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ABSTRACT: Hydrogen-bonding promoted covalent modifi-
cations are finding useful applications in small-molecule
chemical synthesis and detection. We have designed a
xanthene-based fluorescent probe 1, in which tightly held
acylguanidine and aldehyde groups engage in multiple
intramolecular hydrogen bonds within the concave side of
the molecule. Such an interdigitated hydrogen bond donor—
acceptor (HBD—HBA) array imposes significant energy
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barriers (AG* = 10—16 kcal mol™) for internal bond rotations to assist structural preorganization and effectively polarizes
the electrophilic carbonyl group toward a nucleophilic attack by CN™ in aqueous environment. This covalent modification
redirects the de-excitation pathways of the cyanohydrin adduct 2 to elicit a large (>7-fold) enhancement in the fluorescence
intensity at 4,,,, = 440 nm. A remarkably faster (> 60-fold) response kinetics of 1, relative to its N-substituted (and therefore
“loosely held”) analogue 9, provided compelling experimental evidence for the functional role of HBD—HBA interactions in the
“remote” control of chemical reactivity, the electronic and steric origins of which were investigated by DFT computational and X-

ray crystallographic studies.

B INTRODUCTION

Activation of substrates in enzymatic reactions often proceeds
via polarization of scissile chemical bonds." Coordination of
metal ions to the Lewis basic functional group is one strategy to
achieve this goal.” Alternatively, hydrogen bond donor (HBD)
groups presented by the inner surface of enzyme active sites can
participate in conceptually parallel processes by promoting the
reactivity of electrophilic substrates.> The oxyanion hole in the
serine protease active sites is one prominent example.l’4 Here,
multiple N—H groups from the polypeptide backbone bind and
properly orient the substrate carbonyl group for a nucleophilic
attack and stabilize the transition state leading to the tetrahedral
intermediate. A growing number of organocatalytic systems
nicely demonstrate that such hydrogen bond-promoted
chemical reactions can be mimicked by well-conceived small
moslecules that operate in conceptually similar manner (Figure
1)>77

For example, the (thio)urea-based “bidentate” N—H groups
(Figure 1) facilitate the addition of CN™ onto ketone/ imines.”’
Efficient catalytic versions of this and related chemistry have
been implemented using a series of crescent-shaped organic
structures designed with HBDs, which have significantly
advanced our understanding of the structure—reactivity
relationships in electrophile activation.**®"* As shown in
Figure 1, urea (I), thiourea (II), and guanidine (III) (and its
protonated form) all present multiple, polarized N—H groups
as effective HBD units. Such structural similarity logically
suggests that chemical transformations requiring activation of
C=X (X = hydrogen bond acceptor; HBA) group could
equally well be effected by C=X:-H—N interactions with
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Figure 1. Binding and activation of electrophilic C=E (E = O or NR)
group by “double hydrogen bonds” (left) and representative HBD
motifs (right), where the functional groups for two-point contacts are

highlighted in blue.>™”

guanidine-based small molecules. The functional utility of the
guanidine motif derives further from the high pK, value of the
guanidinium cation and its ability to participate in strong
hydrogen bonds using charged N—H groups. Indeed, structural
motifs derived from guanidine and its conjugate acid have
recentlgf emerged as potent organocatalysts,&j'm’11 super-
bases,'”~'* and electronically/sterically tunable ligands."

A growing number of supramolecular constructs are also

found in the literature that exploit guanidine/guanidinium
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functionalities for molecular recognition, o self-assembly,

and switching.*" Here, the planar {CN;} core*” in both neutral
and protonated forms allows for facile construction of highly
preorganized structures through multiple hydrogen bonds.
Moreover, this basic structural motif can be elaborated further
by installing a carbonyl group next to the guanidine nitrogen,
which enhances both the strength and directionality of the N—
H groups. As shown in Figure 2, the intramolecular N—H:--O

N-alkyl N-acyl
guanidinium guanidinium
. H., -H.
H"N H N O
+ H.+
H"I:IJ\I?IAFI \Eq)\'ﬂJLR
H H H H ‘restricted
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Figure 2. Structural preorganization and enhanced N—H acidity of the
guanidinium group with a N-acyl substituent.

hydrogen bonding between the guanidine N—H and neighbor-
ing carbonyl oxygen atom not only functions as a rigid
conformational lock but also enhances the acidity of the N—H
proton for strong hydrogen bonds.*®

In this paper, we disclose the chemistry of a N-acylguanidine
modified xanthene derivative 1 (Scheme 1) and its application

Scheme 1. Electrophile Activation for Covalent Capture of
CN™ Coupled to Fluorescence Turn-On Response
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for fluorescence turn-on detection of CN™. Detailed solution
spectroscopic studies on 1 and its structural analogues have
unveiled a remarkable strength of the interdigitated hydrogen-
bonding network, which allows for a fast and selective capture
of cyanide ion to form 2 by activation of the aldehyde C=0
group.

Notably, 1 responds rapidly (k =223 M™'s™') to CN” by a
large (>7-fold) enhancement in the blue emission at 4,,,, = 440
nm. A detailed understanding of the structure—property—
reactivity relationship of this cyanide-responsive latent
fluorophore was aided by a combination of spectroscopic, X-
ray crystallographic, and DFT computational studies. The
findings described in this paper contribute to the growing
research interests in the use of noncovalent interactions, in
particular hydrogen bonds, to direct and facilitate bond-forming

3621

chemical reactions of both fundamental and practical
importance.

B BACKGROUND: DESIGN CONSIDERATIONS

We have previously shown that a bifurcated hydrogen-bonding
network can be constructed using a synthetic mimic of peptide
p-turn** 7> As shown in Scheme 1, multiple intramolecular
N—H--O=C contacts in 3,” in its “folded” conformation,
effectively polarize the aldehyde C=O group to enhance its
reactivity toward CN™ to form the cyanohydrin adduct 4. This
efficient chemical transformation restores the inherent
luminescent properties of the diphenylacetylene-based 7-
conjugation, which enables selective turn-on response toward
CN™ under physiologically relevant aqueous conditions.

This initial discovery made with 3 prompted an exploration
into new fluorogenic platforms that maintain rapid and selective
response toward CN~ through the hydrogen bond-assisted
activation of electrophilic site but operate with excitation and
emission at longer-wavelength visible region. The latter
consideration is to avoid undesired overlaps with background
spectral window of biological/environmental samples, which
was not fully addressed by 3 requiring photoexcitation at 4
270 nm.

In the quest for a new structural motif that can satisfy both
the chemical and photophysical requirements discussed above,
we were attracted to the xanthene-based polycyclic systems
IV—VII shown in Figure 3. This particular structural motif has

exc

Figure 3. Chemical structures of fluorescein (V), eosin (VI), and
rhodamine (VII) as structural derivatives of the parent xanthene
system IV.

been used extensively as fluorogenic components in molecular
probes and imaging agents. As exemplified by fluorescein, eosin,
and rhodamine derivatives,””*® the practical utility of such
system derives from excellent optical properties (i.e., high
quantum yields at longer wavelengths) that can readily be
modulated either by synthetic modifications or by changes in
local environments. While the parent xanthene system has been
used extensively as rigid structural scaffolds for sha}pe-persistent
oligomer/polymers® and multidentate ligands®>*" as well as
templates for molecular recognition and organocatalysis®> and
biomimetic structures,”*%** its structural elaboration to
fluorogenic cyanide receptor is yet to be demonstrated.

We envisioned that a N-acylguanidyl fragment introduced to
one side of the xanthene platform should establish multipoint
intramolecular HBD—HBA contacts with an aldehyde group
installed on the other side of the molecule (Scheme 1). As in
the case for 3, the aldehyde group attached directly to the 7-
conjugated system of 1 could function as an internal quencher
site to promote a rapid intersystem crossing from the [n,7*]
singlet state to the [zz*] triplet state,>* but its chemical
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transformation to the cyanohydrin adduct 2 could restore the
fluorescence. In addition to supporting a rigid z-conjugated
skeleton, the oxygen atom at the 9-position of the xanthene
ring system participates also in the interdigitated HBD—HBA
array (Scheme 1) to enhance the thermodynamic stability of
the “folded” conformation (vide infra). Moreover, the N-
acylguanidyl motif of 1 should further increase the acidity of the
N-H proton for a stronger hydrogen bond toward the
aldehyde C=0 group on the concave side and help rigidify the
entire structure through intramolecular N—H---O=C contact
on the convex side of the molecule (Scheme 1). A preliminary
computational modeling predicted a highly compact structure
of 1 without noticeable steric constraints, which convinced us
to initiate the synthesis of the actual molecule.

B RESULTS AND DISCUSSION

Synthesis. Our synthesis of 1, as summarized in Scheme 2,
commenced with a selective monoesterification of the

Scheme 2. Synthetic Route to 1¢
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“(a) DCC, DMAP, EtOH/CH,CL, 0 °C to rt, 56%. (b) NaBH,,
THF/MeOH, 50 °C, >99%. (c) PCC, SiO,, CH,Cl,, rt, 61%. (d) Boc-
guanidine, DCC, NMM, HOBt, CH,CL, rt, 87%. (e) TFA, CH,Cl,
reflux, >99%.

dicarboxylic acid § to desymmetrize the 1- and 8-positions of
the xanthene molecule. Subsequent reduction and oxidation
converted 6 to 8 having an aldehyde and a carboxylic acid
group facing each other across the xanthene s-platform. A
standard amide coupling reaction between 8 and Boc-protected
guanidine proceeded cleanly under DCC/HOBt conditions to
produce 9, which was quantitatively converted to 1, isolated as
a white solid after acidic deprotection and basic workup.

Structural Characterization: Interdigitated Hydrogen
Bonds. The assembly of the desired hydrogen-bonding
network in 1, as proposed in Scheme 1, was confirmed by
crystallographic chemical analysis. Single crystals of 1 suitable
for X-ray crystallography were obtained by diffusion of
hexamethyl disiloxane into an acetone/CF;CO,H solution of
the purified material. The compound crystallized as the
monoprotonated [1-H]* salt with trifluoroacetate as the
counteranion (Figure 4).35

As shown in Figure 4a, the two N—H groups of the
guanidinium fragment in [1-H]" point toward the concave side
of the molecule and converge at the aldehyde oxygen atom
across the “turn” motif with N-+O,peny distances of 2.759(3)
and 2.891(3) A. In addition, the N1—H group, which is located
closest to the xanthene ring, makes another hydrogen-bonding
contact (N-+O 4 = 2.723(3) A) with the xanthene ether
oxygen atom. Such offset “zipper-like” HBD—HBA pattern
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Figure 4. X-ray structure of [1-H]" cation as ORTEP diagrams with
thermal ellipsoids at S0% probability: (a) face-on and (b) edge-on
views. One of the two tert-butyl groups on the xanthene ring is
disordered over two positions, for which only one model is shown in
(a). In (b), the tert-butyl and methyl groups have been omitted
entirely for clarity. Selected interatomic distances (A) of the hydrogen
bonds that are denoted by dashed lines: N1--O1, 2.723(3); N1---02,
2.891(3); N3---02, 2.759(3); N2:--03, 2.614(4).

(with the guanidinyl N—H groups constituting one side of the
zipper as HBD; aldehyde and ether oxygen atoms as HBA on
the other side of the zipper) maximizes the donor—acceptor
complementarity between the HBD and HBA groups without
repulsive secondary 1nteract10ns in the classical Jorgensen
model of hydrogen bonds.*® The conformational stability of
[1-H]" is enhanced further by the N—H:---O hydrogen bond
(N--O = 2.614(4) A) between the guanidinyl N2—H and
amide C=0 group on the convex side of the molecule. A total
of four pairwise HBD—HBA interactions thus contribute
collectively to the compact shape (Figure 4a) as well as the
essentially coplanar arrangement (Figure 4b) of the molecular
skeleton, which is reminiscent of the honeycomb-like lattice
with closely packed hexagonal cells for structural strength.

With compelling structural evidence obtained for the
interdigitated hydrogen bonds in [1-H]*, we wished to
investigate the presence of similar HBD—HDA arrays in the
charge neutral form 1. As shown in Figure Sa, the energy-
minimized DFT model 1’ (without the methyl and tert-butyl
substituents on the xanthene ring system of 1) is essentially
superimposable onto the computed structure of its mono-
protonated form [1’-H]*. Overall, the conformational stability
of the system through interdigitated hydrogen bonds is
maintained for both the neutral base 1’ and its conjugate
acid [1"-H]".

Consistent with the intuitive prediction, a slight contraction
of the concave side of the molecule is observed for [1’-H]".
This minor structural transition arises from the tilting of the
guanidinium “arm” unit toward the aldehyde group to make
tighter N—H---O contacts, which is the consequence of N—H
bond polarization (and therefore stronger hydrogen bond)
upon protonation of the guanidinyl group. The metric
parameters predicted for the double N—H--O hydrogen
bonds between the guanidinyl and carbonyl groups in the
DFT model [1-H]* (Figure Sc) are also comparable to the
corresponding values of the crystallographically characterized

* (Figure 4).
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Figure S. Overlay of the (a) DFT models 1 (in gray) and [1"-H]* (in
black) and (b) X-ray structure of [1-H]" (in gray) and DFT model
[1"“H]" (in black) in capped-stick representations with hydrogen
bonds denoted by dotted lines. Geometry optimization was performed
at the B3LYP/def2-TZVP level of theory with dispersion correction
(ORCA 29). (c) A close up view of the DFT model [1"-H]" and
selected interatomic distances, where N is blue and O is red.

Structural Folding in Solution: 1-D and 2-D 'H NMR
Spectroscopic Studies. While the X-ray crystallographic and
DFT computational studies described in the previous section
have suggested the importance of intramolecular hydrogen
bonds in the assembly of well-defined secondary structures, the
stability of such “folded” conformation in more relevant
environment was yet to be established. Toward this objective,
we decided to carry out detailed solution 'H NMR
spectroscopic studies.

As shown in Figure 6a, the 'H NMR spectrum of 1 in CDCl,
at T = 298 K revealed three sharp N—H resonances. The most
downfield shifted signal at 6 = 11.5 ppm is associated with the
amide NI—H proton of the acylguanidine unit (Figure
6b).>?%?%373% The other two resonances at § = 10.9 ppm
(assigned to N2—H) and 8.9 ppm (assigned to N3—H) are
sharp and widely separated, suggesting that the amine/imine
units at the guanidinyl end of 1 are in magnetically
nonequivalent environment and exchange slowly on the
NMR time-scale at rt. The significantly downfield-shifted N—
H resonances also implicate the involvement of additional
deshielding effects, such as intramolecular hydrogen bonds
(Figure Sa).

The long-range *Jy; i scalar coupling (= w-coupling) observed
in the 2D COSY "H NMR spectrum (Figure S1) further
supports the spectral assignment of these N—H resonances>’
and their spatial relationships predicted by DFT computational
studies (Figures Sa and 6b). For example, the N2—H proton
shows two independent cross-peaks to N3—H and N1-H
resonances, respectively, via w-coupling. The relative chemical
shifts of these N—H resonances are also in good agreement
with the assignments shown in Figure 6.

The precise spatial arrangement of the hydrogen bonding
network in 1 was established further by 2D 'H NMR
spectroscopy. As shown in Figure 6a, the aldehyde C—H
proton of 1 in CDCl, displays pronounced NOE cross-peaks
with both the N1-H and N3—H proton resonances. This
spectral pattern is consistent with the DFT geometry optimized
model 1’ (Figures Sa and 6b) and establishes that the dual
hydrogen bond between the aldehyde C=O and guanidinyl

N—H groups is indeed maintained in solution.
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Figure 6. (a) Partial 2D-NOESY contour plot of 1 (= 100 mM) in
CDCI; at T = 298 K. The corresponding 1D spectrum is shown along
the ordinate. The symbols O, <>, B, and ¥ denote the resonances of
the N1—H, N2—H, N3—H, and aldehyde C—H proton, respectively.
(b) Capped-stick representation of the DFT geometry optimized
model 1’ (Figure Sa) in a close-up view, with hydrogen bonds (in
dotted lines) and NOE contacts (in double-headed arrows) denoted
and the protons labeled with the same symbols as in (a).

We note that the N3—H and N2—H proton resonances
appear as similar intensities (Figure 6a), whereas the chemical
structure of 1 would predict a 2:1 peak integration ratio. This
spectral behavior suggests a rapid tautomerization involving
proton exchange between N2 and N3. Among the four protons
of 1 that are associated with the three guanidyl nitrogen atoms
N1, N2, and N3, three protons tightly engage in hydrogen
bonds (Figure 6b) and are therefore less mobile. The remaining
fourth proton, however, can exchange between the N2 and N3
positions at the guanidinyl end. The distinctively different
chemical (and therefore magnetic) environments of the N2—H
and N3—H protons still give rise to well-resolved '"H NMR
resonances (Figure 6a), but the ApK, values between the two
conjugate acids must be sufficiently small to establish
resonance-assisted tautomeric equilibrium by fast proton
exchange,*® which was observed experimentally.

How Strong is the Interdigitated Hydrogen Bond?
One important principle behind the design of 1 is structural
preorganization through a contiguous array of HBD—HBA. As
shown in Schemes 1 and 2, both 1 and its synthetic precursor 9
share an essentially identical 7-conjugated backbone but differ
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in the guanidinyl N-substituent. The presence of the bulky N-
Boc group in 9 was anticipated not only to increases the steric
crowding but also to decrease the strength of the N—H:--O=C
hydrogen bond across the turn motif, compared to 1 having the
unsubstituted N—H terminal group. Through hydrogen bonds,
the electronic properties of the aldehyde group should respond
sensitively to such structural modification in the “remote” site.
In order to test this postulation, a direct NMR spectroscopic
comparison was made between 1 and 9.

In CDCl,, the *C NMR spectra of 1 and 9 showed only a
subtle change in the chemical shifts of the aldehyde carbon
atoms and were thus less informative (see Experimental
Section). In contrast, the aldehyde C—H proton resonance of
the Boc-substituted 9 (Figure 7a) is significantly (AS = 0.77

(a)

<
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J |
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Chemical Shift (ppm)

Figure 7. Partial '"H NMR spectra of (a) 9 and (b) 1 (30.0 mM) in
CDCl;, at T = 298 K, with the aldehyde C—H resonances indicated by
dashed lines. The sharp N—H peaks of 1 (see Figure 6 for the labeling
schemes) become indistinguishably broadened for the Boc-substituted
9.

ppm) downfield-shifted relative to that of 1 (Figure 7b). Such
spectral difference could be rationalized by an increased
deshielding from the weakly hydrogen-bonded C=0 z-system
of 9 relative to 1.*' The reduced conformational rigidity of 9
also allows its N—H protons to undergo rapid exchange to
produce very broadened 'H NMR spectral features (Figure 7a).
In stark contrast, 1 displays sharp and well-resolved N—H
resonances under similar conditions (Figures 6 and 7b),
reflecting their association with tighter hydrogen bonds and
therefore slower exchange.

The strength of the intramolecular hydrogen bonds in 1 was
examined further by concentration-dependent 'H NMR
studies. Within the concentration range of [1] = 2.0—100
mM in CDCl; at T = 298 K (Figure S2), no detectable shift in
resonance was observed for the amide N1—H and guanidinyl
N3—H protons, which engage in double hydrogen bonds with
the aldehyde group (Figure 6). In contrast, the sterically less
protected N2—H group located on the convex side of the
molecule undergoes a slight upfield shift at higher concen-
trations. Over a wide range of concentrations, 1 retains its
compact folded conformation through tight intramolecular
hydrogen bonds, despite that intermolecular interactions would
compete more effectively with increasing concentration.

Strength of Hydrogen Bond Determined by the
Energetics of Bond Rotation. The conformational stability
of 1, described in the previous section, is tied closely to the
restricted bond-rotating motions of the guanidinyl unit. A
quantitative understanding of this process, as shown in Scheme
3, was aided by variable-temperature (VT) 'H NMR
spectroscopic studies.
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Scheme 3. Exchange of Hydrogen-Bonded N—H Protons
through Terminal C—N Bond Rotation
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As shown in Figure 8, the two N3—H protons on the
guanidinyl group of 1 (labeled as H, and Hj in Scheme 3)
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Figure 8. Partial 'H NMR spectra of 1 (30.0 mM) in CDCl, obtained
at various temperatures (T = 223—263 K) and referenced to the
proton labeling scheme shown next to the top spectrum.

appear as a singlet at 6 = 8.80 ppm in CDCl; at T = 298 K
Upon lowering the temperature, however, this signal broadens
and eventually splits into two resonances at 6 = 9.38 and 8.43
ppm at T = 223 K, reflecting a restrlcted rotation about the C—
N bond shown in Scheme 3.** Within this temperature range,
the N1—H proton resonance at 6 = 11.46 ppm and the N2—H
signal at 6 = 10.98 ppm remain largely unchanged and appear
as sharp singlets, which is consistent with their participation in
stronger hydrogen bonds (vide infra).

Using the Av value (= 381 Hz) at the slow exchange limit
and the coalescence tem ferature (T. =233 K) (egs 1 and 2),
the energy barrier of AG* = 10.2 kcal mol™ , was determined for
the C—N rotation depicted in Scheme 3.*

T
ko= 1A -
AG* = RT. In( RI. ]
kNyh (2)

Unlike the N1—H proton, which is buried deeply inside the
concave side, the N2—H and N3—H groups on the guanidinyl
end of the molecule reside on the convex surface of the
molecule (Figures S and 6b) and therefore respond more
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sensitively to changes in the solvent environment. Indeed, upon
changing the solvent from CDCl; to CD;CN, the N2—H
resonance of 1 undergoes a significant (A5 = 1.49 ppm) upfield
shift, whereas the rest of the spectral pattern remains largely
unchanged (compare Figures 8 and 9).

e
v N3 *\ v
‘“7?0 M o n
T=303K )| D YZ NENE M )

[
be
r-ssak J\_

Te=338K J\ 1

|

T T T
1.5 11.0 0.5 10.0 95 8.0 85

T=313K

y

mJ‘L
-

T=343K

T T
125

120
Chemical Shift (ppm)

Figure 9. Partial 'H NMR spectra of 1 (30.0 mM) in CD,CN
obtained at various temperatures (T = 303—343 K) and referenced to
the proton labeling scheme shown next to the top spectrum.

This spectral behavior implicates weakening of the N—
H--O=C,_ 4. contact in more polar solvent environment
(Ex(30) = 39.1, CHCly; 46.7, CH,CN).** At T = 303 K, the
N2—H and N3—H protons appear as two well-resolved signals
at 0 = 9.33 and 8.94 ppm, respectively, but broaden with
increasing temperature and eventually coalesce at T = 338 K
(Figure 9). Such temperature-dependent spectral change could
best be explained by the rotation about the guanidinyl C—N
bond (Scheme 4) which exchanges the N2—H and N3—H sites.

Scheme 4. Exchange of Hydrogen-Bonded N—H Protons
through Internal C—N Bond Rotation

exchange
H
B _NQ
o \‘ﬁ H c-Nbond
o} H.N O rotation
0 AG* = 16.0 kcal mol-’

The VT 'H NMR data shown in Figure 9 (T. =338 K; Av =
151 Hz) was thus analyzed using eqs 1 and 2 to derive the
rotational energy barrier of AG* = 16.0 kcal mol™ for the
“internal” C—N bond (Scheme 4). Even with assistance from
the more polar solvent environment (vide supra), this value is
significantly higher than that (AG* = 10.2 kcal mol™) of the
“terminal” (and therefore less restricted) C—N bond rotation
(Scheme 3). The chemical structure of 1 dictates that the C—N
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bond rotation shown in Scheme 4 should require concerted (if
not synchronous) breaking of at least two N—H--O hydrogen
bonds. As such, this process has a higher energy barrier (AAG*
= 5.8 kcal mol™!) than the terminal C—N bond rotation
(Scheme 3) which requires disruption of only one N—H---O
contact. Our VT NMR studies have thus provided quantitative
experimental support for this chemically intuitive structure—
dynamics model.

In summary, the honeycomb-shaped multiple HBD—HBA
contacts in 1 serve as a robust conformational lock to suppress
internal rotational motions and create distinctively different
chemical environments around the guanidinyl HBD unit. The
solvent- and temperature-dependent dynamic behavior of these
N—H groups has provided unique opportunities to use VT 'H
NMR spectroscopy to quantify directly the strength of
intramolecular hydrogen bonds as reflected on the differential
activation energies (AAG*) of the C—N bond rotation.
Notably, the high-energy barrier (AG* = 16.0 keal mol™) for
the bond twisting around the internal C—N bond (Scheme 4)
ensures that the two N—H groups are properly directed toward
the CHO group for a tight two-point contact (Figures S and 6).

Covalent Capture of Cyanide lon and Turn-On
Fluorescence Response. In addition to restricting internal
torsional motions to increase the conformational stability, the
intramolecular hydrogen bonds in 1 should further polarize the
C=0 group to promote its reactivity toward nucleophilic
attack (Scheme 1). This hypothesis was investigated by the
reaction between 1 and CN™.

As shown in Figure 10a, addition of CN~ (100 equiv;
delivered as NaCN salt) to a solution of 1 (30 #M) in buffered
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Figure 10. (a) Time-dependent (0—30 s) changes in the UV—vis
spectra of 1 (= 30 uM) treated with NaCN (100 equiv) and (b)
fluorescence spectra of 1 (= 10 uM) prior to (dotted lines) and after
(solid lines) addition of NaCN (300 equiv) in H,0:CH,CN = 9:1 (v/
v) at pH = 7.0 (HEPES, 100 mM).

(pH = 7.0; HEPES, 100 mM) H,0—CH,CN (9:1, v/v)
resulted in a decrease in the electronic absorption at 4,,, = 320
nm with concomitant buildup of a new band at 4, = 290 nm.
The presence of the isosbestic points at 4 = 280 and 300 nm

indicated a clean conversion of the reactant to the product with
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no build-up of spectroscopically detectable intermediates or
byproducts.

Under similar conditions, 1 displays a weak (®p = 2.4%)
fluorescence at Ay em = 480 nm upon excitation at Ae,. = 300
nm. The addition of CN~ (300 equiv; delivered as NaCN salt),
however, immediately elicited a large (>7-fold) enhancement in
the emission intensity (®p = 17.2%) (Figure 10b). Notably, the
fluorescence turn-on response from the reaction product
occurred at / = 440 nm, which is significantly red-shifted
than that (Ayuem = 370 nm) of the first-generation f-turn
mimic 4 (Scheme 1).

The chemical structure of the reaction product was
established by a combination of 'H/"*C NMR spectroscopy
and high-resolution mass spectrometry. As shown in Figure 11,

‘max,em

(b)

— 4

10 9 8 7 6
Chemical Shift (ppm)

Figure 11. Partial "H NMR spectra of (a) 1 (= 30 mM) and 1 + CN~
(3.0 equiv) obtained (b) 1 min and (c) 10 min after addition of NaCN
in CDCly mixed with 2.5% (v/v) of D,O at T = 298 K. The proton
resonances of benzaldehyde C—H group in 1 (V) and the benzyl
alcohol C—H group in 2 (V) are labeled using the symbols denoted in
the corresponding chemical structure; the N—H proton resonances
disappeared as a result of H/D exchange with D,0.

the reaction between 1 (30 mM) and NaCN (3 equiv) in
CDCl, (doped with D,0, 2.5%, v/v) was completed within 10
min, as evidenced by the disappearance of the aldehyde C—H
resonance at 6 = 9.91 ppm of 1 and the growth of the benzylic
C—H resonance at 6 = 5.74 ppm from the cyanohydrin adduct
2 (Scheme 1). The aromatic resonances also showed systematic
upfield shifts upon 1-to-2 conversion.

This spectral assignment was further corroborated by *C
NMR spectroscopic studies on the reaction mixture (Figure
S$3), which revealed the appearance of two new resonances
from the benzylic (5 = 60.8 ppm) and cyanyl (5 = 117.6 ppm)
carbons, with the loss of the aldehyde (6 = 194.0 ppm) signal.
High-resolution ESI-MS analysis also identified a peak for the
cyanohydrin adduct 2: caled for C,,H;N,O; [M + HJ,
463.2709; found, 463.2697 (Figure S4).

Kinetic Studies: Structure—Reactivity Relationships.
The underlying molecular mechanism of the turn-on
fluorescence response of 1 toward CN~ (Figure 10b) involves
an efficient chemical transformation of the aldehyde group,
functioning as the fluorescence quencher group®* as well as the
cyanide receptor site,”® and subsequent restoration of the
xanthene fluorescence. As shown in Figure 12, the homologous
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Figure 12. Time-dependent changes in the fluorescence intensity at
Aem = 440 nm (A, = 300 nm) observed in the reactions of 1 (@), 9
(O), and 10 (M) with NaCN (2.50 mM) in H,0:CH,CN = 2:1 (v/v)
(pH = 7.0; HEPES, 100 mM) at T = 298 K; sample concentration
=10.0 uM. The gray curves overlaid on the experimental data points of
1 and 9 are theoretical fits generated using k' = 5.6 X 107 s™! for 1
and k' = 9.4 X 107* 57! for 9 (eq 3). No change in the fluorescence
intensity was observed for 10 under this condition.

set of molecules 1, 9 and 10 commonly share these key
structural/functional components (i.e., quencher/receptor site
juxtaposed to the fluorogenic reporter) and therefore should
react similarly toward CN™. The efficiency of this chemical
transformation, however, would depend critically on the
strength of the N—H:--O=C hydrogen bonds to activate the
electrophilic carbonyl group.

An experimental validation for this structure—reactivity
model was aided by comparative kinetic studies on 1, 9, and
10 (Figure 12). Due to the limited water solubility of 9 and 10,
reactions were carried out in H,O—CH;CN (2:1, v/v) mixed
solvent system at pH = 7.0 (HEPES, 100 mM) and monitored
with the fluorescence intensity at A = 440 nm as a function of
time. Under pseudo-first-order conditions, an exponential
growth in the emission intensity was observed for the reaction
between 1 and CN™ at T = 298 K (Figure 12). A linear
dependence of the pseudo-first-order rate constant k' (=
k[CN7]y; eq 3) on [CN7], (Figure SS) suggests a rate-
determining C—C bond formation by bimolecular addition
reaction:

ﬂ =1- e_k/t
I €)

Apparently, the stronger N—H:--O=C hydrogen bonds in
the conformationally better defined 1 lead to a remarkable (>
60-fold) enhancement in the reactivity, as reflected on the
second-order rate constant of k =223 M ™' 57! of 1 vs k = 0.37
M s of 9 at T = 298 K (Figure S5). Changes in the ionic
strength (by adding NaCl up to 0.2 M) did not affect either the
response rate of 1 or the fluorescence intensity of its
cyanohydrin adduct (Figure S6). Under similar conditions, 10
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lacking any hydrogen bonds shows no reactivity toward CN~
(Figure 12).

Electrophile Activation through Hydrogen Bonds:
Quantifying the Electronic Basis of Chemical Reactivity.
An intuitive chemical model to rationalize the differential
reactivity observed along the series 1 > 9 > 10 (Figure 12) is
the activation of electrophilic C=O group through intra-
molecular hydrogen bonds (Scheme 1). In order to obtain a
more quantitative measure of this process that is fundamentally
rooted in the electronic structures, we have investigated 1’,
[1"-H]*, and 10" (Figure 13), as simplified DFT computational
models of the corresponding molecular system 1, [1-H]*, and
10, respectively.

introduction of
HBD groups

O

‘unfolding” to lose
HBD-HBA contacts
-_—

l protonation for

10’

|

1% 1

charge-assisted HBD

‘unfolding” to lose
HBD-HBA contacts
—_—

P
[1"H]e

Figure 13. Electrophilic FMOs of the DFT models 1’, [1-H]*, and 10’
and the corresponding atomic Fukui index (f*) of the carbon atom of
the aldehyde group functioning as the cyanide capturing site.

[1"H]p*

Here, an increasing number of N—H HBD groups (e.g., 10’
vs 1), including charge-assisted interactions (e.g, 1’ vs
[1"-H]*), were introduced to converge at the C=0O group
across the “turn” motif defined by the xanthene skeleton. For 1’
and [1"-H]*, the two distinctively different rotamers, i.e., one
with hydrogen bonds (such as 1’,; “planar”) and the other
without hydrogen bonds (such as 1’y “twisted”), were
considered in order to better quantify the conformational,
rather than simple substitution effects of the HBD groups on
the C=0 bond activation. Since 10" does not have such HBD
groups, only the energetically most favored, planar conforma-
tion was studied (Figure 13).

As shown in Scheme 1, the carbon atom of the aldehyde
carbonyl group is the reactive site for the covalent capture of
CN™. Therefore, the contribution of the atomic orbital of this
carbon atom to the LUMO could be used as a reasonable first-
principle descriptor for the chemical reactivity toward
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nucleophiles. In order for such analysis to be meaningful, the
transition state leading to the product should lie closer to the
reactants, rather than the products side. In addition, the
reaction should be closer to the idealized soft—soft interaction,
rather than the hard—hard extreme, since electrostatic factors
are not adequately described by Fukui reactivity index.*>*
Fortuitously, the covalent capture of cyanide anion by a
carbonyl group, shown in Scheme 1, satisfies these two
important requirements.47

For the DFT models shown in Figure 13, we have
determined their atomic Fukui functions from atomic Mulliken
population of the electrophilic FMOs. While the absolute
magnitude of this parameter f* might have limited practical use,
comparisons made across intimately related structural homo-
logues, such as 1’, [1"“H]*, and 10’, in which the electro-
philicity of the C=0 carbon center is varied systematically by
its immediate chemical environment, should provide important
and quantifiable insights into the structure—reactivity relation-
ship (Figure 12).

Consistent with our intuitive prediction, the LUMO of each
system shown in Figure 13 is localized at the aldehyde =*
MO™* and comparable f* parameters (0.230—0.242) were
obtained for 10, 1’, and [1"-H]*. Upon structural “folding” to
allow the guanidinyl group to engage in HBD—HBA contacts,
however, the f* value is significantly increased to +0.278 (for
1',). Moreover, protonation of this guanidinyl group led to a
further increase in the degree of C=0O bond polarization, as
reflected on the f* value of +0.310 computed for [1"-H]",
which is the highest among the series sampled (Figure 13).

The pK, value of 7.20 (+0.03) determined for 1 (Figure S7)
suggests that this molecule should coexist with its conjugate
acid [1-H]* (Figure 4) in neutral aqueous solutions. As
predicted in Figure 13, the guanidinium group of the [1-H]*
cation should further enhance the reactivity of the aldehyde
group through charge-assisted hydrogen bond.* Such inter-
action is not allowed for the Boc-protected 9, which shows
significantly lower response kinetics (Figure 12). We thus
conclude that the combination of enhanced conformational
rigidity rendered by tighter HBD—HBA contacts (Figures 4—6)
and stronger polarization of the C=0 group (Figure 13) are
responsible for the efficient conversion of 1 to 2 upon reaction
with CN™ (Scheme 1).

Selectivity in Cyanide Response. The fluorescence turn-
on detection of cyanide by 1 (Figure 10b) relies critically on the
clean (Figure 11) and fast C—C bond forming reaction under
ambient conditions (Figure 12). Among 15 different anions
screened under identical conditions, including F~, CI7, Br~, I~
N;7, SCN7, AcO7, NO;~, ClO, , PFs7, HCO;~, HSO,,
H,PO,”, and OH", the fluorescence turn-on response of 1
works exclusively for CN™ at pH = 7 (Figures 14a,c), with good
linearity between the emission intensity and concentration
observed down to [CN~] = 10 uM (Figure S8) and consistent
fluorescence enhancement at pH = 6—11 (Figure S9). As
shown in Figure 14d, a consistent enhancement in the
fluorescence intensity was also observed in competition studies
when CN™ was subsequently added to the solutions containing
other anions. The high selectivity of 1 in cyanide detection was
demonstrated further in extreme competition. For this purpose,
a solution of 1 was treated with all 14 different anions
combined, which showed only weak background signal. Upon
addition of cyanide to this mixture, an immediate enhancement
in fluorescence was observed (Figure 14b).
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Figure 14. (a) Fluorescence spectra of 1 after exposure to CN~ (in
red) or other 14 anions (in gray; see the list in (c) and (d)). For the
sample (b), CN~ was added to a solution of 1 + all 14 anions
combined. (c) Relative fluorescence response of 1 to various anions.
The signal intensity (= I) at 4 = 440 nm after treatment of 1 with each
anion is normalized with that of 1-only (= I;). The bars represent the
normalized emission (= I/I;) of 1 in the presence of the anions of
interest: 1, CN7; 2, F7; 3,Cl7;4,Br7; 5,17; 6, N;7; 7, SCN7; 8, AcO~;
9, NO;; 10, ClO,~; 11, PEg; 12, HCO,™; 13, HSO,™; 14, H,PO,
15, OH7, all delivered as sodium salts. (d) The selectivity of 1 for CN~
in the presence of various anions. The light-gray bars represent the
emission of 1 in the presence of 300 equiv of the anion of interest. The
black bars indicate the change in the emission that occurs upon
subsequent addition of 300 equiv of CN™ to the solution containing 1
and the anion of interest. Conditions: A, = 300 nm; T =298 K; [1] =
10.0 M in H,0:CH,CN = 9:1 (v/v) at pH = 7.0 (HEPES, 100 mM).

B SUMMARY AND OUTLOOK

As a rigid m-conjugated structural platform, 1,8-disubstituted
xanthene can support multiple, honeycomb-shaped HBD—
HBA contacts across the turn motif. Taking advantage of this
structural feature, we have constructed a cyanide-responsive
latent fluorophore 1, in which an interdigitated array of
intramolecular hydrogen bonds function as a “remote activator”
for the electrophilic carbonyl group. A facile C—C bond-
forming reaction with CN™ redirects the de-excitation pathways
of the adduct 2 to elicit a large enhancement in the emission
intensity. Using comparative spectroscopic, kinetic, and DFT
computational studies, we have investigated the functional role
of the hydrogen bonds in conformational preorganization, the
molecular mechanism of electrophile activation, and the
underlying structure—reactivity relationships dictated by FMO
electronic structures.

Prevailing design strategies for cyanide-responsive small-
molecules exploit CN™ functioning as a Lewis basic ligand or as
a nucleophilic agent. For example, luminescent receptors have
been built with Lewis acidic boron centers®**" or transition-
metal ions,>” but fluorescence quenching upon CN~ binding (=
“turn-off” response) is less desirable.’*>'*" Alternatively,
weakly bound and fluorescence-quenching transition-metal
ions can be sequestered by coordination to CN~, and the
fluorogenic free ligands thus released can give rise to a net
enhancement in luminescence intensity.53”54

Upon reaction with CN™ functioning as a nucleophile, the
light-absorbing®® or light-emitting properties®® of certain
chromophore/fluorophores can be changed dramatically. The
C—C bond formation required for such reaction-based
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fluorescence turn-on detection scheme®” has been implemented
with (i) ring-opening reactions of coumarin-fused spiropyr-
ans,*®® (ii) benzyl rearrangement,** and (jii) Michael addition
to a,f-unsaturated ketone or dicyano vinyl***™" as well as (iv)
addition to 7-conjugated carbonyl group (as the most well-
explored design strateg)r).26’5'6j_r In such chemical trans-
formations, the electrophilicity of the reactive sp*-carbon
atom can further be enhanced by (i) installation of positively
charged heteroatom substituent,”® ™ (i) attachment to
electron-withdrawing group (such as CF,),°%*P4 and/or (i)
tight association with intramolecular hydrogen bonds.>%%%~"

Unlike conceptually related systems in which only a single
N—H:-O=C or O—H:-O=C contact can be installed for
electrophile activation,***™" our structure design allows for the
installation of multiple, charge-assisted hydrogen bonds that
dramatically accelerate the cyanide-capturing event under
ambient conditions but without compromising the selectivity.
Efforts are currently underway in our laboratory to expand the
scope of the chemistry and find practical applications in device
settings.

B EXPERIMENTAL SECTION

General Considerations. All reagents were obtained from
commercial suppliers and used as received unless otherwise noted.
The solvents THF and dichloromethane were saturated with nitrogen
and purified by passage through activated Al,O; columns under
nitrogen (Innovative Technology SPS 400). Aqueous solutions for
reactivity studies and kinetic studies were prepared using H,O purified
by an E-pure water filtration system (Barnstead Thermolyne Co.). The
compounds  2,7-di-tert-butyl-9,9-dimethyl-xanthene-4,5-dicarboxylic
acid (5)*** and 2,7-di-tert-butyl-9,9-dimethyl-xanthene-4-carbaldehyde
(10)*® were prepared according to literature procedures. All air-
sensitive manipulations were carried out under nitrogen atmosphere
by standard Schlenk-line techniques.

Physical Measurements. 'H NMR and *C NMR spectra were
recorded on a 400 MHz Varian Inova NMR Spectrometer. Chemical
shifts were reported versus tetramethylsilane and referenced to the
residual solvent peaks. High-resolution chemical ionization (CI)
(using CH, as CI reagent) and electrospray ionization (ESI) mass
spectra were obtained on a Thermo Electron Corporation MAT
9SXP-Trap. High-resolution GC-MS (CI, using CH, as CI reagent)
was obtained on a Thermo Electron Corporation MAT 9SXP-Trap.
FT-IR spectra were recorded on a Nicolet Avatar 360 FT-IR
spectrometer with EZ OMNIC E.S.P. software. UV—vis spectra were
recorded on an Agilent 8453 UV—Visible spectrophotometer with
ChemStation. Fluorescence spectra were recorded on a Photon
Technology International QM-4-CW Spectrofluorometer with FeliX32
software.

Kinetic Studies. The comparative kinetic studies on 1, 9, and 10
were conducted in a mixed solvent system of H,0:CH,CN = 2:1 (v/
v) (pH = 7.0, HEPES 100 mM) due to the limited water solubility of 9
and 10. Time-dependent changes in the fluorescence intensity were
monitored at 4 = 440 nm (A, = 300 nm) at T = 298 K with constant
stirring. The AI vs t kinetic traces were fitted by nonlinear regression
methods (OriginPro 8.6) using eq 3, in which the parameters k' (=
k[CN7],) and I (= intensity at t = o0) were allowed to vary.

2,7-Di-tert-butyl-5-formyl-9,9-dimethyl-N-(N-tert-butoxy-
carbonyl)carbamimidoyl)-xanthene-4-carboxamide (9). To a stirred
CH,Cl, (20 mL) solution of 8 (0291 g 0.738 mmol), N,N'-
dicyclohexylcarbodiimide (0.239 g, 1.16 mmol), and hydroxybezo-
triazole (0.159 g, 1.17 mmol) was added Boc-guanidine (0.235 g, 1.48
mmol). A portion of N-methylmorpholine (0.15 mL, 1.364 mmol) was
added in dropwise fashion, and the mixture was stirred for S h. The
reaction was quenched by treating with H,O (10 mL). The organic
fraction was extracted with CH,Cl,, dried over anhyd MgSO,, and
filtered. Volatile fractions were removed under reduced pressure, and
the residual material was purified by flash column chromatography on
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SiO, (hexane:EtOAc = S:1, v/v) to furnish 9 as a white solid (0.344 g,
yield = 87%). "H NMR (400 MHz, CDCl;, 298 K): § 10.69, 7.80—
7.81 (d, J = 2.3 Hz, 1H), 7.75 (s, 1H), 7.67—7.68 (d, ] = 2.3 Hz, 1H),
7.58—7.59 (d, ] = 1.9 Hz, 1H), 1.67 (s, 6H), 1.41 (s, 9H), 1.34 (s, 9H),
1.33 (s, 9H). 3C NMR (100 MHz, CDCl,, 298 K): § 190.2, 159.1,
1504, 146.5, 146.4, 1462, 130.8, 129.1, 126.5, 126.1, 123.6, 123.1,
81.1, 774, 36.8, 34.8, 34.7, 32.1, 31.6, 31.5, 31.4, 28.1. FT-IR (thin film
on NaCl, cm™): 3400, 3054, 2987, 2686, 2520, 2410, 1631, 1422,
1264, 1152, 909, 739. HRMS (ESI) calcd for Cy,H,,N;05 [M + H],
536.3124; found, 536.3146.

2,7-Di-tert-butyl-N-carbamimidoyl-5-formyl-9,9-dimethyl-xan-
thene-4-carboxamide (1). A stirred CH,Cl, (10 mL) solution of 9
(0.337 g, 0.628 mmol) and trifluoroacetic acid (10 mL) was heated at
reflux overnight. The reaction was cooled to rt and quenched by
treating with saturated aq solution of NaHCO;. The organic fraction
was extracted with CH,Cl,, dried over anhyd MgSO,, and filtered.
Volatile fractions were removed under reduced pressure, and the
residual material was purified by flash column chromatography on
SiO, (CH,Cl,:MeOH = 10:1, v/v) to furnish 1 as a white solid (0.274
g yield = 99%). "H NMR (400 MHz, CDCl,, 298 K): & 11.54 (s, 1H),
10.82 (br s, 2H), 9.92 (s, 1H), 8.80 (br s, 2H), 8.26—8.27 (d, J = 2.7
Hz, 1H), 7.83—7.84 (d, ] = 2.3 Hz, 1H), 7.74—7.76 (m, 2H), 1.71 (s,
6H), 1.41 (s, 9H), 1.37 (s, 9H). *C NMR (100 MHz, CDCl,, 298 K):
5 194.0, 166.1, 157.2, 148.1, 147.7, 1464, 146.1, 133.3, 131.7, 131.0,
130.2, 129.9, 129.5, 122.4, 117.6, 34.9, 34.8, 34.3, 33.3, 31.3. FT-IR
(thin film on NaCl, cm™): 3380, 3237, 3055, 2969, 2868, 2681, 1710,
1692, 1612, 1444, 1396, 1265, 1187, 1137, 896, 737. HRMS (ESI)
caled for C,qH3,N;0; [M + HJ, 436.2600; found, 436.2622.

B ASSOCIATED CONTENT
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Synthesis and characterization of 6—8; additional spectroscopic,
kinetic, computational, and X-ray crystallographic data. This
material is available free of charge via the Internet at http://
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