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Structural Characterization of Chirality-Organized Ferrocene-
Dipeptide Conjugates Having Pyridine N-Oxide Moieties

Toshiyuki Moriuchi,*? Hao Wu,[® Yoshiki Tayano, and Toshikazu Hirao*®!

Abstract: Ferrocene-dipeptide conjugates, Fc(-L-Ala-L-Pro-PyO), (2)
and Fc(-L-Ala-L-Pro-PyO), (3), were synthesized by the introduction
of the L-Ala-L-Pro dipeptide having the C-terminal pyridine N-oxide
moiety into the ferrocene organometallic scaffold. The single-crystal
X-ray structure determination of the ferrocene-dipeptide conjugate 2
composed of two dipeptide chains confirmed the formation of
intramolecular antiparallel p-sheet-like hydrogen bonds between CO
(Ala) and NH (Ala of another chain) to induce the chirality-organized
structure, wherein the ferrocenoyl moiety adopts a P-helical chirality.
In the crystal packing of 2, the right-handed molecular arrangement of
peptide chains through hydrogen bonding was observed. On the
contrary, the ferrocene-dipeptide conjugate 3 composed of only one
dipeptide chain showed the self-assembled tetramer structure
through the formation of intermolecular hydrogen bonds and n-n
interactions between pyridine N-oxide moieties.

Introduction

Structurally defined molecular arrangement is of importance for
the design of functional materials,!"! wherein the chemical and/or
physical properties depend on the molecular arrangement of
component molecules. The directionality and specificity of
hydrogen bond have been demonstrated to play a crucial role in
the construction of supramolecular assemblies.”? Complementary
intra- and intermolecular hydrogen bonds between amino acids
are formed in secondary structures of proteins, resulting in the
highly-organized structures to fulfill the unique functions. The
utilization of chirality organization properties of amino acids based
on chiral centers and hydrogen bonding sites is considered to be
a convenient strategy to design a chirality-organized molecular
self-assembly system. Generally, molecular scaffolds are
employed to control the arrangement of amino acids and regulate
the direction of hydrogen bonding sites.®! Ferrocene,® which is a
stable organometallic compound with two rotatory coplanar
cyclopentadienyl rings, is regarded as a reliable central reverse-
turn unit because of that the inter-ring spacing of ferrocene is
appropriate for hydrogen bonding of the introduced peptide
chains. From the view point of bioorganometallic chemistry,?
considerable efforts have been devoted to investigate the
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hydrogen bonding abilities of the introduced amino acid moieties
in ferrocene-amino acid conjugates to induce secondary
structures of proteins.’®! We have also demonstrated the design of
a variety of chirality-organized ferrocene-dipeptide conjugates by
control of the sequence and chirality of amino acids.’’ On the
other hand, pyridine N-oxide derivatives have been used as
asymmetric catalystst® and building units in supramolecular
chemistry based on the coordination and hydrogen bonding
abilities.’! The introduction of pyridine N-oxide derivatives into
peptides is envisioned to afford additional functional properties. In
this context, we embarked upon the conjugation of the L-Ala-L-
Pro dipeptide having the C-terminal pyridine N-oxide moiety and
the ferrocene organometallic scaffold as a central reverse-turn
unit to induce the chirality-organized assemblies.

Results and Discussion

The L-Ala-L-Pro dipeptide was focused on as a dipeptide chain
because of a hydrogen bonding moiety of alanine and a sterically
constrained moiety of proline as a well-known turn inducer in
proteins. The L-Ala-L-Pro dipeptide having the C-terminal pyridine
N-oxide moiety Boc-L-Ala-L-Pro-PyO (1) was obtained by the
reaction of Boc-L-Ala-L-Pro-OH with 2-aminopyridine N-oxide in
the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDCI*HCI), 1-hydroxybenzotriazole (HOBt), and
triethyamine in dichloromethane as shown in Scheme 1. The
reaction of 1,1'-bis(chlorocarbonyl)ferrocene with H-L-Ala-L-Pro-
PyO hydrochloride, which was obtained by the N-Boc
deprotection of 1, in the presence of dimethylaminopyridine and
triethylamine in dichloromethane was found to afford the
ferrocene-dipeptide conjugate Fc(-L-Ala-L-Pro-PyO), (2) The
ferrocene-dipeptide conjugate Fc(-L-Ala-L-Pro-PyO): (3) was
synthesized by the reaction of (chlorocarbonyl)ferrocene with H-
L-Ala-L-Pro-PyO hydrochloride.

X-ray crystallographic analyses were performed in order to
clarify the chirality-organized structures and the self-assembly
properties of the dipeptide derivative and the ferrocene-dipeptide
conjugates (Table 1). Single crystals with diffraction-quality of the
dipeptide derivative Boc-L-Ala-L-Pro-PyO (1) were grown by
diffusion of hexane into dichloromethane solution of 1. The
molecular structure of 1, in which the formation of intramolecular
hydrogen bonds was not observed, is depicted in Figure 1a. In
the crystal packing, the dipeptide derivative 1 showed
intermolecular hydrogen bonding network to induce the head-to-
tail molecular arrangement, wherein each molecule is connected
through intermolecular hydrogen bonds between NH (Ala) and
PyO (pyridine N-oxide of another molecule) (N(1)---O(3)c,
2.848(4) A) and between the NH adjacent to the pyridine N-oxide
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Scheme 1. Synthesis of the dipeptide derivative Boc-L-Ala-L-Pro-PyO (1), the ferrocene-dipeptide conjugate Fc(-L-Ala-L-Pro-PyO)2 (2), and the ferrocene-dipeptide

conjugate Fc(-L-Ala-L-Pro-PyO); (3).

Table 1. Crystallographic date for 1, 2, and 3

1 2 3
Empirical formula C1sH26N4Os CagH42NsOsFe1 + 0.5CH.Cl2 Co24H26N4OsFeq
Formula weight 378.43 837.11 490.34
Crystal system orthorhombic triclinic hexagonal
Space group P212421 (No. 19) P1 (No. 1) P62 (No. 171)
a(A) 6.37447(12) 10.7661(5) 28.900(7)
b (A) 14.6943(3) 12.1152(7) 13.246(4)
c(A) 20.4766(4) 14.7427(6)
a(®) 82.5442(17)
L) 86.5434(11)
7(°) 89.5831(18)
V (A%) 1918.01(6) 1903.22(16) 9581(4)
z 4 2 12
Deaica (g €M) 1.310 1.461 1.020
4 (Cu Ka) (cm™) 8.041
4 (Mo Ka) (cm™") 5.306 4.994
T(°C) -150.0 -170.0 4.0
2 (Cu Ka) (A) 1.54187
2 (Mo Ka) (A) 0.71075 0.71075
R1 @ 0.0473 0.0488 0.0793
wR2 1! 0.1178 0.1379 0.2500

[a] R1= Z||Fo| - |[Fell/Z|Fol. [b] WR2 = [SW(Fs? - FEw(Fo2)2] "2,
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Figure 1. (a) Molecular structure of 1, (b) top, and (c) side view of the
intermolecular hydrogen bonding network in the crystal packing of 1. The pale
yellow colored sheets show the hydrogen bonding network. (hydrogen atoms,
which are not involved in hydrogen bonding, are omitted for clarity).

Table 2. Hydrogen Bonds for 1, 2, and 3

Compound type @ Donor Acceptor DessA(A) D-HeeeA(°)
1 inter  N(1) o(3) 2.848(4) 170(3)
inter N(3) o(1) @ 3.170(4) 152(3)
20 intra N(1) 0(22) 2.873(6) 165(6)
intra N@21) 0@ 2.956(6) 161(6)
inter  N(23) O(71)®  2.788(6) 144(4)
intra N(51) O(72) 3.028(6) 159(5)
inter N(53) o(1)® 2.876(6) 139(5)
intra N(71)  0O(52) 2.899(6) 158(5)
30 inter  N(1) o(51) 2.874(19)  163(6)
intra N(3) N(2) 2671(17)  113(7)
intra N(53)  N(52) 2.785(17)  118(6)
inter  N(51)  O(54)@  3.139(17)  165(6)

[a] inter: intermolecular, intra: intramolecular. [b] Two independent molecules
exist in the asymmetric unit. [c] X+1/2, -Y+1/2, -Z+2. [d] X+1/2-1, -Y+1/2, -
Z+2. [e] X-1, Y-1, Z. [f] X+1, Y, Z. [g] =X+1, -Y+1, Z
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group and CO (Ala of another molecule) (N(3)---O(1), 3.170(4)
A) to form 10-membered intermolecularly hydrogen-bonded ring
as shown in Figures 1b and 1c. The D---A distances and D-H---A
angles of hydrogen bonds are shown in Table 2.

Diffusion of hexane into dichloromethane solution of the
ferrocene-dipeptide conjugate Fc(-L-Ala-L-Pro-PyO), (2) afforded
single crystals with diffraction-quality of 2. The ferrocene-
dipeptide conjugate 2 crystallized in the space group P1 with two
independent molecules-in the asymmetric unit (Table 1). The
molecular structure of 2 composed of two dipeptide chains
revealed the formation of intramolecular antiparallel f-sheet-like
hydrogen bonds between NH (Ala) and CO (Ala of another chain)
of each dipeptide chain (N(1)--0O(22), 2.873(6) A; N(21)---0(2),
2.956(6) A; N(51)---O(72), 3.028(6) A; N(71)---0(52), 2.899(6) A)
to induce the chirality-organized structure, resulting in the P-
helical chirality of the ferrocenoyl moiety as depicted in Figure 2a.
The introduction of dipeptide chains into the ferrocene
organometallic scaffold was found to induce conformational
enantiomerization by restriction of the torsional twist about the
Cp(centroid)-Fe-Cp(centroid) axis based on intramolecular
hydrogen bondings as observed in the previous reported
ferrocene-dipeptide conjugates.”? Two independent molecules
are connected alternately through =-n interactions between the
pyridine N-oxide moieties (Figure 2b). Introduced pyridine N-
oxide moieties were found to play an important role in the
molecular assemblies through n-n interactions instead of the
formation of hydrogen bonds. Furthermore, intermolecular
hydrogen bonds between the NH adjacent to the pyridine N-oxide
group and CO adjacent to the ferrocene unit (another molecule)
(N(23)---:0(71)el, 2.788(6) A; N(53)---O(1)1, 2.876(6) A) were
formed to connect two independent molecules alternately to form
hydrogen-bonded assembly as shown in Figure 2c. In the
hydrogen-bonded assembly, the right-handed molecular
arrangement of peptide chains through hydrogen bonding was
observed (Figure 2d). The self-assembled structure of 2 through
the formation of hydrogen bonds and n-n interactions is displayed
in Figure 2e, wherein each hydrogen-bonded assembly is
fastened by =n-m interactions between the pyridine N-oxide
moieties.

The ferrocene-dipeptide conjugate Fc(-L-Ala-L-Pro-PyO);
(3) was structurally elucidated by single-crystal X-ray structure
determination. Single crystals with diffraction-quality of 3 were
grown by diffusion of hexane into dichloromethane solution of 3.
The ferrocene-dipeptide conjugate 3 crystallized in the space
group P6; with two independent molecules in the asymmetric unit
(Table 1). In contrast to the molecular structure of the N-Boc
protected dipeptide derivative 1, the molecular structure of the
ferrocene-dipeptide conjugate 3 composed of only one dipeptide
chain confirmed the formation of intramolecular hydrogen bond of
N-He++N pattern between the NH adjacent to the pyridine N-oxide
group and the nitrogen of Pro moiety (N(3)---N(2), 2.671(17) A;
N(53)---N(52), 2.785(17) A) as shown in Figure 3a (Table 2). Two
independent molecules are connected through intermolecular
hydrogen bonding between NH (Ala) and CO adjacent to the
ferrocene unit (another molecule) (N(1):::O(51), 2.874(19) A)
(Figure 3b). One molecule of two independent molecules was
found to form the homodimer through the formation of the
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Figure 2. (a) Molecular structure of 2, (b) a portion of the molecular assembly through r-n interactions between the pyridine N-oxide moieties of two independent
molecules, (c) a portion of the hydrogen-bonded molecular assembly, (d) a portion of the right-handed molecular arrangement of peptide chains through hydrogen
bonding, (e) a portion of the self-assembled structure through the formation of hydrogen bonds and n-r interactions in the crystal packing of 2. The pale blue colored
rounds show the n-n interactions (hydrogen atoms, which are not involved in hydrogen bonding, are omitted for clarity).

22-membered intermolecularly hydrogen-bonded ring between  bonds and n-r interactions was formed in the crystal packing of 3
NH (Ala) and PyO (pyridine N-oxide of another molecule) as shown in Figure 3d.

(N(51)--:0(54)!, 3.139(17) A) and n-n interaction between the A chirality-organized structure in solution was examined by
pyridine N-oxide moieties as displayed in Figure 3c. As a result,  using '"H NMR, FT-IR, and CD analyses. The signal of the Ala N-
the self-assembled tetramer through the formation of hydrogen  H of the '"H NMR spectrum of the ferrocene-dipeptide conjugate 2
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Figure 3. (a) Molecular structure of 3, (b) the intermolecular hydrogen bond between two independent molecules, (c) n-r interaction between the pyridine N-oxide
moieties, (d) the self-assembled structure through the formation of the 22-membered intermolecularly hydrogen-bonded ring and n-r interactions in the crystal
packing of 3. (hydrogen atoms, which are not involved in hydrogen bonding, are omitted for clarity).
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Figure 4. CD spectra of 2 and 3 in dichloromethane (2, 1.0 x 10“ M; 3, 2.0 x
1074 M).

in CD,Cl, was observed at a lower field (1.0 x 1072 M, 8.56 ppm)
than that of the ferrocene-dipeptide conjugate 3 (2.0 x 1072 M in
CD.Cly, 6.55 ppm). The Ala N-H signal of 2 was not perturbed by
the addition of aliquots of DMSO-ds to CD,Cl, (CD,Clo/DMSO-ds
(9:1): 8.54 ppm) although a slightly down-field shift was observed
with 3 (CD.Cl,/DMSO-ds (9:1): 6.92 ppm). Also, the FT-IR
spectrum of 2 in CH,Cl, (1.0 x 102 M) showed hydrogen-bonded
N-H stretching bands at 3312 and 3274 cm™ although N-H
stretching bands were observed at 3420 and 3274 cm~" in the FT-
IR spectrum of 3 in CH,Cl, (2.0 x 102 M). From these results,
intramolecular hydrogen bonds were suggested to be formed
even in solution in the ferrocene-dipeptide conjugate 2. CD
spectrometry is a useful technique to elucidate a chirality-
organized structure. The ferrocene-dipeptide conjugate 2 showed
an induced circular dichroism (ICD) at the absorbance region of
the ferrocene moiety, wherein a positive Cotton effect at 480 nm
indicates P-helical chirality of the ferrocenoyl moiety. The
chirality-organized structure through intramolecular hydrogen
bondings was found to be preserved even in solution. Such an
ICD was not observed in the case of the ferrocene-dipeptide
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conjugate 3 composed of only one dipeptide chain, suggesting
that interchain intramolecular hydrogen bondings play a crucial
role in the creation of the chirality-organized structure.

Conclusions

The L-Ala-L-Pro dipeptide having the C-terminal pyridine N-oxide
moiety was introduced into the ferrocene organometallic scaffold
as a central reverse-turn unit to design the ferrocene-dipeptide
conjugates, Fc(-L-Ala-L-Pro-PyQO), (2) and Fc(-L-Ala-L-Pro-PyQO),
(3), which were structurally elucidated by single-crystal X-ray
structure determination. The chirality-organized structure through
intramolecular antiparallel Ssheet-like hydrogen bonding was
formed in the ferrocene-dipeptide conjugate 2 composed of two
dipeptide chains, wherein a P-helical chirality of the ferrocenoyl
moiety was induced. The right-handed molecular arrangement of
peptide chains through hydrogen bonding was created in the
crystal packing of 2, wherein introduced pyridine N-oxide moieties
were found to play an important role in the molecular assemblies
through n-r interactions. The introduction of only one dipeptide
chain into the ferrocene organometallic scaffold was found to
eventuate in the self-assembled tetramer structure of the
ferrocene-dipeptide conjugate 3 through the formation of
intermolecular hydrogen bonds and n-m interactions between
pyridine N-oxide moieties. The introduction of pyridine N-oxide
moiety into the L-Ala-L-Pro dipeptide chain was domonstrated to
afford additional assembly properties. Future work will
concentrate on the application of the chirality-organized
ferrocene-dipeptide conjugates for catalysis.

Experimental Section

General Considerations. All reagents and solvents were purchased from
commercial sources and were further purified by the standard methods, if
necessary. Bis(chlorocarbonyl)ferrocene and (chlorocarbonyl)ferrocene
were prepared according to the literature method.['” 'H and '3C NMR
spectra were recorded on a JNM-ECS 400 ('H NMR, 400 MHz; '3C NMR,
100 MHz) spectrometer with tetramethylsilane as an internal standard.
Mass spectra were run on a JEOL JMS-700 mass spectrometer.

Boc-L-Ala-L-Pro-PyO (1). To a stirred mixture of Boc-L-Ala-L-Pro-OH (2.84
g, 9.9 mmol), 2-aminopyridine N-oxide (1.09 g, 9.9 mmol), 1-
hydroxybenzotriazole (1.34 g, 9.9 mmol), and triethylamine (6.9 mL, 49.5
mmol) in dichloromethane (20 mL) was dropwise added a solution of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (4.88 g, 25.5
mmol) in dichloromethane (45 mL). Then, the mixture was stirred at
ambient temperature for 62 h. The resulting mixture was washed with
saturated aqueous NaHCOs, water, and saturated aqueous NaCl. After
separating and discarding the water phase, the organic phase was dried
on NazxSOas. After evaporation of the solvent, a mixture was purified by
silica-gel column chromatography (from dichloromethane/methanol = 9:1
to dichloromethane/methanol = 1:1) to give Boc-L-Ala-L-Pro-PyO (1) (3.29
g, 8.7 mmol). Single crystals with diffraction-quality of 1 were grown by
diffusion of hexane into dichloromethane solution of 1. 1: yield 88%; 'H
NMR (400 MHz, CD2Cl2, 1.0 x 10-2 M) §10.49 (br s, 1H), 8.35 (dd, J = 8.4,
2.0 Hz, 1H), 8.17 (dd, J = 6.8, 1.6 Hz, 1H), 7.31-7.27 (m, 1H), 7.00-6.94
(m, 1H), 5.35 (d, J = 6.4 Hz, 1H), 4.70 (dd, J = 8.0, 4.4 Hz, 1H), 4.54-4.47
(m, 1H), 3.78-3.66 (m, 2H), 2.29-2.04 (m, 4H), 1.42-1.40 (m, 12H); °C
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NMR (100 MHz, CD2Clz, 1.0 x 102 M) 173.2, 170.4, 155.4, 144.1, 137.0,
127.2, 118.9, 114.5, 79.3, 61.3, 47.9, 47.4, 28.7, 28.1, 25.1, 18.5 ppm;
HRMS (FAB) m/z calcd for CisH27N4Os ([M+H]*), 379.1981; found,
379.1976.

Ferrocene-dipeptide conjugate Fc(-L-Ala-L-Pro-PyQO). (2). To a stirred
solution of Boc-L-Ala-L-Pro-PyQ (1) (0.53 g, 1.4 mmol) in methanol (10
mL) was added 15 mL of 1.0 M HCl/diethyl ether under argon at room
temperature, and the mixture was stirred for 16 h. The solvent was
removed in vacuo and the resulting residue was washed three times with
anhydrous diethyl ether to give H-L-Ala-L-Pro-PyO hydrochloride. To a
stirred mixture of the thus-obtained H-L-Ala-L-Pro-PyO hydrochloride, 4-
dimethylaminopyridine (17.1 mg, 0.14 mmol), and triethylamine (0.98 mL,
7.0 mmol) in dichloromethane (15 mL) was dropwise added 1,1'-
bis(chlorocarbonyl)ferrocene (0.218 g, 0.70 mmol) in dichloromethane (25
mL) under argon at 0 °C. The mixture was stirred at 0 °C for 1 h and then
at room temperature for 16 h. The resulting mixture was washed with
saturated aqueous NaHCOs, water, and saturated aqueous NaCl. After
separating and discarding the water phase, the organic phase was dried
on Naz2S0s. After evaporation of the solvent, a mixture was purified by
silica-gel column chromatography (from dichloromethane/methanol = 9:1
to dichloromethane/methanol = 1:1) to give Fc(-L-Ala-L-Pro-PyO)2 (2)
(0.349 g, 0.44 mmol). Single crystals with diffraction-quality of 2 were
grown by diffusion of hexane into dichloromethane solution of 2. 2: yield
63%; 'H NMR (400 MHz, CD2Clz, 1.0 x 102 M) §10.35 (br s, 2H), 8.56 (d,
J=7.2 Hz, 2H), 8.36 (dd, J = 8.4, 2.0 Hz, 2H), 8.25 (dd, J = 6.8, 1.2 Hz,
2H), 7.33-7.29 (m, 2H), 7.02-6.98 (m, 2H), 4.87-4.85 (m, 2H), 4.77-4.76
(m, 2H), 4.75-4.68 (m, 4H), 4.45-4.43 (m, 2H), 4.27-4.26 (m, 2H), 3.95-
3.89 (m, 2H), 3.75-3.69 (m, 2H), 2.39-2.30 (m, 2H), 2.20-2.11 (m, 6H), 1.14
(d, J=7.2 Hz, 6H); '°C NMR (100 MHz, CD2Cl2, 1.0 x 102 M) 175.3, 171.1,
170.2,144.4,137.5, 127.6,119.2,114.8,76.5,72.0,71.2,70.4, 70.3, 62.3,
47.7,29.7,25.8, 15.1 ppm; HRMS (FAB) m/z calcd for C3gH42NsOsFe1 (M*),
794.2475; found, 794.2490.

Ferrocene-dipeptide conjugate Fc(-L-Ala-L-Pro-PyO): (3). To a stirred
solution of Boc-L-Ala-L-Pro-PyO (1) (0.303 g, 0.80 mmol) in methanol (10
mL) was added 12 mL of 1.0 M HCl/diethyl ether under argon at room
temperature, and the mixture was stirred for 16 h. The solvent was
removed in vacuo and the resulting residue was washed three times with
anhydrous diethyl ether to give H-L-Ala-L-Pro-PyO hydrochloride. To a
stirred mixture of the thus-obtained H-L-Ala-L-Pro-PyO hydrochloride, 4-
dimethylaminopyridine (19.5 mg, 0.16 mmol), and triethylamine (1.12 mL,
8.0 mmol) in dichloromethane (15 mL) was dropwise added
(chlorocarbonyl)ferrocene (0.218 g, 0.80 mmol) in dichloromethane (25
mL) under argon at 0 °C. The mixture was stirred at 0 °C for 1 h and then
at room temperature for 43 h. The resulting mixture was washed with
saturated aqueous NaHCOs, water, and saturated aqueous NaCl. After
separating and discarding the water phase, the organic phase was dried
on Naz2SOs. After evaporation of the solvent, a mixture was purified by
silica-gel column chromatography (from dichloromethane/methanol = 11:1
to dichloromethane/methanol = 1:1) to give Fc(-L-Ala-L-Pro-PyO): (3)
(0.232 g, 0.47 mmol). Single crystals with diffraction-quality of 3 were
grown by diffusion of hexane into dichloromethane solution of 3. 3: yield
59%; "H NMR (400 MHz, CD2Cl2, 1.0 x 10-2M) §10.52 (br s, 1H), 8.38 (dd,
J=8.4,1.6 Hz, 1H), 8.19 (dd, J=6.4, 1.2 Hz, 1H), 7.33-7.28 (m, 1H), 7.01-
6.97 (m, 1H), 6.54 (d, J = 7.6 Hz, 1H), 4.95-4.88 (m, 1H), 4.73 (dd, J = 8.0,
4.8 Hz, 1H), 4.68-4.65 (m, 2H), 4.35-4.34 (m, 2H), 4.21 (s, 5H), 3.89-3.82
(m, 1H), 3.79-3.73 (m, 1H), 2.28-2.07 (m, 4H), 1.53 (d, J = 7.2 Hz, 3H); '°C
NMR (100 MHz, CD2Cl2, 1.0 x 1072 M) 173.5, 170.8, 169.7, 144.5, 137.4,
127.6, 125.3, 119.3, 114.9, 76.1, 70.9, 70.2, 68.7, 68.5, 61.9, 47.1, 29.1,
25.6, 18.8 ppm; HRMS (FAB) m/z calcd for C24H26N4O4Fe (M*), 490.1303;
found, 490.1298.
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CD Measurements. CD spectra were recorded using a JASCO J-720
spectropolarimeter in an deaerated dichloromethane solution with the
concentration 1.0 x 10* M for 2 and 2.0 x 10* M for 3 at 25 °C under
argon.

Single-crystal X-ray Structure Determination. All measurements for 1
were made on a Rigaku R-AXIS RAPID diffractometer using graphite
monochromated Cu Ko radiation. All measurements for 2 and 3 were
made on a Rigaku R-AXIS RAPID diffractometer using graphite
monochromated Mo Ka radiation. The structures of 1, 2, and 3 were solved
by direct methods!'! and expanded using Fourier techniques. All
calculations were performed using the CrystalStructure crystallographic
software packagel'? except for the refinement, which was performed using
SHELXL.["® The non-hydrogen atoms were refined anisotropically. The H

atoms involved in hydrogen bonding were located in electron density maps.

The remainder of the H atoms were placed in idealized positions and
allowed to ride with the C atoms to which each was bonded. The data of 2
and 3 were also refined by using the SQUEEZE routine function in
PLATON to solve the structures. Crystallographic details are given in Table
1. Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-1534928 for 1, CCDC-1534929 for
2, and CCDC-1534930 for 3. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
[Fax: (internat.) +44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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