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A B S T R A C T   

Tucatinib is a selective human epidermal growth factor receptor 2 (HER2) tyrosine kinase inhibitor approved by 
the U.S. Food and Drug Administration (FDA) in April 2020 for HER2-positive lesions in metastatic breast cancer 
patients, including CNS metastases. In this article, we attempted to develop the first small molecule, blood–brain- 
barrier (BBB) penetrant HER2 PET imaging probe based on tucatinib. [11C]tucatinib was synthesized via a Stille- 
coupling from the respective trimethylstannyl precursor and its biodistribution was evaluated in NMRI nude 
mice bearing HER2-overexpressing human ovarian cancer cells (SKOV-3). No significant tumor accumulation 
was observed despite its high affinity for HER-2 receptors (IC50 = 6.9 nM). High liver and intestinal uptake 
indicate that [11C]tucatinib is too lipophilic to be used as a tumor targeting PET tracer. Therefore, chemical 
modifications of [11C]tucatinib are needed to increase the polarity for tumor imaging. Tucatinib as an FDA 
approved drug is still an interesting platform to develop the first small molecule HER2-selective PET tracer. The 
study highlights the differences between a drug, which needs to be effective, and an imaging agent, which is 
dependent on contrast.   

With over 2.2 million diagnoses and>680,000 deaths in 2020, breast 
cancer is one of the most common cancers.1 In 25 – 30 % of breast 
cancers, human epidermal growth factor receptor-2 (HER2), a 185 kDa 
glycoprotein and member of the ErbB receptor tyrosine kinase family, is 
overexpressed, correlating with the pathogenesis and a reduced overall 
survival.2,3 Beyond, brain metastases are diagnosed in 25–50 % of 
HER2-positive metastatic breast cancer patients, especially, in those 
who have previously received trastuzumab-based therapies, making the 
brain a sanctuary site for the cancer.4–8 

Tucatinib (Figure 1, 1) is a tyrosine kinase inhibitor approved by the 
FDA in April 2020 for the treatment of adult patients with advanced 
unresectable or metastatic HER2-positive breast cancer, including pa-
tients with brain metastases, who have received one or more prior anti- 
HER2-based regimens9. In a kinase assay, tucatinib demonstrated both 
high affinity and selectivity with an IC50 of 6.9 nM for HER2, while 

targeting EGFR and HER4 with lowered IC50 values of 449 nM and 310 
nM, respectively.10 Its approval by the FDA in April 2020 was based on 
the HER2CLIMB phase III trial, in which the administration of tucatinib 
resulted in an improved progression free survival (PFS) not only in the 
whole test cohort, but also of patients bearing HER2-positive brain 
metastases.11 

HER2 expression levels in breast cancers are usually monitored by 
invasive techniques, such as Fluorescence in Situ Hybridization (FISH) 
and immunohistochemistry. More recently, non-invasive techniques 
based on positron emission tomography (PET) have been developed 
using radiolabeled monoclonal antibodies (mAbs), such as 89Zr-trastu-
zumab.12 Despite great advancements in the development of radio-
labeled trastuzumab and in its use for HER2-targeted PET imaging,13,14 

the unfavorable pharmacokinetics of mAbs limit the use of short-lived 
radionuclides such as carbon-11 (11C) or fluorine-18 (18F). These 
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Figure 1. Comparison of previously developed HER2-PET tracers and [11C]tucatinib.  

Scheme 1. Synthesis of tucatinib (1) 
and its halogen derivatives (17, 18). 
Reactions and conditions: Synthesis I: a) 
DMF-DMA, EtOH, 100 ◦C, 3 h; b) HSA, 
pyridine, MeOH, 80 ◦C, 5 h; c) pyr-
idinium chloride, 170 ◦C, 4 h; d) for 5: 2- 
fluoro-5-nitrotoluene, Cs2CO3, NMP, 
120 ◦C, 2 h; for 6: 3-bromo-4-fluoroni-
trobenzene, DIPEA, NMP, 150 ◦C. 1 h; 
for 7: 3-iodo-4-fluronitrobenzene, 
Cs2CO3, NMP, 120 ◦C, 20 min; e) Fe0, 
HCl, MeOH, 55 – 70 ◦C; 3 – 4 h; Syn-
thesis II: f) DMF-DMA, 90 ◦C, 1.5 h; g) 
10 % Pd/C, H2, MeOH, 35 ◦C, 5 h; h) i: 
TCDI, THF, − 5 ◦C, 40 min, ii: 2-amino-2- 
methylpropanol, THF, RT, 1.5 h; i) 
8–10, AcOH, EtOAc, 40 ◦C, overnight – 
2d; j) pTsCl, NaOH, THF, RT, 1 – 4 d.   
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radionuclides are considered most optimal for clinical research and 
applications,15,16 and their coupling to aromatics has been previously 
extensively studied and implemented into our radiolabeling 
routine.17–20 

In this work, we report the synthesis and the in vivo evaluation of the 
first PET tracer based on tucatinib (Figure 1). 

Pd-mediated cross-couplings of [11C]methyliodide with organo-
stannanes and organoboranes showed promising advancements over the 
past decades since its first development by Andersson et al.21 For this 
reason, we decided to obtain [11C]tucatinib ([11C]1) from either the 
corresponding organoborane (19) or the organostanne (20) precursors. 
The synthesis of these molecules and the reference 1 was achieved 

following previously published synthetic procedures and it is reported in 
Scheme 1 and 2 22–24. Intermediate 4 was obtained in two steps ac-
cording to the procedure from Li et al.23 2-Amino-4-methoxypyridine 
was reacted with N,N-dimethylformamide dimethyl acetal (DMF- 
DMA) to give 2 with a quantitative yield (Scheme 1). This step was 
followed by a cyclization using hydroxylamine-O-sulfonic acid (HSA) 
and pyridine yielding 37 % of 3 (Scheme 1). The demethylation of 3 with 
pyridinium chloride afforded 85 % of 4 (Scheme 1). The latter was 
reacted with 2-fluoro-5-nitrotoluene, 3-bromo-4-fluoro-nitrobenzene, 
and 3-iodo-4‑nitrobenzene to give 5 – 7 (Scheme 1). Without further 
purification, these intermediates were then reduced with iron (Fe0) and 
hydrochloric acid (HCl) to afford the corresponding aniline derivatives 8 

Scheme 2. Synthesis of the 19 and 20. Reaction and conditions: a) B2pin2, Pd(dppf)Cl2, KOAc, 110 ◦C, overnight; b) from 17: Me6Sn2, Pd(OAc)2, meCgPPh, 80 – 
100 ◦C, 2 d; from 18: Me6Sn2, Pd(OAc)2, meCgPPh, 80 ◦C, 2 h. 

Figure 2. Radiosynthesis of [11C]-tucatinib ([11C]-1). A. Reactions and conditions: [11C]CH3I, Pd2(dba)3, P(o-tol)3, CuCl, K2CO3, DMF/Dioxane, 100 ◦C, 5 min, 
RCC = 54 ± 13 %, RCP > 97 %, Am = 15.1 ± 6.4 GBq/μmol. B. Analytical HPLC of reference compound 1 (UV/Vis 254 nm) (blue graph), and radio-HPLC of the 
purified [11C]1 (black graph). Representative UV and radio traces. HPLC conditions: Luna 5 μm PFP(2) 150x4.6 mm eluted with a gradient of ACN with 0.1 % v/v TFA 
(solvent B) in water with 0.1 % v/v TFA (solvent B) at 1.5 mL/min. Gradient conditions: 0–1 min – 25 % B, 1–8 min – 25–95 % B, 8–9 min – 95 % B, 9–9.5 min – 
95–25 % B, 9.5–10 min – 25 % B. 
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– 10 with yields between 67 % and 98 % (Scheme 1). 
Next, we focused on the preparation of the intermediate 13 accord-

ing to Lyssikatos et al.22 2-Amino-5-nitrobenzonitrile was reacted with 
DMF-DMA to give 96 % of 11 and then reduced to afford 90 % of 12 
(Scheme 1). This compound was coupled with thio-
nylcarbonyldiimidazole (TCDI), and 2-amino-2-methylpropanol to give 
86 % of the thiourea 13 (Scheme 1). The latter was reacted with 8 – 10 to 
yield the corresponding quinazoline derivatives 14 – 16 with yields 
between 38 % and 59 % (Scheme 1). Tucatinib (1) and its halogen de-
rivatives (17, 18) were then obtained as reported by Lyssikatos et al. 22, 
by cyclizing 14 – 16 with sodium hydroxide (NaOH) and p-toluene-
sulfonyl chloride (pTsCl) with yields ranging from 25 to 47 % (Scheme 
1). 

The halogen derivatives 17 and 18 were then subjected to Miyaura 
Borylation conditions to obtain the corresponding boronic ester 19 
(Scheme 2) 25. However, the formation of the product was not observed. 
On the contrary, the trimethylstannyl precursor (21) was obtained in a 
moderate yield (11 %) from 17 and in very good yield (70 %) from 18 
(Scheme 2). 

[11C]Tucatinib ([11C]1) was prepared from the trimethylstannyl 
precursor 20 and [11C]CH3I via Stille coupling (Figure 2) using a 2-pot 
procedure adopted from Suzuki et al.26 Detailed description of the 
radiosynthesis procedure is presented in the Supplementary. The 
radioactivity yield of [11C]1 was 148 ± 50 MBq (n = 4, range 105 – 217) 
after 70 min of synthesis time. The radiochemical purity (RCP) of the 
formulated tracer was > 97 % (Figure 2). Radiochemical conversion 
(RCC) from trapped [11C]CH3I was 54 ± 13 % (n = 7, range 38 – 70). 
Molar activity (Am) of [11C]1 at the end of synthesis was 15.1 ± 6.4 

GBq/μmol (n = 3, range 10.2 – 22.4). 
Encouraged by these results, [11C]1 was evaluated in 5-week-old 

NMRI foxn1nu/nu mice bearing SKOV-3 tumors proofed to express 
HER2 (Figure S3, Supporting Information). HER2 expression was 
confirmed by ex-vivo biodistribution studies performed with indium- 
111 DOTA-trastuzumab (see Supporting Information). The animals 
were dynamically scanned for 50-minutes. Tumors showed low uptake 
of (0.5 %ID/g) with a tumor-to-heart ratio of 0.36 six minutes after in-
jection. At this time point, the highest tumor uptake was observed 
(Figure 3). Surprisingly, no significant brain uptake was observed even 
at early time points indicating that [11C]1 cannot readily pass the 
blood–brain-barrier – at least at tracer doses (Figure 3, B.). We speculate 
that such unspecific uptake of [11C]1 within organs such as the liver 
could be due to its high lipophilicity (experimental logD = 2.43 ± 0.08, 
see Supporting Information). 

In conclusion, we reported the synthesis and radiolabeling of the first 
PET tracer based on tucatinib. [11C]tucatinib was obtained in good RCC 
and excellent RCP from the trimethylstannyl precursor 21. In vivo ex-
periments revealed that [11C]1 cannot be used to image HER-2 positive 
tumors. Additional structural modifications of the radiotracer are 
needed to increase tumor uptake and reduce background, especially 
within the liver. We speculate that this might be possible developing a 
more hydrophilic Tucatinib derivative. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

Figure 3. A. Time-series of representative scan showing tumor uptake 6, 8, 12, 22.5, 30 and 50 min after injection of [11C]1. T indicates tumor. B. Depiction of the 
mean %ID/g for Tumor, Heart, Liver, Muscle, Brain, kidney tissue and bladder content derived from PET-image. Time denotes time after injection of [11C]1 (n = 4). 
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the work reported in this paper. 

Data availability 

Data will be made available on request. 
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