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color - deep red to purple

color - yellow

An N,N-carbonyl-bridged dipyrrinone oxime has been synthesized and studied as a potential sensor for organophosphates. The molecular sensor
underwent a drastic colorimetric response upon formation of the adduct. The pesticide dimethoate was found to produce the biggest spectral
response, with a limit of detection equal to 4.0 ppm using UV—visible spectroscopy. Minimal fluorescence “turn on” via a PET mechanism was
seen, and molecular modeling studies were used to explain the lower than expected PET response. The X-ray crystal structure of the fluorescent

dipyrrinone oxime was also obtained.

Organophosphorus compounds (OPs) are key compo-
nents in agricultural pesticides and herbicides, which play
vital roles in modern agriculture. However, the extensive
overuse of these compounds has led to the poisoning of
thousands of humans throughout the world. OPs, such as
sarin and soman, have also been used as chemical-warfare
agents. As a consequence, there is a need to develop
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sensitive and selective receptors for the detection of said
compounds.'~'° The oxime functional group has been
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integrated into the structure of pyridinium derived salts,
which have been used in the treatment of OP poisoning.'®
Oxime antidotes bind to cholinesterase producing a
reversible inhibition of acetylcholinesterase (AChE)
and protects the enzyme against phosphorylation by
OP compounds.'’

Oxime containing moieties have been used by Anslyn
and others'' as a means to detect OPs by incorporating
oxime functional groups onto organic scaffolds that act as
colorimetric, fluorescent, and chemiluminescent sensors.
As part of our ongoing interests in the design and synthesis
of novel fluorescent based sensors containing oxime func-
tional groups, we have synthesized molecular targets 2 and
3, based on a fluorescent N,N-carbonyl-bridged dipyrri-
none (Figure 1).""*'723 The synthesis and a detailed con-
formational analysis study of compounds 1—3 have
recently been reported.”*

Solution studies on compound 2 found that the product
exists as a mixture of cis/trans isomers in a 1:3 ratio, which
is solvent independent, and the mechanism of cis/trans
isomerism was also investigated.”* Fortunately, X-ray
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1R =CHO
2 R = CH=NOH
3 R = CH=NOCH,

Figure 1. Fluorescent dipyrrinone target molecules.

quality crystals of the fluorscent dipyrrinone-derived
oxime 2 in the trans form were obtained by heating a
DMSO solution of 2 followed by standing for several days
at room temperature. Interestingly, in the presence of a
competitive hydrogen bonding solvent, such as DMSO,
catemers (a linear hydrogen bonding motif) are formed by
the weak C—H- - - O interactions between the C(10)—H on
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the central dipyrrinone ring and the oxygen atom of the
oxime functional group (O(3)) of an adjacent molecule
(Figure 2). The oxime OH and the C(9)—H on the pyrrole
ring are hydrogen bonded to a single DMSO solvent
molecule in the crystal. In addition, the crystal lattice
displays a herringbone pattern with layers showing 7—mx
stacking between fluorescent dipyrrinone units with a
separation of 3.353 A, whereby the dipyrrinones are
rotated 180° such that the lactam and pyrimidone C=0O
moieties are located opposite each other (Supporting In-
formation (SI), Figure S9).

The N,N-carbonyl bridged dipyrrinones are typically
bright yellow compounds with A, at ~400 nm and an
€max Of ~20000 L mol™' cm™" in CH;0H, DMSO, and
CHCl, (SI, Table 1).?*> While the A,y was only minimally
impacted by changes in solvent polarity, the &,., was
observed to be smaller in methanol in all cases. As pre-
viously observed, the substituents on the fluorescent di-
pyrrinone core can have a dramatic impact on the
fluorescent quantum yields.”' Compounds 1—3 fluoresced
with varying quantum yields (¢) (SI Table 2). Although
derivatives 2 and 3 had A, at ~500 nm with a ¢ of ~0.3 in
DMSO and CHCIs, quantum yields were approximately
50% lower in methanol. The aldehyde derivative, 1, was
essentially nonfluorescent; ¢ was <0.05 except in metha-
nol. In order to understand its fluorescence in MeOH,
electrospray mass spectroscopy (ESI-MS) experiments
were conducted using methanol as the solvent. The experi-
ments showed the formation of hemiacetal and acetal
adducts at m/z = 262 and 276, respectivly. Formation of
such species provides a reasonable explanation for the
increased fluorescence of 1 observed in methanol.

To determine whether the fluorescent dipyrrinone 2
acted as a colorimetric and/or fluorescence sensor for
organophosphates, the oxime functional group had to be
deprotonated to generate the oximate. The initial UV—vis
solution of compound 2 (0.05 mol dm™?) in dry DMSO
showed a A, at 420 nm. On addition of 20 equiv of
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Figure 2. Crystal packing of compound 3, illustrating the
H-bonding catemer. The dashed lines are indicative of hydrogen
bonding interactions. Donor—acceptor distances (A): O(3)---
O(1S) = 2.647;0(3)- - - C(10) = 3.178;and O(1S)- - - C(9) = 3.418.

Verkade’s base, a drastic color change was seen (vide infra).
A broad band at 4, at 573 nm was observed (Figure 3)
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and assigned to the nr™* transition which is consistent with
the formation of an anionic species.”> Interestingly, the
fluorescence spectra showed a slight blue shift in the emis-
sion band and only a marginal reduction in the fluores-
cence intensity (SI Figure S2B). Surprisingly, the fluores-
cence signal of 2 as the oximate ion with Verkade’s base
alone was still highly fluorescent.

In order to understand this phenomenon, the orbital
energy level diagrams for compound 2, as the oximate and
the DFP-adduct, were investigated by density functional
methods. The energy levels of the HOMO and LUMO in
the ground state (HOMO,, and LUMO,,)) were calcu-
lated for each species by optimizing the ground state
geometry to determine which orbitals participate in photo-
excitation and photoluminescence (Sy ~— S;). The first
excited states (HOMO¢x) and LUMO ) were computed
using a time-dependent density functional model (Table 1).

The classical and generalized energy diagram for a PET
sensing mechanism to occur has the HOMO of the donor
group lying at a higher energy level of the HOMOy) of the
fluorophore. This is certainly true in our system, whereby

Figure 3. Photographs of oxime 2 (A and B) and 2/oximate (C
and D) in a CH,Cl, solution under incandescent and UV light,
respectively.

Table 1. HOMO—-LUMO Orbital Energies

orbital energies (eV)

compound HOMOy LUMOg, HOMO(y LUMO
2—oxime —5.572 —2.598 -3.793 —1.690
2—oximate —0.993 0.885 —0.063 2.156
2-DFP adduct  —5.863 —2.801 -3.997 —1.886

the HOMO(cy, of 2—oximate lies at 0.93 eV above the
HOMO,, of the dipyrrinone moiety. However, this en-
ergy difference does not efficiently quench the fluorescence
via a PET mechanism as well as previously published
fluorophores.

On closer inspection of the orbital energy levels of
compound 2 and the DFP adduct both the HOMO,
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levels lie above the HOMOy, levels of their respective
states. At first glance one would anticipate that the oxime
and DFP adduct would both PET quench the fluores-
cence as their HOMOyy, level is higher in energy than the
HOMOy) level of their ground state, in contrast to other
PET mechanisms where this level normally lies at a lower
energy and thus the electron transfer process is unable to
take place. Upon phosphorylation by DFP, the energies of
these orbitals have shifted significantly (A1.86 eV), reduc-
ing the PET quenching effect, but the fluorescence intensity
remains unchanged. A similar energy difference between
the HOMO ) and HOMO, of compound 2 (A1.78 eV)
is observed. Clearly, the energy difference has increased
which also prevented effective PET quenching. Informa-
tion learned from the deprotonation studies was supported
by molecular modeling calculations (SI, Figure S7).
UV-—visible titration experiments using aliquots of
organophosphates (diisopropylfluorophosphate (DFP),
dimethoate, diisopropylchlorophosphate (DCP), and
chlorfenvinphos, Figure 4), carbaryl (a commonly used
insecticide), and two controls ((—)-nicotine and isodrine
(a pesticide)) were conducted. The choice of base is important
as strong and highly nucleophilic bases such as NaOH
react with DFP to form the less toxic hydrolyzed product.
Therefore, to avoid any competition between the bases and
oximate 2 for DFP, a non-nucleophilic but strong base was
required. A nitrogen—phosphorus superbase was used:
Verkade’s base (DMSO pKgy, = 33.6). Consequently,
the compounds were tested in a 4.5 x 10~* mol dm*
solution of 2eVerkade’s base in DMSO (Figure 4 and SI
Figure S1). An excess of base (50-fold excess) is used in
these experiments, as it is known that DFP is notoriously
acidic, containing trace amounts of HF even when pur-
chased fresh. It is also imperative that the solvents used for
the titrations are dry; otherwise hydrolysis of the oxime can
occur. Based on NMR observations, wet solvents (DMSO,
CDC(l;, etc.) lead to slow hydrolysis resulting in a mixture of
1 and 2 being present over the course of a 2—3 h time period.
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Figure 4. Organophosphates and other reactive compounds.

Upon the gradual addition of aliquots of a reactive
titrant to the solution of 2 with Verkade’s base, the 420 nm
absorption band was hypsochromically shifted to A,
~405 nm while growing in intensity and the 561 nm band
disappeared. A representative titration of dimethoate into

Org. Lett,, Vol. 14, No. 11, 2012



a solution of the oximate of 2 is shown in Figure 5A. The
lack of a true isosbestic point at ~460 nm can be explained
by the reactive nature of the oximate/dimethoate adduct
which decomposed to form additional products. The
changes occurring in these two absorption bands can be
used as a signature for sensing the presence of other
reactive species. A plot of the ratio intensity at 405 nm/
561 nm (Figure 5B) shows that the controls, isodrine and
(—)-nicotine, had a response ratio of less than ~2 at 4 equiv
of titrant while omethoate and dimethoate showed the
greatest response with ratios of 26.7 and 36.2, respec-
tively. Dimethoate had a response ratio 30 times that of
(—)-nicotine and 17 times that of isodrine to the oximate of 2.
These results indicate selectivity of the system for the more
reactive organophospates and carbomate derivatives com-
pared to the controls.

The same titration studies were conducted and analyzed
by changes in fluorescence intensity. The results show the
greatest change in fluorescent intensity for carbaryl (SI,
Figure S6) as a consequence of the anionic naphthonal
(C10H70O7) species being formed. The naphtholate ion had
a very strong, broad emission band at 495 nm in agreement
with other literature work®’ and is formed by nucleophilic
attack on the probe (2) and carbaryl (Figure 4). As
expected, based on the previous discussion, the fluorescent
response for the other reactive species was uninteresting.

To determine the limit of detection (LoD) a least-squares
regression of y (absorbance units) on x (concentration) was
calculated, taking into account the statistic (Sy). This
value was then used to calculate the standard deviation for
the slope and the intercept. The confidence limit of the
slope is defined as b & tsy,, where ¢ is the ¢-value taken from
the desired confidence level and n — 2 degrees of freedom.
In our experiment we chose the 95% confidence level
(t-value = 2.57, (n — 2) = 5). Therefore the LoD is calcu-
lated from y = yg + 3Sg (SI, Figure S8). The LoD for
dimethoate was found to be 4.0 x 10~° M or 4.0 ppm.

A control experiment was carried out with methyloxime 3.
No change in color or fluorescence was observed upon the
addition of DFP, confirming the need of the oximate to
undergo the phosphorylation reaction (SI Figure S3B).

In summary, fluorescent dipyrrinone 2 instantaneously
produced a distinct crimson red color (561 nm) upon
deprotonation with a strong base, which disappeared on
the addition of organophophates or pesticide. Even though
the fluorescence “turn off” was not shown to be as signi-
ficant as that for other fluorphores, a modest fluorescent
“turn on” was observed upon phosphorylation of DFP.
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Figure 5. (A) UV —visible titration of oximate of 2 with dimetho-

ate. (B) Graph of response ratio for absorption peaks at 405 and
561 nm and 4 equiv of the reactive species.
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