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ABSTRACT: Chromogenic anion receptors based on acylhydrazone are designed and r D {J
synthesized. UV—vis and 'H NMR titration showed that receptors 1 and 2 are selective

L H ;
receptors for dihydrogen phosphate (H,PO,”). Both showed strong association constants o J/J ‘/J
with H,PO,” even in polar solvents. Receptor 1 was found to recognize H,PO,” through ‘\ #
three types of hydrogen-bonding (H-bonding) donors: indole N—H, amide N—H, and imine ’&‘ %
C—H hydrogens. However, receptor 2 seemed to sense H,PO,” through two types of H-
bonding donors. Despite this seemingly different number of H-bonding elements, the binding @ J’ '
constants of receptors 1 and 2 with H,PO,” were almost equal. To understand this puzzling
result, we investigated the binding poses of complexes using density functional theory. The ?
proposed 2-H,PO,” complex structure revealed another possible H-bonding element y *‘
involving an aromatic nitrogen acting as a H-bonding acceptor. To confirm this, we  @- J’ ’
synthesized receptor 3, which is devoid of this nitrogen. The binding constant of receptor 3
for H,PO,™ was 2 orders of magnitude lower than those of receptors 1 and 2. This decreased
binding affinity strongly supports the existence of a N(aromatic)---H—O(phosphate) interaction. These results provide a rare
opportunity to identify H,PO,” acting as a H-bonding donor during an anion-recognition event.
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®
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W INTRODUCTION R
The design and synthesis of receptors capable of binding and OOO + w catAcOH A A
sensing biologically important anions selectively have attracted N Hu—n, rLH H/»'l o
considerable attention because anions play major roles in the N

biological, medical, environmental, and chemical fields.!~"* Of ¢ N 'y
the biologically important anions, phosphorylated species are of

considerable interest because they play important roles in a

variety of biological processes, such as energy transduction, !

signal processing, genetic information storage, and membrane OOO

transport.'> Phosphate is an essential component of many EtOH

chemotherapeutic and antiviral drugs'*™'® as well as being of OO 0 cat. AcOH

concern as a pollutant in inland waterways'~ because of the * R_< —— NTTH TN

overuse of agricultural fertilizers, whereas pyrophosphate is HN—NH, O\I/N\H H/NYO
8-—22 No oZ R R

involved in important anabolic and bioenergetic processes.

Thus, the importance of the selective detection of phosphory-

lated biomolecules probably surpasses that of other biologically

functional anions.”>2¢ 2 R
With regard to the design of anion receptors, hydrogen

bonds are important anion-recognition elements because of

their directionality. Most hydrogen-bonding anion receptors

utilize N—H---anion or O—H-anion hydrogen bonds.””*’ 3 R-

Rarely, C—H:--anion hydrogen bonds are also utilized for anion

binding**~** and play important roles in nature.**~** C—H bonds, whereas receptor 2 can utilize two types of H-
With these considerations in mind, we designed and bonding donors, amide N—H and imine C—H bonds.

synthesized anion receptors 1 and 2. Receptors 1 and 2 utilize

anthracene as a molecular scaffold and acylhydrazone as a

hydrogen-bonding moiety. Receptor 1 utilizes three types of H- Received: September 27, 2013

bonding donors, that is, indole N—H, amide N—H, and imine Published: October 30, 2013
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Synthesis. Receptor 1 was synthesized by reactin
anthracene-1,8-dicarbaldehyde** and indole-2-acylhydrazide®
in ethanol using acetic acid as a catalyst at a yield of 74%.

Receptor 2 was synthesized by reactmg anthracene-1,8-
dicarbaldehyde and nicotino hydrazide*” in ethanol using acetic
acid as a catalyst at a yield of 80%.

Receptor 3 was synthesized by reacting anthracene-1,8-
dicarbaldehyde and benzhydrazide in ethanol using acetic acid
as a catalyst at a yield of 83%.

&

B RESULTS AND DISCUSSION

Interactions with Dihydrogen Phosphate. The ability of
receptor 1 to recognize dihydrogen phosphate was studied in
DMSO using UV—vis titration spectra. Upon adding increasing
amounts of H,PO,”, moderate increases and decreases in
absorption at different wavelengths (Figure 1) and multiple
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Figure 1. Family of spectra recorded over the course of titrating a 20
#M DMSO solution of receptor 1 with increasing amounts of
tetrabutylammonium dihydrogen phosphate.

isosbestic points were identified at 268, 288, 318, 382, 416, 429,
and 439 nm, suggesting typical hydrogen-bonding complex
formation between receptor 1 and dihydrogen phosphate.
Hydrogen-bond formation was confirmed by 'H NMR
titration. When dihydrogen phosphate was added, two N—H
peaks showed intense broadening, and even the imine C—H
peak showed line broadening and a downfield shift (Figure 2).
We believe that these phenomena were caused by a slow
equilibrium between receptor 1 and dihydrogen phosphate as
well as the complexation of added dihydrogen phosphate by

receptor 1 through amide N—H, indole N—H, and imine C—H
hydrogen-bond formation.

The stoichiometry between receptor 1 and dihydrogen
phosphate was determined to be 1:1 using a DMSO-d; 'H
NMR Job plot (Figure 3).
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Figure 3. Job plots of receptor 1 and 2 with tetrabutylammonium
dihydrogen phosphate obtained by 'H NMR in DMSO-d,.

0.2

The association constant of dihydrogen phosphate for
receptor 1 was calculated using a Benesi—Hildebrand plot™®
for UV—vis titration and by analyzing chemical shifts using
EQNMR49 for "H NMR titration. The association constant was
calculated to be 3.2 X 10* by UV—vis titration and 3.3 X 10* by
'"H NMR titration. To discriminate between H bonding and
deprotonation, UV—vis titration of receptor 1 with tetrabuty-
lammonium hydroxide was carried out (Figure 4). Changes in
the absorbance spectra in the presence of hydroxide were
clearly different from those observed for dihydrogen phosphate.
Furthermore, isosbestic points were observed at 282, 321, 355,
398, and 436 nm, which differed from those observed in the
presence of dihydrogen phosphate. In addition, receptor UV—
vis spectral changes upon adding excessive fluoride were almost
identical to those induced by hydroxide.

Figure 5 shows the color change of solutions of receptor 1
after adding various anions in DMSO. Color changes from light
green to orange were observed in the presence of hydroxide or
fluoride, whereas dihydrogen phosphate did not induce any
color change. UV—vis titration results and these color changes
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Figure 2. '"H NMR spectra of 2 mM receptor 1 containing increasing amounts of tetrabutylammonium dihydrogen phosphate (0—1.8 equiv) in

DMSO-d,.
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Figure 4. Family of spectra recorded over the course of titrating a 20 uM DMSO solution of receptor 1 with increasing amounts of

tetrabutylammonium hydroxide (a) and tetrabutylammonium fluoride (b).
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Figure 6. Family of spectra recorded over the course of titrating a 20 M DMSO solution of receptor 2 with increasing amounts of

tetrabutylammonium dihydrogen phosphate.

imply a deprotonation event induced by hydroxide and fluoride
and hydrogen bonding between dihydrogen phosphate and
receptor 1. Pyrophosphate and acetate produced similar
deprotonation titration spectra, but the color change caused
by pyrophosphate was greater. Because of the small basicity and
surface charge density differences between fluoride, acetate, and
dihydrogen phosphate, it was difficult to differentiate them

12123

from one another. However, they were able to be differentiated
to an extent by considering the different color responses
observed. In particular, observed color changes indicated that
receptor 1 differentiated hydrogen pyrophosphate and
dihydrogen phosphate.

However, the other anions did not induce any color changes,
even when added in excess.
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Figure 7. "H NMR spectra of 2 mM receptor 2 with increasing amounts of tetrabutylammonium dihydrogen phosphate (0—4 equiv) in DMSO-d,.

For receptor 2, UV—vis absorption bands at 268, 317, 409,
and 431 nm were observed. Upon adding increasing amounts of
dihydrogen phosphate, moderate absorption increases and
decrease were observed depending on the wavelength (Figure
6).

In addition, multiple isosbestic points emerged at 288, 304,
377, 409, 421, and 431 nm, which suggests that receptor 2 and
dihydrogen phosphate formed a typical hydrogen-bonding
complex. The 'H NMR titration characteristics of receptor 2 in
DMSO-dg were similar to those of receptor 1, for example, line
broadening of the amide N—H and imine C—H peaks because
of slow equilibria were observed on adding dihydrogen
phosphate (Figure 7).

A Job plot obtained by DMSO-ds '"H NMR showed 1:1
stoichiometry, as was observed for receptor 1 (Figure 3). The
association constants of dihydrogen phosphate for receptor 2
were 3.5 X 10* by UV—vis titration and 3.6 X 10* by '"H NMR
titration.

Binding Energy Comparison. These above-mentioned
association constants showed that receptors 1 and 2 have
similar affinities for dihydrogen phosphate, which was
unexpected because receptor 2 seemed to sense H,PO,”
through two types of H bonding (amide N—H and imine
C—H), whereas receptor 1 appeared to do so through three
types of H bonding. Therefore, we decided to investigate the
binding poses more accurately using density functional
methods. The binding energies of receptors for H,PO,” are
listed in Table 1. Experimental binding free energies were
obtained from binding constants (UV experiments). Computa-
tionally, binding energies were determined using density
functional theory. The common hybrid functional of Becke,
3-parameter, Lee—Yang—Parr functional was used along with

Table 1. Comparison of Experimental and Computational
Binding Energies with H,PO,~“

host 1 2 3
exp (UV) —6.12 (0.00) ~5.93 (0.19) -3.39 (2.73)
calc (DFT)  —15.46 (0.00) —1520 (0.26) —12.71 (2.75)

“Units are in kcal/mol. Experimental binding energies were derived
from UV binding constants. DFT calculations were performed
(B3LYP/6-31++G**) using a polarizable continuum model in
DMSO. The basis set superposition error was corrected.

the 6-31+G* basis set.”® The solvation effect of DMSO was
considered using the PCM (polarizable continuum model).*!

For complex structures, several geometries were obtained.
Here, we chose the lowest-energy structures as representative
structures. All geometries of hosts, guest, and complexes were
fully optimized without any constraints using stringent
optimization criteria. Basis set superposition error corrections
were performed.”> We could not perform second-derivative
calculations because of limitations of computational resources,
and we assumed that binding free energies (experiment) should
correlate with binding energy (calculation) values (Table 2).
When experimental and theoretical values were compared,
calculated absolute binding energies differed. This was not
unexpected because we used crude solvation models for the
theoretical calculations and the host-H,PO,” complex inter-
actions are very complicated. However, the relative binding
energies of hosts (data in parentheses) were similar (differences
were less than 0.1 kcal/mol). See the Supporting Information
for detailed computational procedures.

Experimental Confirmation of N(pyridine)---H—O-
(H,PO,”) H Bonding in 2:H,PO,~ Complexes. The
calculated complex structures contained all experimentally
observed H-bonding elements (Figure 8). What is remarkable
from the binding pose of the 2-H,PO,” complex is the
prediction of an additional H-bonding element, that is,
N(pyridine)--H—O(H,PO,”) H bonding was predicted in
the 2-H,PO,” complex (Figure 8, 2).

This additional H bonding would explain why both hosts
have similar binding constants. Control experiments were
designed and performed to investigate the importance of this H
bonding element. Receptor 3, in which the terminal aromatic
rings of receptor 2 were changed from pyridine to benzene, was
synthesized, and its binding to dihydrogen phosphate under the
same conditions was investigated. The binding constant of
dihydrogen phosphate for receptor 3 was 3.1 X 10> by UV
titration. This binding constant is 2 orders of magnitude lower
than that of receptor 1 or 2. Accordingly, this substantial lower
binding affinity of receptor 3 supports the presence of
additional H bonding not observed under the usual
experimental conditions.

Further Inspection of the Binding Poses of Various
Complexes. Figure 8 shows all the possible H-bonding
interactions between dihydrogen phosphate and receptors 1, 2,
and 3 derived from AIM (atoms in molecules) theory.>®
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Table 2. Geometries and Charges of Hosts and their H,PO,” Complexes®

OOO

(0

(0

'}‘/ He W z X N/ He H¢™ SN
o N . N He H¢ N | o
7 N/HR HR\N N 6 5
NP
host (complex) 1 2 3 1-H,PO,” 2-H,PO,~ 3-H,PO,~

Q (H) Hc 0.0210 0.0158  0.0159  0.0664 0.0995 0.0995
H, 0.3970 0.3894 03915  0.4866 0.5154 0.5064
Hy 0.4692 0.1147  0.0152  0.5184 0.0997 0.0923
H, / Hp 0.0515 (H;) 0.0549 (H;)

bond length (X—H) (&) Hc-C 1.0935 1.0926  1.0926  1.0916 1.0918 1.0905
H,—N 1.0186 1.0170 10166  1.0300 1.0358 1.0342
Hy—-R 1.0117 1.0857  1.0858  1.0260 1.0334 1.0850
H,—C/H,—O 1.08)64 (H,- 1.0865 (H,—C) 0.9869 (H,—0)

C

0—H,(0.9731)

distance (H---B) (A) H¢+O 2.6897 2.5138 2.4006
H, O 1.8440 1.8036 1.8311
Hy-O 1.8187 2.6127 2.6111
H,-O/Hp-N, 3.7752 (H,+-0O) 1.9989 (H--Np)

distance (X---B) (A) C(imine)---O 3.7083 3.3845 3.2934
N(amide)---O 2.8932 2.8327 2.8477
X(ring)--O 2.8236 (N--0) 3.1907 (C--0) 3.3669 (C-+0)
C--0/N,...0 4.7088 (C--0) 29731 (Np+-O)

angle (deg) C—H¢-0O 1319 136.2 1382
N-—H,O 173.9 171.9 166.8
R—Hg+O 165.5 112.7 126.7
C—H,O/Np-Hp—0 1452 (C—H,+-0) 168.8 (N--H-0)

p(b) Hc O 0.005999 0.009452 0.012125
H, O 0.030615 0.034551 0.033301
Hy-O 0.033707 0.007423 0.010054
H,-O/Hp-N, 0.000591 (H,+-O)  0.02554S (Np--H)

V2p(b) Hc O 0.022615 0.032983 0.040077
H, O 0.099765 0.116493 0.108679
Hy-O 0.114372 0.028010 0.036044
H,-O/HpNp 0.002454 (H,-O)  0.075499 (Np---H)

“Q_is the partial atomic charge derived using AIM theory. Distances are in angstroms (A), angles are in degrees (°). p(b) is the electron density at
the bond critical point (BCP). V2p(b) is Laplacian electron density at BCP. When two equivalent values were obtained, average values are listed. For
example, H,*+*O distances are all average values. Hc = imine hydrogen attached to the adjacent carbon, H, = amide, and Hy = 6-member aromatic
rings. These hydrogens in all hosts appeared to be important for H,PO,~ recognition. For host 2, additional hydrogen bonding between pyridine
nitrogen (Np) and a phosphoric hydrogen (Hp) appeared important, as shown in Figure 8.

AIMALL (Version 13.05.06)°* was used to study H-bonding
interactions. The green dots in the figure signify bond critical
points (BCPs). To form a hydrogen bond, a green dot should
connect directly to the pair of atoms (H-bonding acceptor and
donor atoms) along the path defined by the electron density
gradient. This is one of the most important criteria when
examining intermolecular interactions. Using this criterion, the
number of possible H-bonding interactions between hosts and
H,PO,” were 6, 7, and 5 for receptors 1, 2, and 3, respectively,
as indicated by either dashed or dotted lines in Figure 8
(dashed lines signify stronger interactions). In Table 2,
hydrogen atoms involved in H bonding are denoted as Hg,
H,, Hy, and H,, and the pyridine nitrogen of host 2 is denoted
as Np. Relevant physical parameters involving host—guest
interactions are listed. Hydrogen bonding is mostly denoted as

12125

X—H:--B, where X—H is a H-bonding donor and B, an
acceptor. Usually, the X—H bond length in X—H:--B is larger
than that of corresponding free X—H bond. However, from the
bond lengths of X—H in Table 2, this tendency was not clear,
presumably because of the complexity associated with multiple
host—guest interactions. For N—H:-O and Np---Hp—O type
interactions, bond lengths were elongated by >0.1 A, whereas
for C—H--O type interactions, bond lengths were slightly
reduced by 0.02—0.05 A. As the distance (H-B) between
donor and acceptor atoms reduces, the interaction intensifies,
and the angle (X—H---B) approaches a straight line. In this
regard, H-bonding interactions involving N—H,---O appeared
strong for all three hosts.

In addition, N—Hg---O in host 1 and Np---H—O in host 2
also appeared strong. Interestingly, hydrogen-bonding partners

dx.doi.org/10.1021/j0402103d | J. Org. Chem. 2013, 78, 12121-12127
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Figure 8. Detailed description of H-bonding interactions between receptors 1 and 2 and H,PO,” using AIM theory (AIMALL program). Green dots
indicate bond-critical points. Solid lines show strong interactions, and dotted lines show weak interactions. See Table 2 for H-bonding notations.

because of the C—H--O interaction were positioned farther
apart than those involved in heteroatom (N) interactions. This
is especially the case for C—H,-O in host 1. The distance
between heavy atoms (C:+-O) was 4.7 A, which is close the
upper limit for H bonding. Because host structures are rather
rigid and interaction elements are not independent of one
another, geometric considerations alone would not be sufficient
to determine the relative strengths of H bonding. Therefore, we
also considered electronic properties. Another common feature
of H bonding is the depletion of electron density around the
central H atom. This was found to be the case for all
interactions in Figure 8 except for Hy in host 2, where the
partial atomic charge was slightly increased by 0.01S5, which
could be caused by the fact that the interaction angle was 113°.
All Laplacian values [V2p(b)] at BCPs (bond critical points)
satisfy the criterion for typical H bonding, that is, they must be
positive. One of the most reliable criteria for accessin§ the
strength of H bonding is electron density at the BCP.>® As
listed in Table 2, p(b)s for N—H--O and Np--Hp—O were
>0.030, indicating strong interactions. Other interaction
elements were of the C—H--O type, which has much lower
p(b) values (0.007—0.012). For C—H,-O, p(b) was very small
(0.000591). Tang et al. suggested that the tzgpical range of p(b)
for C—H H bonding is 0.002—0.034 in au.”” For the C—H:---O
interaction, these values were much lower but nevertheless lie
within the acceptable range. Accordingly to this criterion, the
C—H,-O interaction was not classifiable as H bonding. This
interaction element should be insignificant. Optimized complex
structures are listed in the Supporting Information.

In summary, N—H:-O and Nj--Hp—O type H bonding
appears to be the most significant, whereas C—H--O H
bonding would also participate in molecular recognition.
Although the contributions would be insignificant, the C—
Hy--O and C—H;-O H bonding would contribute to guest
sensing.

B CONCLUSIONS

UV—vis and 'H NMR titration showed that receptors 1 and 2
are selective receptors for dihydrogen phosphate. Both
receptors showed strong association constants for dihydrogen
phosphate, even in polar solvents such as DMSO. In DMSO,
dihydrogen phosphate was complexed by receptor 1 via three
types of H bonding involving amide N—H, indole N—H, and
imine C—H. However, only two types of H bonding were

expected for receptor 2, namely, amide N—H and imine C—H.
Because indole N—H is believed to be a strong H-bonding
element, similar binding constants were not anticipated for
receptors 1 and 2. However, theoretical calculations led to the
identification of an additional H bonding element. Our findings
indicate that the nitrogen atom in the aromatic ring of host 2
appeared to participate in H bonding with the OH of
dihydrogen phosphate. This bonding would also explain similar
affinities of host 1 and 2 for H,PO,”~. N—H---O and Np---Hp—O
type H bonding seem to contribute the most to binding,
whereas C—H--O H bonding appears to participate in
molecular recognition. In addition, receptor 1 proved to be
an effective colorimetric receptor. Fluoride, acetate, pyrophos-
phate, and dihydrogen phosphate were successfully differ-
entiated by simply adding receptor 1 to their solutions.

B EXPERIMENTAL SECTION

Receptor 1. Anthracene-1,8-dicarbaldehyde (70 mg, 0.3 mmol),
indole-2-carbohydrazide (107 mg, 0.6 mmol), and three drops of
acetic acid were dissolved in 25 mL of ethanol. The mixed solution was
heated to reflux overnight and then cooled to room temperature. The
formed precipitate was filtered oft and washed with ethanol to afford
120 mg (74%) of receptor 1. 'H NMR (500 MHz, DMSO-d,) 6 11.93
(s, 2H), 11.82 (s, 2H), 11.01 (s, 1H), 9.38 (s, 2H), 8.77 (s, 1H), 8.25
(d, ] = 8.5, 2H), 8.05 (d, ] = 6.1, 2H), 7.69 (t, ] = 7.6, 2H), 7.47 (br,
6H), 7.26 (t, ] = 6.6, 2H), 7.07 (t, ] = 6.7, 2H). *C NMR (500 MHz,
DMSO-dg) § 158.2, 146.9, 136.9, 131.3, 130.5, 130.0, 128.7, 127.9,
127.6, 127.0, 1257, 123.9, 121.8, 121.3, 120.0, 112.4, 104.4. HRMS
(FAB, double focusing mass sector) caled for C3,H,N,O, [M + HJ",
549.2039; found, 549.2039.

Receptor 2. Anthracene-1,8-dicarbaldehyde (62 mg, 0.264 mmol),
nicotinic hydrazide (72 mg, 0.529 mmol), and three drops of acetic
acid were dissolved in 25 mL of ethanol. The mixed solution was
heated to reflux overnight and then cooled to room temperature. The
formed precipitate was filtered off and washed with ethanol to afford
100 mg (80%) of receptor 2. 'H NMR (500 MHz, DMSO-d;) 5 12.07
(s, 2H), 11.21 (s, 1H), 9.33 (s, 2H), 9.19 (s, 2H), 8.81 (d, ] = 3.7, 2H),
8.79 (s, 1H), 8.34 (d, ] = 7.8, 2H), 8.27 (d, ] = 8.7, 2H), 8.0 (d, ] = 6.9,
2H), 7.69 (t, ] = 7.6, 2H), 7.52 (t, ] = 6.1, 2H). *C NMR (500 MHz,
DMSO-d,) 5 162.5, 152.9, 149.3, 149.2, 135.8, 131.8, 131.3, 130.3,
129.5, 129.2, 128.1, 126.1, 124.0, 122.5. HRMS (FAB, double focusing
mass sector) caled for C,gH, NsO, [M + HJY, 473.1726; found,
473.1728.

Receptor 3. Anthracene-1,8-dicarbaldehyde (60 mg, 0.256 mmol),
benzhydrazide (71 mg, 0.525 mmol), and three drops of acetic acid
were dissolved in 25 mL of ethanol. The mixed solution was heated to
reflux overnight and then cooled to room temperature. The formed
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precipitate was filtered off and washed with ethanol to afford 100 mg
(83%) of receptor 3. "H NMR (500 MHz, DMSO-d;) 6 11.92 (s, 2H),
11.31 (s, 1H), 9.37 (s, 2H), 8.76 (s, 1H), 8.25 (d, ] = 8.5, 2H), 8.02 (d,
J=17.6,2H), 8.0 (d, ] = 6.9, 4H), 7.69 (m, 4H), 7.50 (t, ] = 7.5, 4H).
13C NMR (500 MHz, DMSO-dg) 6 163.3, 147.6, 133.1, 131.3, 131.0,
130.1, 129.8, 128.4, 128.0, 127.3, 126.9, 125.2, 121.8. HRMS (FAB,
double focusing mass sector) caled for C;H,;N,0, [M + HJY,
471.1821; found, 471.1821.

B ASSOCIATED CONTENT

© Supporting Information

Binding energy calculations, coordinates for optimized geo-
metries, '"H NMR, *C NMR, and HRMS spectra for new
compounds 1—3. This material is available free of charge via the
Internet at http://pubs.acs.org.
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