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We have recently described a class of systemically active inhibitors of the intracellular activity of fatty
acid amide hydrolase (FAAH) and traced extensive structure–activity relationships. These compounds,
characterized by an N-alkyl carbamic acid O-aryl ester structure, exert potent anxiolytic-like effects in
animal models. In the present study, possible relationships between mass spectrometric parameters
(related to the propensity of the C(O) — O bond to be cleaved) and FAAH-inhibitory potency were tested.
With this aim, a set of our products was analyzed by electrospray ionization mass spectrometry and the
protonated molecules were decomposed by low-energy collisions. The experiments were performed by ion
trap mass spectrometry, which led to a step-by-step energy deposition, thus favouring the lowest critical
energy decomposition channels. For all compounds, breakdown curves relative to [MH]+ ions and to the
fragment implying C(O) — O bond cleavage were obtained. The crossing point between these curves was
related to the energetics of decomposition and the values found for the investigated compounds were
linearly correlated (r2 = 0.797) with their FAAH-inhibitory activity. This indicates that the energetics of the
C(O) — O bond cleavage may be relevant in explaining FAAH inhibition. Copyright  2004 John Wiley &
Sons, Ltd.
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INTRODUCTION

Various lipid-like substances able to activate cannabinoid
(CB) receptors have been discovered in the last decade.
Arachidonic acid ethanolamide (anandamide, AEA, 1, Fig. 1),
the first among these endogenous cannabinoids to be
discovered,1 is still the most extensively studied compound
of the class. From a neurophysiological point of view, AEA
functions as a retrograde synaptic messenger, which, after
being released by postsynaptic neurons, diffuses along the
synaptic cleft and activates CB1 receptors on presynaptic
nerve terminals, thus inhibiting further liberation of neuro-
transmitters. AEA action then ceases within a few minutes,
because it is reuptaken into the cell by a selective mechanism
and degraded there by a serine enzyme, fatty acid amide
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hydrolase (FAAH).2 Substances which can block FAAH are
considered of therapeutic interest, because, on inhibiting
AEA catabolism, they may inter alia produce analgesic or
anxiolytic actions without the undesired effects that accom-
pany the indiscriminate activation of the system caused by
exocannabinoids.

In recent work, we described a class of low molec-
ular mass FAAH inhibitors.3 These compounds have an
N-alkyl carbamic acid O-aryl ester structure (2, Fig. 1) and
are systemically active in rats and mice.4,5 They exert pro-
found anxiolytic-like effects in animal models, which are
accompanied by rises in cerebral AEA levels and are blocked
by CB1 receptor antagonists.4

Evidence indicates that our carbamate inhibitors of
FAAH probably act through an irreversible mechanism.4

It is reasonable to hypothesize that, like AChE carbamate
inhibitors of cholinesterases, compounds 2a–i (Table 1)
may undergo an addition–elimination reaction, ultimately
leading to carbamoylation–inactivation of the enzyme. The
nucleophile in this reaction is assumed to be Ser241, an
amino acid the hydroxyl group of which is activated by
other specific residues, as shown in Scheme 1.6,7 If this
hypothesis is correct, the potency of carbamate inhibitors,
expressed as the concentration inhibiting 50% (IC50) of
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Table 1. Inhibitory potency (IC50) values with standard error of the mean (SEM), molecular mass and ESI spectra of compounds
2a–i (the [ROH2]C fragments are generated inside the ESI source)

ESI spectra: m/z (abundance, %)

Compound R IC50 (nM) š SEM MW (Da) [M2 C Na]C [M C Na]C [MH]C [ROH2]C

2a 3776 š 69 219 461 (100) 242 (70) 220 (35)

2b 808 š 42 233 489 (100) 256 (55) 234 (20)

2c 174 š 31 347 717 (25) 370 (85) 348 (15) 223 (10)

2d 3532 š 505 297 617 (100) 320 (30) 298 (17)

2e 3337 š 339 321 665 (30) 344 (55) 322 (85) 197 (100)

2f 266 š 89 321 665 (10) 344 (40) 322 (100) 197 (35)

2g 63 š 9 295 613 (8) 318 (25) 296 (100) 171 (70)

2h >30 000 289 601 (7) 312 (100) 290 (40)

2i 188 š 36 289 601 (35) 312 (100) 290 (50) 165 (5)

Scheme 1

Figure 1. Structural formulae of (1) arachidonic acid
ethanolamide (anandamide, AEA) and (2) N-alkyl carbamic acid
O-aryl esters.

tritiated AEA hydrolysis in rat cortical membranes, would be
driven by two distinct and sequential molecular processes:
(a) the binding of the inhibitors to the enzyme through
non-bonded interactions (hydrogen bonds, electrostatic, van
der Waals and hydrophobic forces), which is affected by
the degree of complementarity between the inhibitor and
the active site; and (b) the thermodynamics and kinetics
of the carbamoylation reaction (see Scheme 1). The latter

is likely to be influenced by the chemical nature of the
substituent on the oxygen, since the more stable the leaving
group, the greater is the free energy difference between the
products of the reaction and the tetrahedral intermediate
shown in Scheme 1. (The structure of the aryl substituents
might in principle influence the rate of the first stage of the
hydrolytic reaction also by modulating the charge density
on the carbonyl carbon via an inductive effect. This can be
ruled out, however, by noting that the carbonyl carbon 13C
NMR chemical shifts of compounds 2a–g,i fall within a very
small range (153.5–153.9 ppm).

The best inhibitory activity in our series of carbamates
is observed when the group on the nitrogen is cyclohexyl
and that on the oxygen is aromatic, with well-defined spatial
characteristics. Our hypothesis that these structures mimic
the initial segment of AEA (1) in the conformation, referred
to as U-shaped, was confirmed by the observation that

Copyright  2004 John Wiley & Sons, Ltd. J. Mass Spectrom. 2004; 39: 1450–1455
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Methanol was purchased from Sigma Aldrich (Milan,
Italy).

ESI experiments were performed using a LCQ Deca
instrument (Thermofinnigan, San Jose, CA, USA) operating
in the positive ion mode. Compounds 2a–i were solubilized
in CH3OH and 10�6 M solutions of these compounds were
directly infused into the ESI source. The ions were produced
using spray voltage, capillary voltage and entrance capillary
temperature of 4 kV, 8 V and 220 °C, respectively.

MS/MS experiments were performed by resonant exci-
tation of the ions of interest through a supplementary r.f.
voltage in the range 15–40% of its maximum value (5 V peak-
to-peak) for 200 ms. The He pressure inside the trap was kept
constant: the pressure directly read by ion gauge (in absence
of the N2 stream) was 2.8 ð 10�5 Torr �1 Torr D 133.3 Pa�.
The isolation width was set at 2 mass units. The scan rate
was 0.5 s�1.

RESULTS AND DISCUSSION

The ESI spectra of compounds 2a–i are reported in
Table 1. As can be seen, they are particularly simple, yet
some specific aspects are worthy of discussion. Protonated
molecules are detected for all compounds but, in most
cases, their abundance is lower than that of the [M C Na]C

ions, highlighting the affinity of the compounds under
investigation for alkali metal ions. This can be explained
by the presence of the C(O)O and C(O)N groups, which can
readily coordinate NaC ions. However, for all the compounds
[M2 C Na]C ions are also present and their high abundance
suggests the pre-existence of these species in the original
solutions.

Only in some cases (compounds 2c,e–g,i) is the fragment
corresponding to the cleavage of the C(O)—O bond
detectable in the ESI spectra. It is interesting that these ions
do not originate from simple bond cleavage, but require that
protonation takes place on the ester oxygen atom and that
a further hydrogen rearrangement is needed, reasonably

Scheme 2

Table 2. Abundance ratio of the w fragment and [MH]C

species present in the ESI spectra of compounds 2a–i and
related pIC50 values

Compound [w]/[MH]C pIC50

2a 0.00 5.42
2b 0.00 6.09
2c 0.67 6.76
2d 0.00 5.45
2e 1.17 5.48
2f 0.35 6.58
2g 0.70 7.20
2h 0.00 Not expressed
2i 0.10 6.73

the more active molecules were those with a bent shape [cf. 
the IC50 of 2g (63 š 9 nM, Table 1) and biphenyl-4-yl isomer 
(2297 š 226 nM)].3 A similar difference in activity exists 
between 2e and 2f, 2c and 2d and 2b and its p-tolyl isomer.3 

The importance of a curved arrangement of the active 
molecules is supported by recent docking studies that 
showed how the O-biphenyl-3-yl moiety, and more generally 
bent-shaped O-substituted carbamates, can, in fact, be 
accommodated in a hydrophobic region of the active site of 
FAAH, where they counterfeit the segment made up by the 
first 10–12 carbons of the AEA fatty acid chain.3

The above considerations are mainly related to the 
recognition step of the enzymatic process. Therefore, in order 
to investigate the catalytic component of FAAH inactivation, 
we thought it of interest to resort to mass spectrometric 
(MS) techniques. We considered it useful to estimate the 
propensity to cleavage of the C(O)—O bond and see whether 
it could be correlated with the FAAH-inhibitory potency of 
our compounds. In fact, the shape and electronic nature of 
the O-substituents will affect both the steric and electronic 
complementarity with the enzyme binding site and the C—O 
bond dissociation energy; if the latter component is relevant 
for inhibitory potency, some correlation between the two 
properties should be observed, even if a certain scattering 
of the data is to be expected due to the steric effects of the 
O-substituents on the binding component of the catalytic 
process.

It should be emphasized that interesting results on 
structure–activity relationships (SAR) by means of mass 
spectrometric measurements have already been described in 
the literature.8 – 10

The electrospray ionization (ESI)-induced decomposition 
and the collisionally induced fragmentation process of the 
FAAH inhibitors 2a–i  could be regarded as a simplified 
model of the reaction that these compounds undergo in the 
biological environment under FAAH catalytic action (see 
Scheme 1). In particular, ESI and MS/MS experiments may 
provide information on the behaviour of 2a–i  either in 
solution or in the gas phase. Protonation processes (and also 
possible cationization reactions with alkali metals) could take 
place in solution, before or immediately after the formation of 
the multi-charged droplets. The protonated molecules might 
decompose if the compounds exhibit sufficient instability in 
acidic media. Furthermore, since the ESI source can be 
approximated to an electrochemical cell, some ionic species 
could also be produced by redox phenomena occurring in the 
ionization chamber. The intrinsic behaviour of the protonated 
molecules, from a thermodynamic point of view, can be 
validly studied by collisional experiments performed by ion 
trap. By this approach, the internal energy deposition that 
takes place during the collisional experiments is a step-by-
step phenomenon and consequently the activation of the 
decomposition channels at the lowest critical energy level are 
privileged.

EXPERIMENTAL

The syntheses of and pharmacological tests on compounds 
2a–i  were as described previously.3

J. Mass Spectrom. 2004; 39: 1450–1455
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through the mechanism reported in Scheme 2. The ESI-
induced protonation activates a keto-imidic tautomerism
leading to species k in Scheme 2, which decompose to
two thermodynamically highly stable fragments, i.e. neutral
cyclohexyl isocyanate and the protonated species w. The data
reported in Table 2 show that, apart from 2e, the compounds
with lower pIC50 values do not lead to the formation of
ion w. The anomalous behaviour of 2e might be explained
by assuming that non-covalent interactions occurring in the
recognition step of the catalytic process predominate over
the C(O)—O cleavage in determining pIC50.

The reaction leading to the fragment w detected in the
ESI spectra may originate through a mechanism occurring in
solution (either because of the acidic conditions originating
inside the multi-charged droplets or of redox events taking
place inside the ESI source11) or by ‘in-source’ collisional
phenomena. Considering that the capillary voltage was
maintained at a constant, low level (8 V), it is reasonable to
assume that the former mechanism is the most effective one.
To verify whether these processes may serve as a model of the
reactivity of these compounds in a biological environment,
roughly expressed as a pIC50 value, the abundance ratio
[w]/[MH]C for the compounds under study was determined.
Such a parameter may be indicative of the ease of C(O)—O
cleavage. We observed, however, that the [w]/[MH]C values
are not statistically correlated with the pIC50 values.

To pursue a more reliable correlation, the compounds
were further investigated by collisional experiments per-
formed on protonated molecules. As an example, the MS
(top) and MS/MS (bottom) spectra of compound 2g are
reported in Fig. 2. In this case the data obtained are of a purely
thermodynamic nature. In other words, the decomposition
pathway and the yield of decomposition products depend
only on the related critical energies, and consequently by
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the energy deposition on [MH]C achieved by collision. In
this regard, ion trap technology is highly effective: in fact,
whereas high- and low-energy collisions performed by sec-
tor instruments, or a triple quadrupole device, lead to a
rather wide internal energy distribution (owing to the statis-
tics of the collisional phenomena), an ion trap operating in
ion resonance mode leads to a step-by-step internal energy
deposition, favouring the decomposition processes at low
critical energy. Furthermore, by varying the supplementary
r.f. voltage, responsible for the collisional activation, it is
possible to obtain well reproducible plots of the variation of
the precursor ion and fragment ion abundances versus colli-
sional energy. These plots, usually called breakdown curves,
effectively highlight differences in decomposition energy of
pre-selected species. In particular, considering the crossing
point (CP) between the plots of precursor ion abundance and
fragment ion abundance, it is possible to obtain a parameter
(corresponding to the collision energy necessary to fragment
50% of the precursor ion population) closely related to the
critical energy of the decomposition processes. As an exam-
ple, the breakdown curves obtained for compounds 2c and
2e are reported in Fig. 3. Thus, for 2c the CP value is at
0.94 š 0.02 V whereas for 2e it is at 1.11 š 0.02 V, indicating
that, for 2c, the decomposition process (from [MH]C to w)
related to the C(O)—O bond cleavage with H rearrangement
is energetically more favourable than in the case of 2e.

The CP values for the compounds under study, represent-
ing the mean values of five determinations, and the related
standard deviations, are reported in Table 3. It is noteworthy
that under collisional conditions 2h, which exhibits the low-
est pIC50 value, does not lead to the fragment related to the
C(O)—O bond cleavage. Moreover, significant differences
were obtained for the compounds of the series. We plotted
pIC50 against CP values (Fig. 4) and derived the following

2 c

R
el

at
iv

e 
A

bu
nd

an
ce

100

80

60

40

20

0
0 0.25 1.250.750.5 1

Supplementary RF Voltage (Volts)

2 e

R
el

at
iv

e 
A

bu
nd

an
ce

100

80

60

40

20

0
0 0.25 1.250.750.5 1

Supplementary RF Voltage (Volts)

Figure 3. Breakdown curves obtained by collision of
ESI-generated [MH]C species of 2c (top) and 2e (bottom). The
relative abundances of [MH]C (◊) and [ROH2]C fragments
(°) (see Scheme 2) are plotted with respect to the
supplementary r.f. voltage.

m/z

Figure 2. MS (top) and MS/MS (bottom) spectra of 2g.
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Table 3. Values of the crossing points determined in the
breakdown curves obtained by collision of [MH]C species of
compounds 2a–i and related pIC50 values

Compound Crossing point (V) pIC50

2a 1.10 š 0.02 5.42
2b 0.98 š 0.05 6.09
2c 0.94 š 0.02 6.76
2d 1.09 š 0.08 5.45
2e 1.11 š 0.02 5.48
2f 1.03 š 0.04 6.58
2g 0.96 š 0.03 7.20
2h Not expressed Not expressed
2i 0.96 š 0.04 6.73

equation:

pIC50 D �8.886 �š1.834�CP C 15.289�š1.876�

n D 8; R2 D 0.797; s D 0.342; F D 23.5

CP can therefore explain almost 80% of pIC50 variation;
the standard error is not too large, in comparison with
those commonly encountered in quantitative SAR (QSAR);12

therefore, part of the inhibitory potency variation may be
attributed to effects involved in the binding component of
the catalytic process. From Fig. 4, it can be observed that 2g
and 2f, which were more potent than expected from their
CP, are characterized by a bent shape which, in a 3D-QSAR
model3 that we have reported previously, was positively
correlated with FAAH inhibitor potency.

This correlation suggests that the thermodynamics of
the hydrolytic reaction may play a role in the potency of
these carbamates and offers some indication about their
mechanism of action. The three-dimensional model in Fig. 5
supports the idea that, in accord with the mechanism
in Scheme 1, after the nucleophilic attack of Ser241 on
the carbonyl and a proton shift also involving Ser217
and Lys142, the side-chain of Ser217 is sufficiently close
to the phenolic oxygen to participate in its protonation.
However, an alternative orientation of the inhibitor is
possible, which allows the superposition of the biphenyl
scaffold on the arachidonyl chain of MAP and which gives
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Figure 4. Plot of pIC50 vs crossing point values obtained by
the breakdown curves related to [MH]C species.

better stereoelectronic complementarity with the enzyme
binding cavity.14 A detailed comparison between the two
docking solutions14 is under investigation.

The correlation presented here between the energy of
C(O)—O bond cleavage and IC50 values supports the
mechanism in Scheme 1. Furthermore, it provides some
evidence that a mechanism via extrusion of cyclohexylamine,
analogous to that by which AEA is hydrolysed by FAAH,7

is not operative in the FAAH-mediated hydrolysis of
N-alkyl-O-aryl carbamates. On the contrary, the present
data, obtained under conditions favouring ESI-induced
protonation of the molecules under study, cannot be
used to decide whether the mechanism operating in the
alkaline hydrolysis of N-monosubstituted aryl carbamates
contributes to the hydrolysis of the carbamates. This implies
removal of the proton from the nitrogen atom, formation
of an isocyanate by elimination of ArO� and eventually
decomposition of this isocyanate into CO2 and RNH2 by
water.15 Such a process, however, could be reasonably
excluded since it would imply the presence of a residue in the
vicinity of the NH group, basic enough to deprotonate it. An
inspection of the x-ray model of the active site demonstrates
that no such residue actually exists.

In conclusion, the present results, obtained by ESI-
induced protonation of the molecules under study and
their collisionally induced decompositions of [MH]C species,
highlight a correlation between the lability of the carbamate
C(O)—O bond and inhibitory potency. Hence the ability

Lys142

Ser217

Ser241

Figure 5. Docking of 2g within the FAAH catalytic site, built
from the coordinates of the enzyme covalently bound to methyl
arachidonyl phosphonate (MAP).13 MAP coordinates were
removed and hydrogen atoms added (only the polar ones are
shown). A molecular model of 2g was docked into the enzyme
cavity selecting an orientation which allowed a short distance
between the phenolic oxygen of 2g and the oxygen of Ser217.
Energy minimization by MMFF94s force field implemented in
Sybyl 6.9 (Tripos, St. Louis, MO, USA) gave the structure
illustrated, having a 2.83 Å distance between the two
oxygen atoms.

J. Mass Spectrom. 2004; 39: 1450–1455
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of the phenolic fragment to act as a leaving group after
the nucleophilic attack of the active serine seems to be
relevant for enzyme covalent inhibition. The importance
of the carbamate protonation during the inhibition steps
and its relative orientation within the catalytic site are
crucial points to elucidate the mechanism of action of the
present compounds and deserve further investigation. These
mechanistic issues will be better addressed in future studies.
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dell’Università e della Ricerca), the Universities of Parma and Urbino
and the National Institute of Drug Abuse (to D.P.). The CCE (Centro
di Calcolo Elettronico) and CIM (Centro Interfacoltà Misure) of the
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