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Abstract
Herein we report the confirmation of N-debenzisothiazole-lurasidone as a lurasidone degradation product associated with postmortem toxicology 
casework. Confirmation was realized by unambiguous synthesis and comparison of its LC–MS/MS properties to the lurasidone degradation product 
in postmortem blood using liquid chromatography quadrupole-time-of-flight mass spectrometry (LC–QTOF/MS). The mechanism of formation of 
this degradant in blood is proposed to be primarily enzymatic, given it has only been previously presumptively reported in one in vitro stability 
study following oxidative stress conditions. It has not been reported in other in vivo pharmacokinetic and in vitro stability studies assessing lur-
asidone stability toward acid, alkali, oxidation, photolysis, and heat. The detection of N-debenzisothiazole-lurasidone in postmortem casework 
indicates that, where possible, it should be included in toxicology screening methods targeting psychoactive compounds. Until such time that a 
commercially available reference standard of N-debenzisothiazole-lurasidone is available, the comprehensive accurate mass and mass spectral 
data of N-debenzisothiazole-lurasidone that are now available enable its inclusion as a “suspect target” in high-resolution MS screening methods.

Introduction
Lurasidone (1, Fig. 1) is an antipsychotic indicated for treating 
schizophrenia and bipolar depression as either monotherapy 
or an adjuvant [1–5]. It has been available clinically since 2010 
[6]. The most common adverse side effects associated with 
lurasidone use are akathisia and extrapyramidal symptoms 
[7–10]. Lurasidone administration is contraindicated in con-
junction with strong CYP3A4 inhibitors and inducers [1], and 
case reports have indicated that co-administration with 
CYP3A4 inhibitors such as fluoxetine and atazanavir may slow 
lurasidone metabolism and increase its effective dose [11, 12]. 
US poison center data and the scarcity of case reports regarding 
lurasidone toxicity indicate that lurasidone may be relatively 
safe in overdose [13–16]. In one case of acute toxicity, ingestion 
of 1360 mg of lurasidone, a dose 8.5 times greater than an 
indicated 160 mg dose [1], in combination with 5 mg clonaze-
pam only required fluids as supportive treatment [17]. Never-
theless, potentially life-threatening side effects such as 
neuroleptic malignant syndrome and neutropenia have been 
associated with its use [18–21].

Irrespective of the seemingly low risk of toxicity associated 
with lurasidone use, determining its presence in death investi-
gations may be relevant for establishing medication adherence, 
cause of death or the circumstances surrounding the cause 
of death.

The postmortem proliferation of microorganisms through-
out the human body may lead to the decomposition of both 
biological matrices collected for analysis, such as blood, and 
some drugs and poisons therein [22]. This putrefaction may 
greatly hinder analyses, as toxicology screening methods chiefly 
rely on targeting known drugs, metabolites, or degradation 

products. Therefore, in order to effectively screen for the pres-
ence of drugs and poisons in postmortem specimens, it is nec-
essary to understand their stability in these specimens, and, if 
required, include degradation products arising from microbial 
activity in screening methods that can serve as marker com-
pounds of parent-drug administration.

For this purpose, our research group investigated the stability 
of lurasidone and found it degraded to yield a major, unknown 
degradation product in unpreserved ante-mortem whole blood 
inoculated with human fecal microbiota transplant material 
incubated at 37°C or stored at ambient temperature [23]. This 
source of microorganisms was chosen as an inoculant it con-
tains species present in the gastrointestinal tract that may pro-
liferate and translocate throughout the body after death. The 
use of postmortem material as a source of microorganisms was 
not practical due to local laws. Significant degradation was not 
observed in preserved specimens or non-inoculated controls, 
or in specimens stored at −20 and 4 °C, indicating a microbially 
mediated mechanism of degradation may be responsible [23]. 
Using liquid chromatography quadrupole-time-of-flight mass 
spectrometry (LC–QTOF/MS), the major degradation product 
detected in these in vitro experiments was confirmed to be 
present in authentic postmortem toxicology casework [24]; 
therefore, identification of the degradation product was war-
ranted. On the basis of accurate mass data, mass fragmentation 
data, and data from acetylation experiments, its identity was 
proposed to be (3aR, 4S, 7R, 7aS)-2-(((1R, 2R)-2-(piperazin-1-yl-
methyl)cyclohexyl)methyl)hexahydro-1H-4,7-methanoisoindol
e-1,3(2H)-dione, 2, Fig. 2, abbreviated to ND-LURA [24]. This 
proposition was further supported by consideration of the 
related antipsychotics risperidone and paliperidone, whose 
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1,2-benzisoxasole moiety is isosterically similar to the 
1,2-benzisothiazole moiety present in lurasidone; both risper-
idone and paliperidone are known to be unstable in postmor-
tem blood [25, 26]. Recently, ND-LURA has also been 

tentatively identified using LC–QTOF/MS as a degradation 
product of lurasidone under oxidative conditions (3% H2O2, 
60°C, 3 hours) [27]. This is in contrast to an earlier study where 
ND-LURA was not reported following forced degradation of 

Figure 1.  Molecular structures for Lurasidone, compound 1, exo-4-aza-tricyclo[5.2.1.0*2,6*]decane-3,5-dione (exo-ATTD top right) and tert-butyl 
piperazine-1-carboxylate (BOC-piperazine, bottom right).

Figure 2.  Overview for the synthesis of ND-LURA, compound 2.
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lurasidone using oxidative conditions for 24 hours at room 
temperature [28].

As a commercial reference standard for ND-LURA was not 
available to enable conclusive confirmation of its presence in 
in vitro experiments and postmortem blood samples, its syn-
thesis was required. Here we report the synthesis of ND-LURA 
and its confirmation as a major degradation product of 
lurasidone.

Experimental, synthesis overview
In order to determine whether ND-LURA is a microbial metab-
olite of lurasidone, its synthesis was attempted using a 7-step 
pathway (Fig. 2) that was based on the procedures described 
by Ganesh et al. [29], Ae and Fujiwara [30] and Mishra et al. 
[31] for the synthesis of lurasidone. Ganesh’s method, which 
commences with the readily available starting material 
1,2-cyclohexanedicarboxylic anhydride compound 3, was fol-
lowed closely for the synthesis of the cis-diester compound 4 
and its epimerization into a mixture of diesters compound 5 
and compound 4 (in the ratio of approximately 10:1, respec-
tively). In subsequent synthetic steps that made use of the 
diester, 10:1 mixture of epimers were obtained. Part-way 
through the research described here it became possible to 
purchase the diol compound 6 in high epimeric purity; this 
commercial product was used for the synthesis of the dimesylate 
compound 7 and subsequent products contained only trans 
isomers.

The trans-cyclohexyl moiety in lurasidone has two chiral 
centres (analogous to those marked with asterisks in compound 
5 in Fig. 2) and as lurasidone is sold as a single enantiomer, a 
resolution step is required in its manufacture. This can be con-
veniently accomplished via hydrolysis of the diester compound 
5 into its diacid salt, which is then resolved using an appropri-
ate optically active amine. However, in regard to the synthesis 
of ND-LURA for the purpose of identifying whether it is the 
microbial degradation product detected in our studies, an enan-
tioselective synthetic sequence is not required as our routine 
toxicological analytical technique (LC–MS/MS) is not enanti-
oselective. Therefore, synthesis was carried out using the meth-
ods based on those described by Ganesh et al. [29] with some 
modifications based on the work of Ae and Fujiwara [30] and 
Mishra et al. [31] but resolution of starting materials was not 
involved.

Published syntheses of lurasidone involve the treatment of 
dimesylate compound 7 with the nucleophile 3-(1-piperazinyl
)-1,2-benzisothiazole to form a quarternary ammonium salt 
that is in turn treated with another nucleophile, exo-4
-aza-tricyclo[5.2.1.0*2,6*]decane-3,5-dione (abbreviated to 
exo-ATTD), in order to achieve the final product. However, as 
the benzisothiazole moiety is absent in ND-LURA, in theory 
all that is required for the synthesis of ND-LURA is to treat 
compound 8 (which is analogous to the quaternary ammonium 
salt referred to above for the synthesis of lurasidone) with pip-
erazine. Whilst the use of piperazine was successful, in the end 
it was decided to use tert-butyl piperazine-1-carboxylate 
(t-BOC-piperazine) rather than piperazine because the latter 
might react at both nitrogen atoms, thus forming an unwanted 
dimer and reducing overall yield of the desired product. Reac-
tion between compound 8 and exo-ATTD and subsequent 
hydrolysis of the product, compound 9, using phosphoric acid 
(84%) afforded a product identified as ND-LURA. As well as 

ND-LURA, compound 8 and compound 9 have not been 
described fully in literature hitherto; consequently, full descrip-
tions of the synthetic procedures used and detailed NMR and 
MS data for compound 8, compound 9 as well as ND-LURA 
are presented here in the Supplementary Information section.

Results and discussion
Lurasidone is sold as a single enantiomer (i.e. (3aR, 4S, 7R, 
7aS)-2-{(1R, 2R)-2-[4-(1,2-benzisothiazol-3-ylpiperazin- 
1-ylmethyl]cyclohexylmethyl} hexahydro-4,7-methano-2H- 
isoindole-1,3-dione) and as a consequence ND-LURA pro-
duced in vivo is also likely to be formed as a single enantiomer 
(i.e. (3aR, 4S, 7R, 7aS)-2-{(1R, 2R)-2-[piperazin-1-ylmethyl]
cyclohexylmethyl}hexahydro-1H-4,7-methano-2H-isoindole-
1,3-dione)). As indicated above, a resolution step was not 
included in the synthesis carried out for the research described 
here, and therefore the ND-LURA produced would be a mix-
ture of 1R, 2R and 1S, 2S enantiomers. This is not a significant 
limitation; however, as analytical techniques applied here, pre-
viously [23, 24] and in the majority of forensic toxicology 
laboratories would not be capable of resolving analytically the 
2 isomers of ND-LURA. Compounds 4, 5, 6, and 7 were 
synthesized using literature methods and the identity of these 
synthesis products could be verified by comparison of NMR 
spectral data with published data.

However, the synthesis objective (i.e. ND-LURA) and com-
pounds 8 and 9 were novel and the structures of these products 
required appropriate characterization and confirmation. 
High-resolution MS showed that the putative ND-LURA prod-
uct had a monoisotopic mass of 360.2633, which was 3.6 ppm 
from the calculated monoisotopic mass (360.2646). Although 
four other compounds have monoisotopic masses within 5 ppm 
of 360.2633 (i.e. C19H32N6O, C18H36N2O5, C17H30N9, 
C4H28N18O2), none of these could be rational products arising 
from the starting materials and synthetic methods used. It has 
been determined [27, 32, 33] that lurasidone is prone to decom-
position under either basic, photolytic, or oxidative conditions 
and as a result there is the possibility that ND-LURA may also 
be susceptible under these conditions. However, ND-LURA 
degradation products analogous to those reported for lurasi-
done would not display a [M + H]+ peak at m/z 360.2633. 
Additionally, the photolytic rearrangement takes place at the 
benzisothiazole moiety of lurasidone and therefore is not a 
concern in the synthesis of ND-LURA.

The assignment of structure to the final product of the syn-
thetic sequence (i.e. ND-LURA) relied heavily upon its NMR 
spectral data, especially in comparison with data obtained from 
lurasidone (extracted from Latuda tablets, see Figure S21, Sup-
plementary Information), data published by Silvermann [34] 
(who carried out synthesis of partially deuterated lurasidone) 
and NMR data (see Supplementary Information Figures 
S1–S20 and Table 1) acquired from starting materials during 
the course of the synthetic work. In addition, NMR spectral 
data for lurasidone are also provided by Wang et al. [34], 
Gamboa-Arancibia [35] and Siddig [27]. However, data from 
the former were collected using lurasidone HCl salt and those 
provided by the latter two were collected using DMSO as sol-
vent. The data by Gamboa-Arancibia [35] and Siddig [27] were 
not used for structural assignment here, but the 13C assignments 
from Wang et al. [34] were particularly valuable, as were chem-
ical shifts for the cyclohexyl protons relative to one another 
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rather than in an absolute sense due to the perturbing influence 
of the protonated nitrogen atom.

A sample of synthesized ND-LURA was analyzed using 
LC–QTOF/MS (analytical conditions used are described in 
Supplementary Information and reference [36]) contempora-
neously with an in vitro experimental LURA degradation sam-
ple containing the compound proposed to be ND-LURA, which 
has previously been detected in two postmortem blood samples 
[24]. The precursor mass (measured m/z [M + H]+ = 360.2647, 
0.28 ppm to theoretical) MS/MS spectra (see Supplementary 
Information) and retention time data (see Supplementary Infor-
mation) for synthesized ND-LURA were in agreement with 
those observed for the degradation product (retention time 
difference 0.031 mins, measured m/z [M + H]+ = 360.2644, 
−0.56 ppm) and products detected in the two postmortem 
blood samples.

Thus, the identity of the major postmortem lurasidone deg-
radation product was confirmed to be ND-LURA, making this 
report the first time this compound has been definitively 
reported in literature.

With the high-resolution MS results presented here and ear-
lier [24], ND-LURA can now be included in toxicology screen-
ing methods to indicate cases where lurasidone quantitation 
may be unreliable or those cases where the parent drug has 
completely degraded.

Conclusion
ND-LURA was unambiguously synthesized and characterized 
by nuclear magnetic resonance (NMR) spectroscopy and 
high-resolution MS. Through LC–QTOF/MS, ND-LURA was 

confirmed to be the major degradation product of lurasidone 
previously reported in in vitro degradation experiments and 
postmortem toxicology casework. Although ND-LURA is not 
available as a commercial reference standard, comprehensive 
accurate mass and mass spectral data are now available to 
enable its inclusion in high-resolution MS screening methods.
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