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ABSTRACT: Several voids exist in reliable positron emission
tomography (PET) radioligands for quantification of the
serotonin (5HT) receptor system. Even in cases where 5HT
radiotracers exist, challenges remain that have limited the
utility of 5HT imaging in clinical research. Herein we address
an unmet need in 5HT2a imaging using innovative chemistry.
We report a scalable and robust synthesis of [18F]-
MDL100907, which was enabled by a Ni-mediated oxidative
fluorination using [18F]fluoride. This first demonstration of a Ni-mediated fluorination used for PET imaging required
development of a new reaction strategy that ultimately provided high specific activity [18F]MDL100907. Using the new synthetic
strategy and optimized procedure, [18F]MDL100907 was evaluated against [11C]MDL100907 for reliability to quantify 5HT2a in
the nonhuman primate brain and was found to be superior based on a single scan analysis using the same nonhuman primate.
The use of this new 5HT2a radiotracer will afford clinical neuroscience research the ability to distinguish 5HT2a receptor
abnormalities binding between healthy subjects and patients even when group differences are small.
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Serotonin 2a receptors (5HT2a) are implicated in the
pathophysiology of a number of neuropsychiatric disorders.

A large body of literature suggests that dysfunction of 5HT2a

may be related or contribute to schizophrenia,1 major
depressive disorder,2 and bipolar disorder,3 among others. To
quantify 5HT2a receptors in the human brain, there have been
major efforts to develop a selective radioligand for use in
positron emission tomography (PET). Several radiotracers have
been developed, of which [18F]altanserin and [11C]-
MDL100907 (Figure 1) have proven to be most useful to
date for studying 5HT2a dysregulation in disease. Neither of
these ligands is ideal. For example, despite great selectivity and

affinity, [18F]altanserin is metabolized rapidly and the resulting
radiometabolites penetrate the blood-brain barrier.4 The
presence of radiometabolites in the brain complicates
quantification of [18F]altanserin binding and has hindered its
broad adoption in neuroscience research. [11C]MDL100907
also exhibits excellent selectivity and affinity to 5HT2a receptors
and without the potential signal confound by brain penetrant
radiometabolites.5 However, a major drawback of [11C]-
MDL100907 is that its short half-life (20.4 min) does not
match the pharmacokinetic and biological half-life of the
radiotracer. The mismatch of the isotope and biological half-life
makes it difficult to measure [11C]MDL100907 binding during
late time points (>90 min) where the ligand is approaching an
equilibrium between blood and tissue. Using earlier time points
introduces errors in distribution volume and binding potential
estimates that are on the order of potential biological effect size
or group differences.6

The mismatch between biological and isotope half-life for
[11C]MDL100907 can be avoided due to the fact that
MDL100907 contains an aryl fluoride that could be substituted
with fluorine-18 (t1/2 = 109.8 min). Thus, the use of
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Figure 1. MDL 100907, a highly selective antagonist for imaging
5HT2a receptors.
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[18F]MDL100907 has been suggested and attempted.7

However, synthesis of [18F]MDL100907 is not trivial given
that the aryl fluoride is on an electron-rich ring.
Methods to activate the arene for nucleophilic aromatic

substitution have had modest success (e.g., through the use of
iododium salt precursor).8 All attempts to date have failed to
deliver a fluorination method that enables the comparison of
[18F]MDL100907 to [11C]MDL100907 in the nonhuman
primate brain as a stepping stone to human use for
[18F]MDL100907. Here, we report a scalable, robust synthesis
of [18F]MDL100907 using a Ni-mediated oxidative fluorination
strategy with [18F]fluoride and demonstrate [18F]MDL100907
provides superior 5HT2a distribution/density estimates to
[11C]MDL100907.
In our initial report of Ni-mediated fluorination, aqueous

[18F]fluoride obtained from cyclotron was used for the
reaction.9 Using 5 μL of [18O]H2O (1% of the reaction
volume), we achieved good aryl [18F]fluoride labeling in less
than 1 min at room temperature. However, two chemical
constraints (somewhat related) limited our initial radioactive
scale-up attempts. First, a simple increase in the volume of
[18F]fluoride−water added to the Ni-mediated reaction, above
1% v/v, competitively degraded the Ni complex and oxidant.
Given that [18F]fluoride is produced by irradiation of 2.4 mL of
[18O]water, aqueous incompatibility limited our overall isolable
yield to a maximum of 0.2% (5 μL/2.4 mL). Second, initial
attempts to remove water under classic radiochemistry
conditions provided dry [18F]fluoride in solutions that were
too basic and resulted in poor radiochemical labeling reactions
with the Ni-complex and oxidant (Scheme 1A).

■ RESULTS AND DISCUSSION

Efforts were taken to overcome the incompatibility of Ni-
mediated [18F]fluorinations with basic conditions to facilitate
the use of the Ni-method in a scalable process for PET imaging.
A number of bases were screened to determine if reducing the
basicity of the solution would be sufficient for scale-up (Scheme
1). Bases such as potassium or cesium oxalate (pKa2 = 4.27),
potassium bicarbonate (pKa1 = 6.35), and potassium hydrogen
phosphate (pKa2 = 7.21) provided efficient elution of
[18F]fluoride from the ion exchange cartridge and were
sufficiently basic (relative to HF) to prevent the loss of
[18F]fluoride during azeotropic drying (performed at 108 °C),
but each failed to provide a highly soluble [18F]fluoride in
acetonitrile for the Ni-mediated reaction (Scheme 1B, entries 1,
4, and 6). When phase transfer agents could be used to improve
[18F]fluoride solubility, the basicity of the reaction solution
increased accordingly and thus eroded the radiochemical
conversion (RCC). For example, [18F]fluoride solubility
could be improved using tetrabutylammonium bicarbonate
(TBAB), but the resulting radiochemical conversion was <1%
(Scheme 1B, entry 8). For scale-up, it was important to
optimize all aspects of the reaction process. Thus, we
envisioned that an in-process pH adjustment might overcome
the adverse effect of excess base if a suitable organic buffer
could be identified as compatible with the Ni-mediated
[18F]fluorination protocol. To this end, a series of weak
organic acids were added to effectively produce a bicarbonate
buffer in which the Ni-mediated [18F]fluorination would
proceed. Ultimately, we settled on pyridinium p-toluenesulfo-
nate (PPTS) as the buffering acid with TBAB as the elution
base (Scheme 1B, entry 9).

The use of PPTS enabled the successful synthesis of the
previously inaccessible radiotracer [18F]MDL100907 with high
specific activity according to Scheme 2. The labeling precursor
1 was synthesized from commercially available 1-bromo-4-(2-
bromoethyl)benzene 3 in two steps. Oxidative addition
furnished a nickel intermediate 4 in 73% yield, which then

Scheme 1. Development of Optimized Ni-Mediated [18F]
Fluorination Processa

a(A) Typical chemical process in fluorine-18 chemistry. (B)
Development of a globally optimal Ni-mediated [18F]fluorination
(18-cr-6:18-crown-6 ether; 24-cr-8:24-crown-8 ether; TBAB, tetrabu-
tylammonium bicarbonate).

Scheme 2. Automated Radiosynthesis of [18F]MDL100907
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underwent transmetalation with (2-(2-pyridinyl)phenyl-2-
nitrobenzenesulfonamide)silver(I) 5 to afford the desired
labeling precursor 1 in 51% yield. Radiosynthesis was achieved
using a simple one-pot, two step automated method. After
azeotropic drying and addition of PPTS (in MeCN) using a
Siemens GN reactor, [18F]1-(2-bromoethyl)-4-fluorobenzene 2
was produced in less than 1 min and immediately treated with
excess chiral amine 6. The crude reaction mixture was diluted
with water and purified by reverse-phase semipreparative
HPLC, which afforded 37 mCi for dose reformulation.
[18F]MDL100907 was obtained in a sterile, 10% ethanol/90%
saline (v/v) solution after reformulation in an overall nondecay
corrected yield of 3% (1.57 mCi/nmol at TOI).
With [18F]MDL100907 in hand, we compared its brain

uptake and pharmacokinetic with [11C]MDL100907. To
accomplish this, we produced and administered [11C]-
MDL100907 (5.05 mCi, 1.53 mCi/nmol) to a Papio anubis
baboon. After an imaging and decay time of 2.5 h,
[18F]MDL100907 (5.11 mCi, 1.57 mCi/nmol) was adminis-
tered to the same animal for direct intrasubject comparison.
[18F]MDL100907 showed high uptake in the cortex and
subcortical regions, similar to [11C]MDL100907 (Figure 2).

The concentration of [18F]MDL100907 reached maximum at
∼40 min postradiotracer injection with washout kinetics nearly
identical to that of [11C]MDL100907 (Figure 3a and b).
Although it is a potential concern that the radiometabolites of
[18F]MDL100907 could be brain-penetrant, regional [11C]-
MDL100907 and [18F]MDL100907 time−activity curves
(TACs) show similar characteristics, implying that no radio-
metabolite was accumulating with [18F]MDL100907 (Figure 3a
and b).
However, to more rigorously compare the quantification of

5HT2a binding for each radiotracer, both the Logan reference
tissue model and the modified simplified reference tissue model
(SRTM2) were applied to obtain estimates of specific binding
(BPND).

10 Kinetic analysis methods including compartmental
models with arterial input function and reference tissue models
have been carefully examined and compared for [11C]-
MDL100907 in human subjects. The Logan plot was
recommended to be the most reliable method for both regional
and voxel-wise analysis.11 [11C]MDL100907 BPND quantified
using Logan plot and SRTM2 are positively correlated (see
Supporting Information Figure S7, R2 = 0.99, Spearman r =
0.97, p < 0.0001) indicating both methods generate comparable

results. To compare the performance of [11C]MDL100907 and
[18F]MDL100907 for kinetic analysis, the SRTM2 was applied
to estimate BPND and percent coefficient of variation (COV) of
the fits on [11C]MDL100907 (90 min), [18F]MDL100907 (90
min), and [18F]MDL100907 (120 min). Percent COV
represents the standard error of the fitting procedure. Regional
BPND as well as the %COV of the fits were compared and are
plotted in Figure 3d. Quantitative BPND values were
comparable between the [11C]MDL100907 and [18F]-
MDL100907 (90 and 120 min) (Figure 3d) and were positively
correlated (Figure 3c, R2 = 0.95, Spearman r = 0.98, p <
0.0001). However, based on the single scan analysis using the
same nonhuman primate, [18F]MDL100907 with 120 min scan
duration generates the most robust fitting results as indicated
by the smallest %COV within the same brain region (Figure
3d).
These results suggest that the prolonged scan time enabled

by [18F]MDL100907 might allow more reliable quantification
of 5HT2a receptors for certain brain related diseases where the
effect size of 5HT2a receptor binding may be small between
healthy subjects and patients.12 When comparing [11C]-
MDL100907 and [18F]MDL100907 with the same scan length
(90 min), [18F]MDL100907 data also showed smaller %COV
and smaller weighted residuals of the fittings than those of
[11C]MDL100907 in the majority of brain regions examined
(Figure 3d). Taken together, [18F]MDL100907 outperformed
[11C]MDL100907, most likely due to a better noise character-
istic because of less decay and thus higher count rates.
[18F]MDL100907 also enables a longer scan to be obtained,
which may help stabilize outcome measurements due to the
slow pharmacokinetics of radiolabeled MDL100907. Although
not significantly different, regional BPND values and voxel-wise
BPND maps show higher BPND derived from [18F]MDL100907
than those derived from [11C]MDL100907 in high binding

Figure 2. Voxel-wise binding potential (BPND) maps of (a)
[11C]MDL100907 (90 min) and (b) [18F]MDL100907 (120 min)
overlaid on structural MRI.

Figure 3. (a) Time−activity curve of [11C]MDL100907 (90 min
scan). (b) Time−activity curve of [18F]MDL100907 (120 min scan).
(c) Correlation analysis, Spearman r = 0.98 (p < 0.0001), R2 = 0.95.
(d) Comparison of regional binding potential (BPND) and percent
coefficient of variation (%COV) of the fitting derived from
[11C]MDL100907 (90 min) and [18F]MDL100907 (90 and 120
min) PET data using the modified simplified reference tissue model
(SRTM2). (WB, whole brain; Amyg, amygdala; DLPFC, dorsolateral
prefrontal cortex; HC, habenular commissure; M1, primary motor
cortex; PCC, posterior cingulate; Put, putamen; SMA, supplementary
motor area; Th, thalamus; Cau, caudate nucleus; WM, white matter.)

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn500078e | ACS Chem. Neurosci. 2014, 5, 611−615613



regions such as the frontal cortex (DLPFC) and supplementary
motor area (SMA), but lower BPND in low binding regions such
as thalamus, caudate, and putamen (Figures 2 and 3). This
discrepancy based on our initial study could result from the
lower noise level at late time points of [18F]MDL100907 data
that drives the fitting results, and may represent a more
accurate measurement. Figure 4 shows a smaller fitting residual

of [18F]MDL100907 than [11C]MDL100907 when comparing
the same time points, which further corroborates a better noise
characteristic of [18F]MDL100907. With replicate scans and
analyses, it is likely that [18F]MDL100907 will prove superior
to [11C]MDL100907 in certain 5HT2a imaging scenarios.

■ CONCLUSIONS

A scalable, robust synthesis of previously inaccessible [18F]-
MDL100907 was developed using a Ni-mediated oxidative
fluorination strategy with [18F]fluoride. Key to our success was
the development of a simple, in-process pH adjustment/
buffering strategy to overcome initial challenges with the Ni-
mediated oxidative [18F]fluorination. We prepared [18F]-
MDL100907 in high specific activity and compared it to
[11C]MDL100907 in the brain of a nonhuman primate. As
demonstrated by our initial finding, [18F]MDL100907 provides
superior 5HT2a distribution/density estimates to [11C]-
MDL100907. Repetitive scans and analyses with [18F]-
MDL100907 are in progress to demonstrate the robustness
of this method for translation to human imaging for clinical
neuroscience research.
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