 12.5% 36.4% 40.1% 11.0%
6 (CD3)2CDOH/H2O 1 2 100.0% 0 0 0

[a] The equivalent of additives: alcohol/water (10/4). [b] The residual integration of proton signals at C-1 or C-2 position in NMR. [c] The products distribution
calculated by ESI-HRMS analysis for the mixtures.
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C@D of alcohols (entry 4 and 6, Table 1) was not detected, the
radical mode cannot be ruled out because of the shift to the
ionic path when CD3OH was used as the hydrogen donor as
observed by Myers.[2b]

The plausible pathways toward compound [D3]-2 are
described in Scheme 3, which reasonably accounts for the
varied reactivities of deuterium observed. For the case of
additives bearing polar deuterium, the base-assisted cascade
proton migration processes of enediyne compound 1 occur,
resulted in the deuterium labeled [D2]-3 (Scheme 3A). Subse-
quently, this MSC precursor undergoes cycloaromatization to
give diradical [D2]-4A and zwitterionic [D2]-4B intermediates, in
which one deuterium locates at the phenylic site while the
other at the benzylic position. Considering the failure of
deuterium incorporation into compound 2 with deuterium-
atom only donors (entry 4 and 6, Table 1), the path of
deuterium abstraction by benzylic radical to [D3]-2 should be
unfeasible (Scheme 3C). Therefore, the second benzylic deute-
rium would be only from the O@D positions of alcohols via the
possible zwitterionic species [D2]-5B (Scheme 3B). Due to the
higher reactivity imparted by phenylic reactive center compared
to the benzylic one, the key intermediate [D2]-5B is expected to
yield upon the 5-endo attack to either [D2]-4A or [D2]-4B before
the protonation of benzylic position. Indeed, it is easily
accepted that the nucleophilic addition of carbon cation by the
carbonyl group would maintain the zwitterionic reactivity, and

eventually generate the desired polar product [D3]-2 followed
by protonation and the leaving of tert-butyl cation. On the
other hand, the possibility of the nucleophilic attack to σ-radical
center intramolecularly by electron-rich carbonyl group for the
formation of [D2]-5B deserves to disclose since several cases
have demonstrated that the nucleophilic addition to diradicals
could proceed in the presence of additional halide
nucleophiles.[23,32] Together with the reported experimental and
computational evidence, although the intramolecular nucleo-
philic path exist, the α,3-dehydrotoluene derived from cyclo-
aromatization of enediynes are also likely trapped by external
nucleophiles like halides. Currently, the unusual path proposed
for the formation of [D2]-5B cannot be directly concluded from
experimental data, hence we turn to computational study for
further clarification.

Computational study. Notably, the conversion of closed-
shell enediyne compound 1 to open-shell diradical species 4A
containing cascade rearrangement and cycloaromatization
processes have been investigated by our previous computa-
tional study.[28] Herein, we mainly focused on the following
courses, especially for the evolution of diradical 4A to closed-
shell 5B along the proposed reaction path. Density functional
theory (DFT)[33] calculations were conducted in the Gaussian 09
package[34] at the UB3LYP/6-31G* level in the gas phase, in
which the structurally simplified models were used to test the
hypothesis (Figure 1). The B3LYP functional along with the

Scheme 3. Plausible pathways toward compound [D3]-2 in the presence of CD3OD or CD3OH for the sequential reaction. (A) The involved cascade
rearrangement processes starting from compound 1. (B) The MSC of enyne-allene [D2]-3 and the following 5-endo cyclization before protonation to give [D3]-
2. (C) The inaccessible path to [D3]-2 via [D2]-5A in the presence of CD3OH.
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medium 6-31 g(d) basis set is suited for the application in the
diradical systems calculations.[35] As for the addition of the
nucleophilic moiety to the diradicals, the unrestricted broken-
symmetry method with the keyword of “guess= (mix, always)”
has been employed in the calculations with the consideration
of the possible open-shell character of the electronic state for
the optimized geometries. The approach was suited for the
radical character analysis of heterosymmetric diradicals,[26] and
the resulting value of <S2> is very close to 1.0 for a pure
diradical. In addition, intrinsic reaction coordinate (IRC) calcu-
lations were performed to confirm the connection of each TS to
the minima of reactant and product. To further explore solvent
effects, IRC calculations were also conducted employing a
polarizable continuum model (PCM)[36] for toluene, tetrahydro-
furan (THF), CH3OH, and H2O.

As shown in Figure 1, the calculations reveal a low-energy-
demanding 5-endo cyclization route with a barrier of 9.1 kcal/
mol. In this case, the typical σ,π-diradical character of 4A* as
depicted from spin density distribution and the expected value
of <S2> (1.04) is indicated. However, both the optimized
structures of TS and 5B* were shown in closed-shell forms. The
energy of the triplet state for the diradical structure 4A* was
also calculated, and it is only 0.7 kcal/mol higher than that of
singlet state, thus indicating that the triplet state would not
affect the addition pathways present. Unlike the observation of
the barrierless addition to α,3-dehydrotoluene with chloride ion
in Winter’s work,[26] the Gibbs free energy barrier presented
here may arise from the creation of charge separation along the
cyclization path from the neutral system or the broken
aromaticity required (discussed below). Moreover, the place-
ment of nucleophilic and electrophilic reactivity in 5B* could be
determined from the molecular orbital calculations. For exam-
ple, the distribution of the highest occupied molecular orbital
(HOMO) indicated that the carbon atom at benzyl position has

the high reactivity with electrophile. Likewise, the nucleophilic
position is predicted in newly formed five-membered ring
moiety according to the lowest unoccupied molecular orbital
(LUMO) (Figure 2). In fact, in comparison with the typical
zwitterionic intermediate derived from MSC, the unprecedented
umpolung for the formation of benzylic anion and endocyclic
cation in maleimide-based enediyne was offered, which has
also been observed in the bromide addition product in our
previous work.[32b] We believe that the stabilization of the
endocyclic cation by adjacent heteroatoms in this case as well
as the important effect given by electron-withdrawing group
(maleimide moiety) for the benzylic anion may be responsible
for these kind of interesting polar species.

Another special interest revealed by the calculations is that
how the unimolecular addition process shifting the otherwise
open-shell diradical species to the closed-shell product is
allowed to occur without the assistance from external additives,
eventually resulting in the σ,π-mixing in 5B*. In principle, the
transformation of heterosymmetric α,3-dehydrotoluene dirad-
icals to the coupled electronic structures could be accessible via
orbital isomers when the original orbital symmetry of the

Figure 1. A computational study on the reactivity of diradical 4A*. Gibbs free energy profile (kcal/mol) calculated at UB3LYP/6-31G(d) level. Inset is the spin
density plot for the σ,π-diradical intermediates 4A*.

Figure 2. Molecular orbital plots of 5B* as determined from UB3LYP/6-31G
(d) calculations.
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system is broken,[31,37] which would involve the distorted geo-
metries along the addition reaction. Thus, the α,3-dehydroto-
luene ring planarity of the involved geometries was inves-
tigated (Figure 3). As expected, both diradical 4A* and
zwitterion 5B* displayed a near-planar geometry with measured
dihedral angle no more than 15° between the selected planes.
In contrast, the benzene ring in the TS exhibited pronounced
pucker, implying a cyclic allene character (4C*), consistent with
the reaction taking place via orbital isomer 4B*/4C* (Scheme 4).
Another two dihedral angles concerning benzene ring planes
for each structure were given in Figure S1, confirming the
highly bended structure in 4C*. On the basis of the calculation
results, we conclude that the nucleophilic addition of carbonyl
group to planar α,3-dehydrotoluene leading to the zwitterion
5B* proceeds via a closed-shell nonplanar transition state,
where 4 might also act as the electrophile apart from the
diradical and zwitterion mode of reactivity. The dual zwitter-
ionic/electrophilic reactivity likely provided the access to the
formation of compound 2.

Apart from the mentioned case of nucleophilic addition to
diradicals, the suggested alternative pathway toward 5B*
involving the cyclic-allene-like structure 4C* was indeed not
well recognized yet.[26] Especially in this case, it was promoted
by the unique intramolecular addition where the carbonyl
group within the molecule behaved as the nucleophile. As for
the significant switch from open-shell to the closed-shell
configurations, the evolution of the electronic structures and
the radical character during the addition process needs to be
paid special attention. To characterize the changing of the
diradical character along the IRC for the addition reaction, the
<S2> values were examined,and that values of approximately
1.0 can be taken as a marker for perfect diradicals.[38] Contrary
to the sharply increased <S2> values from 0.0 to 1.0 just after

the TS point in MSC (Figure 4A), a gradual and continuous
decrease of <S2> to 0.0 at TS point was shown in the 5-endo
cyclization (Figure 4B), suggesting the completely disappeared
diradical character starting from the TS in the latter case. This
evolution of the diradical character disclosed the generation of
diradical species via MSC and the subsequent interception by
nucleophilic addition to afford the closed-shell zwitterion 5B*.
Meanwhile, a description of the change in geometries along the
addition is given in Figure 4B, showing as the change from
black to red squares. As expected, the diradical reactant (4A*)
along with the zwitterion product (5B*) exhibit planar geo-
metries, but the mix of two distinct electronic states were
allowed to occur via nonplanar geometries due to the required
symmetry breaking for α,3-dehydrotoluene diradicals. Overall,
the thermally induced MSC resulted in the formation of α,3-
dehydrotoluene derivative, whose diradical reactivity likely led
to unexpected polar products via nonplanar reaction pathway.

As for the diradical/zwitterion dichotomy in α,3-dehydroto-
luene chemistry, there is increasing evidence that a marked
preference of the zwitterionic to radical pathway under polar
conditions or nucleophilic solvents, as supported by computa-
tional and experimental approaches.[19,39] But unlike the pre-
vious work, the nucleophilic addition to phenylic radical
position in this work performed as a unimolecular process,
shifting the diradical to closed-shell polar product. To explore if
the diradical/zwitterion switch was sensitive to the polarity of
environment, the <S2> values along the IRC were computed in
toluene (ɛ=2.37), THF (ɛ=7.42), methanol (ɛ=32.61) and
water (ɛ=78.35) (Figure 5). Remarkably, the diradical character
diminished gradually to 0.0 at TS point. Then, the geometries
maintained an <S2> value of 0.0 after the TS in all the tested
media, consistent with that observed in the gas phase,
exhibiting negligible change as solvent dielectric constant

Figure 3. Observed high planarity in diradical 4A* and zwitterion 5B* contrasts with the pronounced puckered geometry of TS along the reaction path shown
in Figure 1. Geometries simplified for clarification. P123 or P456 represents the plane constituted by the three adjacent atoms in benzene ring. The dihedral
angles between concerned planes for each geometry are given.

Scheme 4. A computational study on the 5-endo cyclization triggering the diradical 4A* into zwitterion 5B* via a closed-shell transition state.

Full Paper

1459Asian J. Org. Chem. 2021, 10, 1454–1462 www.AsianJOC.org © 2021 Wiley-VCH GmbH

https://doi.org/10.1002/ajoc.202100136


increased. The continuous transition from the (planar) open-
shell to (distorted) closed-shell geometry along the addition
reaction clearly displayed solvent insensitivity. In addition, there
was a small separation of charges on two radical carbon atoms
along the IRC (Figure S2), which strengthened the above point
that there was no polar electronic state involved in the present
pathway. According to this result, we believe that the intra-
molecular nucleophilic addition process starting from radical to
zwitterion product does not involve the polar electronic state,
thus showing no significant solvent polarity dependence.

Conclusion

In summary, intrigued by the newly discovered MARACA
mechanism that involved the essential cycloaromatization
reaction for the enediynes or enyne-allenes chemistry, we turn
our attention to the diradical/zwitterion dichotomy in the
cycloaromatization of maleimide-based enediynes that lead to
the corresponding radical and polar products. In the deuterium-
labelling experiment for the 5-endo cyclized H-abstraction
product, the indication of polar rather than radical product was
obtained. Although the direct D-abstraction from the C@D of

Figure 4. The <S2> value progression along the reaction coordinates from closed-shell enyne-allenes 3* to diradical product 4A* via MSC (A), and the
following 5-endo cyclization to regain the closed-shell specie 5B. The red squares are the relative energy for nonplanar geometries (B).

Figure 5. IRC plots for 5-endo cyclization of 4A* in various solvents. Relative energy (kcal/mol) and <S2> values versus reaction coordinates are plotted.
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chosen alcohol has not been detected, the radical path leading
to the identical compound cannot be firmly ruled out. The
observed ionic product was likely generated from the zwitterion
intermediate via MSC as usual. Alternatively, a unique diradical
reactivity promoted by the nucleophilic addition responsible for
the formation of polar product is proposed here. Theoretical
calculations showed that the continuous transformation from
the open-shell diradical to the closed-shell zwitterion could
proceed via a nonplanar process, in which the twisted cyclic
allene acts as the transition state. Again, the addition of
carbonyl group to the phenylic position have a small activation
barrier of 9.1 kcal/mol, and it may arise from the required
geometric distortion or charge separation. Moreover, this
process shows no significant solvent polarity dependence,
consistent with the absence of the polar electronic state during
the addition behaviour. Combination with the previous study of
MARACA, a clear description of the reactivity of α,3-dehydroto-
luene diradicals produced from cycloaromatization was pre-
sented, which will be beneficial for deeper understanding in
diradical chemistry and guide the molecular design for novel
enediyne antibiotics.

Experimental Section
General methods. Toluene and tetrahydrofuran (THF) were dried
over calcium hydride (CaH2) and distilled prior to use. Deuterated
alcohol (CD3)2CDOH was prepared from (CD3)2CDOD according to a
literature procedure.[40] Other reagents were purchased at commer-
cial grade and used without further purification. Sonogashira
coupling reactions were performed with dry Schlenk techniques
under an atmosphere of nitrogen. 1H NMR and 13C{1H} NMR spectra
were recorded on Bruker DRX-500 or DRX-600 instruments and
calibrated using residual undeuterated solvent (CDCl3: δH=
7.26 ppm, δC=77.2 ppm) as an internal reference. High resolution
mass spectra (HR-MS) were obtained on a Micromass LCTTM mass
spectrometer using the ESI method (electrospray ionization).
Reactions were monitored by thin-layer chromatography (TLC).

Typical procedure for the synthesis of tert-butyl 2-(4-(2-((tert-
butoxycarbonyl)(tert-butyl)amino)ethyl)-3-(tert-butyl)-2,5,7-trioxo-
2,3,5,7-tetrahydro-6H-oxazolo[4,5-f]isoindol-6-yl)acetate (2) from the
tandem Sonogashira coupling/cyclization reaction. 3,4-
diiodomaleimide[28] 1a (231.4 mg, 0.5 mmol), CuI (38.1 mg, 40%),
(PPh3)2PdCl2 (35.1 mg, 10%), and diisopropylethyl amine (DIPEA,
261 μL, 1.5 mmol) were successively added to dry toluene (4 mL)
under nitrogen. After that, a solution of terminal alkyne 1b
(316.6 mg, 1.5 mmol) in THF (1 mL) was added dropwise, and the
reaction system was stirred at room temperature for 24 h. After the
completion of the reaction as detected by TLC, purification of the
crude product by column chromatography on silica gel (eluent:
hexane/ethyl acetate=15 :1 ~8 :1) was conducted to afford both
enediyne compound 1 as a yellow oil (46 mg, 15%) and cyclized
product 2 as a yellow solid (34 mg, 12%). All spectroscopic data
were in agreement with that in previous work.[28]

General procedure for the synthesis of deuterium labeled 2using
different additives. Based on the procedure mentioned above for
the synthesis of compound 2, various deuterated agents were
added together with the terminal alkyne. To gain a relatively
thorough transformation from compound 1 to 2 in this cascade
reaction, the minor modification of the prolonged reaction time
(32~48 h) were adopted. After the completion of the reaction

monitored by TLC, the resulted mixture was directly purified by
column chromatography on silica gel (eluent: hexane/ethyl
acetate=8 :1) to give the product.

Additives: CD3OD (203 μL, 5 mmol) and D2O (36 μL, 2 mmol).
Isolated as a yellow solid (46 mg, 16%). 1H NMR (500 MHz, CDCl3) δ
7.46 (s, 0.32H), 4.30 (s, 2H), 3.60 (t, J=6.4 Hz, 1.06H), 3.51–3.40 (m,
2H), 1.75 (s, 9H), 1.46 (s, 9H), 1.37 (s, 9H), 1.31 (s, 9H); 13C{1H} NMR
(151 MHz, CDCl3) δ 168.2, 166.7, 166.5, 156.1, 153.5, 147.8, 136.0,
128.4, 127.1, 126.0, 103.4, 83.0, 80.1, 60.6, 55.9, 46.3, 39.9, 34.2 (t, J=
19.9 Hz), 30.2, 30.0, 28.6, 28.2; HRMS (ESI-TOF) m/z: [M+Na]+ calcd
for C30H43N3O8Na 596.2948; found 596.2937 ([D0]-2); [M+Na]+ calcd
for C30H42DN3O8Na 597.3011; found 597.3011 ([D1]-2); [M+Na]+

calcd for C30H41D2N3O8Na 598.3073; found 598.3072 ([D2]-2); [M+
Na]+ calcd for C30H40D3N3O8Na 599.3136; found 599.3107 ([D3]-2).

Additives: CH3OD (203 μL, 5 mmol) and D2O (36 μL, 2 mmol).
Isolated as a yellow solid (53 mg, 18%). 1H NMR (500 MHz, CDCl3) δ
7.46 (s, 0.33H), 4.29 (s, 2H), 3.59 (t, J=6.5 Hz, 1.08H), 3.51–3.37 (m,
2H), 1.75 (s, 9H), 1.45 (s, 9H), 1.37 (s, 9H), 1.31 (s, 9H); 13C{1H} NMR
(151 MHz, CDCl3) δ 168.2, 166.7, 166.5, 156.0, 153.4, 147.7, 136.0,
128.4, 127.1, 126.0, 103.4, 83.0, 80.1, 60.6, 55.8, 46.3, 39.9, 34.2 (t, J=
19.9 Hz), 30.2, 30.0, 28.6, 28.1; HRMS (ESI-TOF) m/z: [M+Na]+ calcd
for C30H43N3O8Na 596.2948; found 596.2963 ([D0]-2); [M+Na]+ calcd
for C30H42DN3O8Na 597.3011; found 597.3019 ([D1]-2); [M+Na]+

calcd for C30H41D2N3O8Na 598.3073; found 598.3074 ([D2]-2); [M+
Na]+ calcd for C30H40D3N3O8Na 599.3136; found 599.3123 ([D3]-2).

Additives: CH3OD (203 μL, 5 mmol). Isolated as a yellow solid
(53 mg, 18%). 1H NMR (500 MHz, CDCl3) δ 7.45 (s, 0.39H), 4.29 (s,
2H), 3.59 (t, J=6.5 Hz, 1.24H), 3.50–3.38 (m, 2H), 1.74 (s, 9H), 1.45 (s,
9H), 1.36 (s, 9H), 1.30 (s, 9H); 13C{1H} NMR (151 MHz, CDCl3) δ 168.2,
166.7, 166.5, 156.0, 153.4, 147.7, 136.0, 128.4, 127.1, 126.0, 103.4,
83.0, 80.0, 60.6, 55.8, 46.3, 39.9, 34.1 (t, J=19.9 Hz), 30.2, 30.0, 28.6,
28.1; HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C30H43N3O8Na
596.2948; found 596.2958 ([D0]-2); [M+Na]+ calcd for
C30H42DN3O8Na 597.3011; found 597.3013 ([D1]-2); [M+Na]+ calcd
for C30H41D2N3O8Na 598.3073; found 598.3072 ([D2]-2); [M+Na]+

calcd for C30H40D3N3O8Na 599.3136; found 599.3116 ([D3]-2).

Additives: CD3OH (203 μL, 5 mmol) and H2O (36 μL, 2 mmol).
Isolated as a yellow solid (32 mg, 11%). 1H NMR (600 MHz, CDCl3) δ
7.46 (s, 1H), 4.30 (s, 2H), 3.60 (t, J=6.5 Hz, 2H), 3.46 (t, J=6.5 Hz,
2H), 1.75 (s, 9H), 1.46 (s, 9H), 1.37 (s, 9H), 1.32 (s, 9H); 13C{1H} NMR
(151 MHz, CDCl3) δ 168.2, 166.7, 166.5, 156.1, 153.5, 147.8, 136.0,
128.5, 127.2, 126.1, 103.4, 83.0, 80.1, 60.6, 55.9, 46.4, 40.0, 34.2, 30.2,
30.0, 28.6, 28.2; HRMS (ESI-TOF) m/z: [M+Na]+ calcd for
C30H43N3O8Na 596.2948; found 596.2949 ([D0]-2).

Additives: (CD3)2CDOD (383 μL, 5 mmol) and D2O (36 μL, 2 mmol).
Isolated as a yellow solid (36 mg, 12%). 1H NMR (600 MHz, CDCl3) δ
7.47 (s, 0.31H), 4.30 (s, 2H), 3.60 (t, J=6.5 Hz, 1.03H), 3.50–3.41 (m,
2H), 1.75 (s, 9H), 1.46 (s, 9H), 1.38 (s, 9H), 1.32 (s, 9H); 13C{1H} NMR
(151 MHz, CDCl3) δ 168.2, 166.7, 166.5, 156.1, 153.5, 147.8, 136.1,
128.4, 127.2, 126.1, 103.4, 83.0, 80.1, 60.6, 55.9, 46.3, 40.0, 34.2 (t, J=
19.9 Hz), 30.2, 30.0, 28.6, 28.2; HRMS (ESI-TOF) m/z: [M+Na]+ calcd
for C30H43N3O8Na 596.2948; found 596.2958 ([D0]-2); [M+Na]+ calcd
for C30H42DN3O8Na 597.3011; found 597.3019 ([D1]-2); [M+Na]+

calcd for C30H41D2N3O8Na 598.3073; found 598.3074 ([D2]-2); [M+
Na]+ calcd for C30H40D3N3O8Na 599.3136; found 599.3124 ([D3]-2).

Additives: (CD3)2CDOH (383 μL, 5 mmol) and H2O (36 μL, 2 mmol).
Isolated as a yellow solid (31 mg, 11%) from the general procedure
for the synthesis of deuterium labeled [D0]-2. 1H NMR (600 MHz,
CDCl3) δ 7.47 (s, 1H), 4.30 (s, 2H), 3.60 (t, J=6.5 Hz, 2H), 3.46 (t, J=
6.5 Hz, 2H), 1.75 (s, 9H), 1.46 (s, 9H), 1.38 (s, 9H), 1.32 (s, 9H); 13C{1H}
NMR (151 MHz, CDCl3) δ 168.2, 166.7, 166.5, 156.1, 153.5, 147.8,
136.1, 128.5, 127.2, 126.1, 103.4, 83.0, 80.1, 60.7, 55.9, 46.4, 40.0,
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34.2, 30.2, 30.0, 28.6, 28.2; HRMS (ESI-TOF) m/z: [M+Na]+ calcd for
C30H43N3O8Na 596.2948; found 596.2949 ([D0]-2).
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