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Cyanide is a highly toxic anion! that has become a key
component of many industrial processes. It is also produced
naturally by a number of higher plants, which use it as a
protection against predators.”! Release of this anion in the
environment® and an increase in the farming and consump-
tion of cyanogenic plants such as cassaval!! have served to
spark a renewed interest in methods that can be used to
sense the presence of this anion, especially in aqueous
media.”!

One of the current strategies adopted for the design of cy-
anide sensors is based on the use of electrophilic organic de-
rivatives, which interact with the cyanide anion through for-
mation of a new covalent bond.”! Although advantageous
properties have been discovered, only a limited number of
receptors function in water.®™>“*™71 Some of these receptors
necessitate basic pH and high cyanide concentrations. Be-
cause of these limitations, strategies that rely on the use of
Lewis acidic derivatives have been considered. Such deriva-
tives include zinc—porphyrins,”®! iron-hemes,” corrins,'” and
transition-metal complexes!'!! that interact with the cyanide
anion through formation of a strong coordination bond. This
approach, which is typically characterized by elevated bind-
ing constants, has been successfully applied to the detection
of cyanide at the ppm level. Some of these receptors have
also been shown to be compatible with biological matrices,
making the detection of cyanide possible directly in
plants.[1%!

As demonstrated by a series of recent contributions,
three-coordinate boranes possessing an accessible boron
center can also be used as sensors for cyanide anions.'’
Whereas neutral boranes can only be used in mostly organic
environments, we and others have demonstrated that the in-
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corporation of peripheral cationic groups in such com-
pounds™® could be used to enhance their cyanide ion affini-
ty.1¥1 Although the cyanide affinity displayed by some of
these boranes is very high, their practical use remains limit-
ed by the nature of the photophysical response observed
during the recognition event. Indeed, cyanide coordination
leads to population of the empty p orbital of boron, thus
quenching the absorbance and fluorescence of the triaryl-
boron chromophore. The turn-off rather than turn-on re-
sponse observed in these complexes is not ideal from an an-
alytical point of view and constitutes one of the major limi-
tations affecting the practical use of cationic boranes as cya-
nide sensors. In order to overcome this limitation, we have
now synthesized para-phenylene phosphonium borane/fluo-
rophore conjugates, which behave as highly sensitive fluo-
rescence turn-on sensors for the cyanide anion in aqueous
solutions.

Reaction of p-Ph,P-C¢H,-BMes, (Mes=mesityl) with 9-
bromomethyl anthracene in toluene, which was heated to
reflux, afforded [1]Br in 82% yield (Scheme 1). A similar
reaction involving p-Ph,P-C¢H,-BMes, and N-(3-bromo-

HN > Br

NMe2

7

NMe,
MGSZBOP Ph O O BMes,
® ]
0=8=0
O HN pcPh
\/\/+\ph
[1]Br 211

Scheme 1. Synthesis of the borane/fluorophore conjugates. Conditions:
a) toluene, 82 %; b) Nal, CH;CN, 40%.
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propyl) dansylamide!™ in aceto-
nitrile afforded [2]I in 40%
yield (Scheme 1). These phos-
phonium salts have been fully
characterized. The presence of
a phosphonium center gives rise
to a characteristic *'P NMR res-
onance detected at 6=19.7 and
25.2 ppm for [1]Br and [2]I, re-
spectively. The absorption spec-
tra of these new phopshonium
boranes are shown in Figure 1.
The low energy part of the ab-
sorption spectrum of [1]Br in
methanol is dominated by an-
thracene-based absorptions,
which can be identified based
on the characteristic vibronic
progression. The broad absorp-
tion band centered at A=
340 nm is close to that observed
for simple phosphonium bor-
anes such as [p-(MePh,P)C,H,-
(BMes,)]* and can be assigned
to the triarylboron chromo-
phore.™™ In the case of [2]I, a
single broad absorption band
bearing contributions from both
the triarylboron and dansyl flu-
orophores is observed at A, =
335 nm in methanol. It is impor-
tant to note the absence of
charge-transfer bands in the ab-
sorption spectra of these com-
pounds. In turn, excitation of
these conjugates does not
appear to result in the forma-
tion of charge-transfer states.”

These two compounds are
weakly fluorescent with emis-
sion bands centered at Ag,=
427 nm for [1]T (#=1.54%,
Aexcitation = 347 nm, MeOH) and
Awo=501nm for [2]t (&=
3.78%, Aexcitation = 347 nm,
MeOH) (Figure 2). The emis-
sion spectrum of [1]* shows a
weak emission of the anthryl
fluorophore (centered at A=
427 nm) complemented by a
contribution from the boron-
centered  chromophore at
longer wavelengths. In agree-
ment with this proposal, we
note that [p-(MePh,P)C¢H,-
(BMes,)]* gives rise to a struc-
ture-less emission band at
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Figure 1. Left) Absorption spectra of [1]* (top) and [2]* (bottom) in methanol along with changes observed
upon formation of [1(CN)] and [2(CN)], respectively, by addition of cyanide anions. Right) Experimental and
calculated 1:1 cyanide binding isotherms for [1]* (top) and [2]* (bottom). For [1]*, the data were measured at
A=340nm and fitted with K=(1.540.5)x10°m"" by using &([1]*)=10500mM 'em™' and &([1(CN)])=
2600m'cm™'. For [2]*, the data were measured at A =335 nm and fitted with K=(2.54+1.0)x10°m™" by using

£([2]7)=12650m 'cm ' and &([2(CN)])=3900m 'cm'.
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Figure 2. Top) Proposed mechanism of fluorescence quenching and revival in para-phenylene phosphonium
borane/fluorophore conjugates (PET =photo-induced electron transfer). Bottom) Fluorescence spectrum
changes observed upon addition of cyanide ions to [1]% (left, 5.96 uM, A yciwion=347 nm) and [2]T (right,
6.19 UM, Aeyeitation =347 nm) in methanol. The pictures in the inset show the emission observed with the naked

eye under a hand-held UV lamp.
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Afiio=476 nm in methanol (Figure S13 in the Supporting In-
formation). A similar situation can be invoked in the case of
[2]T, whose fluorescence spectrum may be assigned to weak
emissions from both the boron-centered and dansyl chromo-
phores. Bearing in mind that the fluorescence quantum
yields of the anthracene and dansyl fluorophores are typical-
ly elevated, their weak fluorescence in [1]* and [2]* may be
assigned to an intramolecular photo-induced electron-trans-
fer process involving the excited fluorophore as the donor
and the phosphonium borane as the acceptor (Figure 2). To
further test this hypothesis, we decided to monitor the fluo-
rescence intensity of these compounds upon cyanide coordi-
nation. Cyanide binding to [1]* and [2]* should result in a
neutralization of the electron accepting properties of the
phosphonium borane moiety, thereby inhibiting electron
transfer from the pendant fluorophore to the cationic
borane. In line with these expectations, addition of cyanide
to [1]* and [2]* in methanol results in a notable increase of
the fluorescence intensity of the pendant fluorophores, a
phenomenon assigned to the formation of [1(CN)] and
[2(CN)], respectively (Figure 2). This increase can be quan-
tified by a comparison of the quantum yields of the phos-
phonium borane conjugates (¢p=1.54 and 3.78% for [1]*
and [2]*, respectively) and that of their cyanide adducts
(¢p=41.3 and 44.2% for [1(CN)] and [2(CN)], respectively)
in methanol.

These observations, as well as the absence of charge-trans-
fer bands in the absorption spectrum of these conjugates,
suggest that fluorescence quenching of the pendant fluoro-
phore of [1]* and [2]* occurs through intramolecular photo-
induced electron transfer from the excited state of the fluo-
rophore to the electron-deficient phosphonium borane.'! In
support of this electron-transfer argument, we note that ap-
plication of the simplified Rehm-Weller equation™ to
donor-acceptor systems consisting of anthracene or N-butyl-
dansylamide as donors and [p-(MePh,P)CsH,(BMes,)]*t as
the acceptor, affords negative Gibbs energies of photo-in-
duced electron-transfer (AGS,=-55.0 and —59.8 kJmol™
for anthracene and N-butyl dansylamide, respectively (see
the Supporting Information for calculation details).’” In
turn, the proposed mechanism of fluorescence quenching in
[1]7 and [2]* differs from the charge-transfer mechanism
first uncovered by Wang and co-workers for a series of bi-
functional triarylamine/triarylborane derivatives.!)

To confirm the formation of [1(CN)] and [2(CN)], these
two compounds have been isolated and characterized. Both
derivatives precipitate spontaneously upon addition of KCN
to a methanol solution of the corresponding phosphonium
boranes. These zwitterionic cyanoborates are soluble in
CDCl;. Their spectroscopic features (6(*'B)=-13.5 and
—12.5 ppm for [1(CN)] and [2(CN)], respectively; #(CN~) =
2163.2 and 2166.8 cm ™" for [1(CN)] and [2(CN)], respective-
ly) confirm the presence of a cyanoborate functionality and
are comparable to those of p-(MesN)CH,(B(CN)Mes,).l*
Addition of B(C¢F5); to CDCl; solutions of [1(CN)] and
[2(CN)] leads to regeneration of the free cationic boranes
[1]" and [2]*, thus indicating that cyanide binding is reversi-
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ble. The crystal structure of [2(CN)] has also been deter-
mined (Figure 3). This compound crystallizes in the Pl
space group with two independent molecules in the asym-

Figure 3. Crystal structure of [2(CN)] (only one independent molecule is
shown, 40% ellipsoid, hydrogen atoms are omitted for clarity, phenyl
and mesityl substituents represented as thin lines); selected bond lengths
[A] and angles [°] (the metrical parameters of the second independent
molecule are given in brackets): B—C1 1.595(8) [1.638(9)], B—C2 1.677(8)
[1.640(8)], B1-C3 1.667(7) [1.639(9)], B—C4 1.671(7) [1.650(8)]; C1-B-C3
1122(5) [113.0(4)], CI-B-C2 100.9(5) [101.5(4)], C3-B-C2 116.5(5)
[118.1(4)], C1-B-C4 102.7(5) [105.0(4)], C3-B-C4 105.3(5) [103.3(4)], C2-
B-C4 118.4(5) [115.5(4)].

metric unit (Figure 3).2” The structures of these two mole-
cules slightly differ by the respective orientation of the
dansyl and the zwitterionic phosphonium/cyanoborate moi-
eties. Further examination of the structure shows coordina-
tion of the cyanide anion to the boron center through an
average B—C bond of 1.617 A. This coordination bond is
comparable to those found in other triarylcyanoborate spe-
cies such as p-(Me;N)C.H,(B(CN)Mes,) (1.618(8) A).l14!
The average of sum of the C,,-B-C,, angles (£(C-B-C)=
338.6°) indicates that cyanide binding induces a substantial
pyramidalization of the boron atom similar to that observed
in p-(Me;N)CH,(B(CN)Mes,) (Z(C-B-C)=337.5°).0141
Having observed that both [1]* and [2]* can readily be
converted into their corresponding cyanide adduct, we de-
cided to determine their cyanide binding constants in a
protic solvent such as methanol. To this end, UV/Vis titra-
tion experiments were carried out by the addition of in-
creasing amounts of cyanide to a solution of the cationic
boranes (Figure 1). Binding of the cyanide to the boron
center of [1]* and [2]* resulted in a quenching of the ab-
sorption band of the triarylboron chromophore leading to a
net decrease of the absorbance in the A=300-370 nm range.
The resulting data was fitted to a 1:1 binding isotherm indi-
cating that the binding constants of [1]7 and [2]* are at
least equal to 10°M~". A complete quenching of the band
was not observed because both the anthryl and dansyl fluo-
rophore absorb in the 1=300-400 nm range. We have previ-
ously reported that phopshonium boranes such as [p-
(MePh,P)C¢H,(BMes,)]|t complex fluoride anions in protic
media.l'® For this reason, it became important to study the
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fluoride affinity of [1]* and [2]*. Fluoride titration experi-
ments carried out in methanol show that fluoride binding
occurs with both [1]7 and [2]*. The resulting binding con-
stants are, however, very low (K(F)=(340+40)m" for
[1]t and K(F)=(500£50)m~" for [2]"), thus indicating
that [1]* and [2]* are in fact highly selective for cyanide
over fluoride anions (Figures S9 and S10 in the Supporting
Information). Cations [1]* and [2]* show no detectable af-
finity for other anions including CI-, Br™, I", NO;~, H,PO,,
SO, and CH;CO,", thus pointing to the selectivity of
these receptors (Figure S11 in the Supporting Information).
Encouraged by the elevated cyanide binding constants
displayed by [1]" and [2]* , we decided to test if these cat-
ionic boranes could be used in aqueous solutions. Whereas
[1]" was found to irreversibly decompose in H,O/MeOH
(6:4, vIv), the fluorescence spectrum of a solution of [2]* at
pH 7 in H,O/MeOH (6:4, v/v) remained unchanged for over
an hour. Further information into the stability of [2]* was
obtained by monitoring its UV/Vis spectrum as a function
of pH. At pH 5.6, the characteristic absorption band of [2]*
at A=333 nm is readily observed, indicating that the boron
center remains trigonal planar. At pH 6.8, an initial decrease
of the band is observed signaling the onset of hydroxide
binding (Figure S8 in the Supporting Information). This phe-
nomenon is quickly followed by the formation of a precipi-
tate assigned to the hydroxide adduct. Such adducts are not
unprecedented and have been previously obtained with
other phosphonium boranes such as [p-(MePh,P)CsH,-
(BMes,)] .l In agreement with the formation and precipi-
tation of the hydroxide adduct, we found that re-acidifica-
tion of the solution leads to a 98 % revival of the absorption
band of [2]* at A=333 nm. These observations indicate that
the pKg. of [2]* (i.e., the pH at which 50% of [2]T is con-
verted into [2(OH)]) is in the range of 7-8 . This range is
distinctly lower than that measured for [p-(MePh,P)CsH,-
(BMes,)]* (pKg+=9.0) under the same conditions. This ob-
servation suggests that [2]* is more Lewis acidic than [1]%,
possibly because of its greater hydrophobic character.!'®"!
Cyanide binding by [2]* also occurs at pH7 in H,0/
MeOH (6:4, v/v) as indicated by a decrease of the absorb-
ance at =333 nm upon addition of cyanide ions. Binding is
extremely rapid and results in the precipitation of [2(CN)],
which is observed after addition of only 0.1 equivalent of cy-
anide when a 51 um solution of [2]* is employed. This rapid
precipitation, which attests to the affinity of [2]* for cyanide
in aqueous solutions, also indicates that the cyanide binding
constant of [2]* cannot be determined. The apparent high
cyanide affinity displayed by [2]* prompted us to investigate
even more dilute solutions. Gratifyingly, cyanide anion bind-
ing was also observed when a 5.1 um solution of [2]7 (H,O/
MeOH (6:4, v/v), pH 7) was employed as indicated by the
fluorescence turn-on response observed upon addition of cy-
anide. This turn-on response is reproducible even at very
low cyanide concentrations. For example, [2]* can be used
to detect cyanide concentrations as low as 1 um or 26 ppb; it
is thus one of the most sensitive cyanide sensors known to
date (Figure 4).[6t43-910.112a] ¢ jg jmportant to note that
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Figure 4. Top) Changes in the fluorescence spectrum of a solution of [2]*
(5.1 um) in H,O/MeOH (6:4, v/v) upon addition of CN™ at pH 7 (6 mm
HEPES buffer). Bottom) Visible fluorescence turn-on response observed
for [2]T (4.02 um) in the presence of 52 ppb of CN™ at pH 7.3.

the cyanide concentration threshold of 1um (26 ppb) at
which [2]* becomes competent is well below the drinking
water maximum allowable concentrations recommended in
the European Union (50 ppb) or in the USA (200 ppb).*”!
Determination of the binding constant under these condi-
tions is complicated by the slow kinetics associated with di-
lution. Nonetheless, the sensing assay is highly reproducible
and can be used to reliably detect cyanide at ppb concentra-
tions. In addition to being very sensitive for cyanide, [2] is
also very selective. At these low concentrations, [2]* shows
essentially no response to the presence of other anions such
as F-, ClI", Br, I, NO;~, H,PO,", SO,*", and CH;CO,". For
example, the addition of ten equivalents of these anions to a
4.28 um solution of [2]* causes no apparent changes in the
fluorescence spectrum (Figure S12 in the Supporting Infor-
mation). However, more than a 9-fold fluorescence en-
hancement was observed upon cyanide addition. This re-
sponse can even be detected with the naked eye for concen-
trations of cyanide as low as approximately 50 ppb as shown
by the appearance of the characteristic green fluorescence
of the dansyl fluorophore after addition of cyanide
(Figure 4).

In conclusion, we have demonstrated that cyanide binding
to the boron center of the phosphonium boranes [1]* and
[2]* results in a turn-on response of the fluorescence of the
anthryl and dansyl fluorophores, respectively. This increase
can be explained by considering: 1) that the fluorophores of
[1]* and [2]* are quenched by intramolecular photo-in-
duced electron transfer from the fluorophore to the elec-
tron-deficient phosphonium borane unit and 2) that cyanide
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coordination to the boron center neutralizes the electron ac-
cepting properties of the phosphonium borane unit leading
to a revival of the fluorescence of the pendant fluorophore.
The success of this approach is illustrated by the use of [2]*
for the naked-eye detection of cyanide ions at 50 ppb con-
centrations in aqueous solutions.

Experimental Section

General considerations: Dimesitylboron fluoride and potassium cyanide
were purchased from Aldrich, dansyl chloride from TCI. Solvents were
dried by passing through an alumina column (toluene, acetonitrile), heat-
ing to reflux under N, over Na/K (Et,O and THF). UV/Vis spectra were
recorded on an Ocean Optics USB4000 spectrometer with an Ocean
Optics ISS light source. IR spectra were obtained by using an ATI Matt-
son Genesis Series FT infrared spectrophotometer. Fluorescence meas-
urements were carried out by using a PTI, QuantaMaster spectrofluor-
ometer. Elemental analyses were performed by Atlantic Microlab (Nor-
cross, GA). The pH measurements were carried out with a Radiometer
PHM290 pH meter equipped with a VWR SympHony electrode. NMR
spectra were recorded on Varian Inova 300 FT NMR (299.96 MHz for
'H, 121.43MHz for *P) and Varian Unity Inova 400 FT NMR
(399.59 MHz for 'H, 37599 MHz for “F, 128.19 MHz for "B,
161.75 MHz for *'P, 100.45 MHz for ">C) spectrometers at ambient tem-
perature unless otherwise stated. Chemical shifts are given in ppm, and
are referenced against external BF;Et,O (''B), and 85% H;PO, (*'P).
Additional experimental and synthetic details can be found in the Sup-
porting Information.!

Synthesis of [2]I: A mixture of N-(3-bromopropyl)-5-(dimethylamino)-1-
naphthalenesulfonamide (0.55g, 1.48 mmol), sodium iodide (0.54 g,
3.6 mmol), and p-Ph,P-C;H,-BMes, (0.61 g, 1.2 mmol) in acetonitrile
(10 mL) was heated to reflux overnight. After cooling to room tempera-
ture, the solvent was removed in vacuo to afford a residue which was
treated with CH,Cl, (20 mL). The resulting mixture was filtered to afford
a CH,Cl, solution which was concentrated in vacuo to a final volume of
about 5 mL. This concentrate was purified by flash chromatography over
silica gel by using first, ethyl acetate (20mL) and then methanol
(20 mL). The solvents were removed in vacuo and the residue was ex-
tracted with CH,Cl, (20 mL) and water (10 mL). The organic layer was
separated, dried over MgSO,, filtered and concentrated in vacuo. Further
purification was achieved by washing the solid with Et,O to afford [2]I as
a yellow solid (0.45mg, 40%). '"HNMR (300 MHz, CDCl;): 6=1.90
(brs, 2H; CH,CH,CH,), 1.97 (s, 12H; Mes-CH,), 2.30 (s, 6H; Mes-CHs),
2.84 (s, 6H; N(CH;),), 3.33 (m, 2H; NHCH,CH,), 3.83 (m, 2H;
CH,CH,P), 6.83 (s, 4H; Mes-CH), 7.15 (d, J=7.5 Hz, 1H; dansyl-CH),
7.43 (t, J=8.0 Hz, 1H; dansyl-CH), 7.59-7.83 (m, 15H; Ph/phenylene/
dansyl-CH), 8.14 (d, J=6.6 Hz, 1H; dansyl-CH), 8.40-8.48 ppm (m, 2H;
dansyl-CH), NH not detected; *C NMR (100 MHz, CDCl;): § =20.68 (d,
Jep=52.4Hz), 21.39, 23.70, 23.88, 42.12 (d, Jop=17.5Hz), 45.53 (N-
CHs;), 115.52, 117.90 (d, J-p=285.8 Hz), 119.68, 120.45 (d, J-p=284.3 Hz),
123.10, 128.71, 128.77, 128.96, 129.56, 129.94, 130.24, 130.72 (d, Jcp=
12.1 Hz), 132.77 (d, Jcp=9.1 Hz), 133.67 (d, Jcp=9.9 Hz), 135.18, 135.32,
136.62 (d, Jcp=12.1 Hz), 140.10, 140.87, 140.99, 151.71, 153.63 ppm;
'P NMR (121 MHz, CDCl;): =+25.20 ppm; a "B NMR signal could
not be observed despite extended acquisition times; MS (ESI): m/z:
caled for C5HssBN,O,PS* [M—I"]": 801.38; found 801.3569; elemental
analysis calcd (%) for Cs; 4sHss9BClyoIN,O,PS ([2]1:0.45 CH,Cl,): C 63.91,
H 5.83; found: C 63.88, H 5.80 ("HNMR spectrum shows CH,Cl, resi-
due).

Synthesis of [2(CN)]: [2]I (50 mg, 0.054 mmol) was dissolved in methanol
(5 mL) and treated with a solution of KCN (33 mg, 0.51 mmol) in metha-
nol (2 mL), which resulted in the formation of a solid. After 30 min, the
solid was isolated by filtration, washed with methanol, and dried in vacuo
to afford [2(CN)] as a pale yellow powder (23 mg, 51%). '"HNMR
(400 MHz, CDCl;): 6=1.56 (brs, 2H; CH,CH,CH,), 1.82 (s, 12H; Mes-
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CH;), 2.04 (s, 6H; Mes-CH;), 2.70 (m, 2H; CH,CH,P), 2.77 (m, 2H;
NHCH,CH,), 2.83 (s, 6H; N(CH),), 6.48 (s, 4H; Mes-CH), 6.72 (br, 1H;
NH), 7.11 (d, J=7.2 Hz, 1H; dansyl-CH), 7.39-7.60 (m, 13H; Ph/dansyl-
CH), 7.71-7.74 (m, 2H; phenylene-CH), 8.08 (d, J=7.6 Hz, 1H; phenyl-
ene/dansyl-CH), 8.31 (d, /=8.4 Hz, 1H; phenylene/dansyl-CH), 8.45 (d,
J=8.4Hz, 1H; phenylene/dansyl-CH), 8.50 ppm (m, 1H; phenylene/
dansyl-CH); “CNMR (100 MHz, CDCLy): 6=19.40 (d, Jcp=54.7 Hz),
20.81, 23.92, 25.67, 42.10 (d, Jcp=16.7Hz), 45.51, 109.89 (d, Jep=
88.9 Hz), 115.53, 118.64, 119.07 (d, Jop=285.5 Hz), 119.30, 123.07, 128.72
(d, Jep=129Hz), 12892, 129.57, 129.92, 130.20, 13030 (d, Jep=
12.2 Hz), 131.12, 132.85, 133.54 (d, Jcp=9.8 Hz), 134.77, 135.31, 137.89
(m), 141.86, 145.98, 149.14, 151.76, 170.82 ppm; "B NMR (128 MHz,
CDCl;): 6 =—12.45 ppm; *'P NMR (161 MHz, CDCl;): 6=23.90 ppm; IR
(film on KBr plate): #=2166.8 cm ™' (CN"); elemental analysis calcd (%)
for Cs3,Hs9sBN;0;,PS ([2(CN)]-1.2CH;0H): C 73.76, H 6.96; found: C
73.28, H 6.76 ('"H NMR spectrum shows the presence of residual metha-
nol).
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