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Efficient syntheses for the precursor molecules, 2-{6-[((di-
phenylphosphoryl)methyl)pyridin-2-yl]methyl}isoindoline-
1,3-dione (2), 2-[(1,3-dioxoisoindolin-2-yl)methyl]-6-[(di-
phenylphosphoryl)methyl]pyridine 1-oxide (3), and their 6-
[bis(2-(trifluoromethyl)phenyl)phosphoryl]methyl analogues
are reported along with their transformations into the dis-
symmetric ligands, [(6-(aminomethyl)pyridin-2-yl)methyl]di-
phenylphosphine oxide (4), 2-(aminomethyl)-6-[(diphenyl-
phosphoryl)methyl]pyridine 1-oxide (5) and 2-(aminometh-
yl)-6-{[bis(2-(trifluoromethyl)phenyl)phosphoryl]methyl}-
pyridine 1-oxide (5-F). Selected reactivity of the amino-
methyl substituent of 4 and 5, as well as complexation reac-

Introduction

Organic chelating ligands have been employed for many
years as critical enabling components in metal ion analyti-
cal detection schemes and solvent extraction-based separa-
tion processes. In particular, there has been much interest
given to the development of robust chelating ligands for the
separation of chemically similar f-block ions present in
highly acidic aqueous nuclear process solutions.[1] In ad-
dition, renewed interest in the reclamation of rare-earth
ions from low-grade ores and recycle materials[2] has also
stimulated parallel growth in the design and synthesis of
selective chelating ligands for this application. As part of
efforts to more fully describe factors that control ligand
chelate interactions on f-block element ions, we have pre-
viously described syntheses for multidonor site molecules
based upon pyridine and pyridine N-oxide platforms decor-
ated with phosphine oxide[3] and amide[4] functional groups.
In the former class of compounds, this included representa-
tives illustrated by A–E (Figure 1). Examples of A and C
were found to produce strong bidentate ONOP binding con-
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tions of several of the compounds with lanthanide(III) ions
are described. Molecular structures of three uniquely dif-
ferent complexes, {Pr{2-[HC(O)N(H)CH2]-6-[Ph2P(O)CH2]-
C5H3NO}(NO3)3(MeOH)}2, {Eu{2-[(Me2N)2CN(H+)CH2]-6-
[Ph2P(O)CH2]C5H3N(H)+}(NO3)4(OMe)} and {Er{2-[(C8H4O2)-
NCH2]-6-[Ph2P(O)CH2]C5H3N(O)}(NO3)3(MeOH)}·(CH3)2-
CO, have been determined by single-crystal X-ray diffrac-
tion methods. The observed and computationally modeled
structures that employ bidentate and tridentate ligand/metal
interactions are compared. These results suggest further
ligand modifications that should provide improved solvent
extraction reagents.

ditions with lanthanide (Ln) ions, whereas E was observed
to form tridentate ONOPOP interactions. Unexpectedly, in
the presence of two or more equivalents of ligand, these
neutral molecules were observed to partially or totally dis-
place charge-compensating anions, for example nitrate,
from the inner coordination sphere of the LnIII cations. Ex-
amination of the solvent extraction behavior of these com-
pounds revealed that examples of C and E display particu-
larly favorable performance including increasing extraction
efficiency with increasing nitric acid concentration up to ca.
1 m.[5] This led to interest in possible applications for these
ligands in advanced separation schemes wherein the ligands
would be incorporated into an ionic liquid solvent or onto
a solid support. However, before such systems can be devel-
oped and evaluated, it is necessary to explore reaction
chemistry for the platforms that will facilitate these efforts.

Figure 1. Generalized structures for ligand types A–E.
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We report here syntheses for new, functional derivatives of
B and C whose chemistry will support some of the future
applications.

Results and Discussion

Ligand Synthesis and Structure Elucidation

The initial target molecules 4 and 5 were prepared in
three and four steps, respectively (Scheme 1), and they were
isolated as yellow solids with overall yields of 54 and 42%.
A synthesis for the intermediate 1 has been previously re-
ported,[6] although the modifications described herein pro-
vide a simplified procedure and improved yield. The phos-
phination of 1 and subsequent N-oxidation, that provide
intermediates 2 and 3, respectively, have not been described
previously. Each intermediate was isolated in good yield,
characterized by spectroscopic methods, and the composi-
tions and structures of 1–3 were confirmed by single-crystal
X-ray diffraction analyses (ORTEP views[7] in S.137–139,
Supporting Information). Compounds 4 and 5 display a
parent ion, [M + H+], in their high-resolution (ESI) mass
spectra, as well as strong IR absorptions centered at 1189
and 1193 cm–1, respectively, that are assigned to the νPO

stretching mode. In addition, the IR spectrum for 5 con-
tains a band at 1234 cm–1 that is attributed to a νNO stretch-
ing mode. The 31P NMR spectra for 4 and 5 display single
resonances at δ = 30.7 and 31.5 ppm, respectively, and the
1H and 13C NMR spectra are consistent with the proposed
structures. The X-ray diffraction analysis for 4·H2O
(ORTEP view[7] in S.140, Supporting Information) reveals
the presence of a lattice water molecule in each molecular
unit, and there is extensive intermolecular hydrogen-bond-
ing between the lattice water molecule and the phosphine
oxide O-atom and the amine N-atom [N2···H2C–O2:
N2···O2, 2.945(3) Å, 169.0°; O1···H2D–O2: O1···O2,
2.801(2) Å, 175.0° and O2···H2A–N2: N2···O2, 3.208(3) Å,
175.0°]. It is noted that the P=O bond length in 4·H2O is
slightly longer [1.4955(15) Å] than the distance in 2·MeOH
[1.4915(8) Å]. This variation probably results from differ-
ences in the strengths of the hydrogen-bonding interactions

Scheme 2. Synthesis sequence for 2-F, 3-F, and 5-F.
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between the phosphine oxide O-atoms and the lattice sol-
vent molecules in the two structures. The crystal structure
for the salt {[4H+]Cl–}·tBuOH was also determined
(ORTEP view[7] in S.141, Supporting Information). Inter-
esting features are that the protonation occurs on the N-
atom of the 2-(aminomethyl) arm, and that the lattice
tBuOH molecule hydrogen bonds strongly with the O-atom
of the phosphine oxide fragment [O1#3···H2–O2:
O1#3···O2, 2.638(1) Å, 173(2) °]. Attempts to obtain X-ray
quality single crystals of 5 and {[5H+]Cl–} failed.

Scheme 1. Synthesis sequences for 4 and 5.

For potential solvent extraction-based separations appli-
cations it is important to have available a family of structur-
ally related ligands with graded solubility in different or-
ganic solvents. To this end, we have developed a general
procedure for the synthesis of 5 with different aryl and alkyl
R substituents on the phosphoryl fragment (Scheme 2). For
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this report, specifics are provided for Ar = 2-(CF3)C6H4. In
this example, each reaction step is less efficient compared
with the corresponding reactions involving Ar = Ph as the
substituent, and the overall yield of 5-F, based upon 2,6-
bis(chloromethyl)pyridine, was 16%. Compounds 2-F, 3-F,
and 5-F have spectroscopic properties comparable to those
determined for 2, 3, and 5.

The reactivity of the aminomethyl site on 4 and 5 toward
several substrates was examined. Direct alkylation, as de-
scribed in the literature, with benzyl chloride or benzyl
bromide in a polar solvent – tetrahydrofuran (THF)[8] or
N,N-dimethylformamide (DMF)[9] –, in aqueous media,[10]

by heating to reflux in MeCN,[11] or with excess ligand[8]

led to over-alkylation. However, in a manner related to a
synthesis described for N-benzyl-N-2-pyridylmethyl-
amine,[12] the reactions of 4 and 5 with benzaldehyde fol-
lowed by reduction of the Schiff base intermediates with
NaBH4 (Scheme 3), gave benzylamine derivatives 6 and 7
in high yields.

Scheme 3. Synthesis sequence for 6 and 7.

Compounds 6 and 7 were obtained as yellow and white
solids, respectively, and both were characterized by HRMS,
IR and NMR methods. Most notable, both products dis-
play a parent ion, [M + H+], in the mass spectra, strong
νPO IR stretching frequencies, and single 31P NMR reso-
nances, δ = 31.0 and 32.2 ppm, shifted slightly downfield
from 4 and 5, respectively.

The combination of 4 and 5 with tosyl chloride, under
basic conditions,[13] led to isolation of the respective sulfon-
amide derivatives, 8 and 9, as white solids, in moderate yield
(Scheme 4). By employing a standard approach,[14] the for-
mamide derivatives, 10 and 11, were obtained in good yield
as white solids by reaction of 4 and 5 with methyl formate
and triethylamine at reflux. The compounds were charac-
terized by spectroscopic methods, and X-ray crystal struc-
ture determinations were completed for both compounds
(ORTEP views[7] in S.142, 143, Supporting Information).
The structure for 10 contains two molecules of water per
asymmetric unit, and there are several short intermolecular
hydrogen bond interactions between neighboring molecules
of 10 [N2–H2A···O1#: N2···O1#, 2.876(2) Å, 157(2)°], as
well as between lattice water molecules and 10 [N1···O3,
2.930(3) Å, 166(2)°]. The P=O and C=O bond vectors and
the pyridine lone pair vector are rotated away from each
other in response to electron repulsions, and the P=O and
C=O bond lengths 1.4950(11) and 1.222(2) Å, respectively,
are normal. The structure for 11 indicates that neighboring
molecules are weakly associated, forming dimeric units
through intermolecular hydrogen bonds between N–H and
P=O groups [N2–H2A···O3#1: N2···O3#1, 2.892(1) Å,
171.2(2)°].
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Scheme 4. Synthesis sequences for 8, 9, 10, and 11.

An acetamide derivative, 12, was prepared in moderate
yield and isolated as an orange oil by reaction of 4 with
acetic anhydride in CHCl3 (Scheme 5).[15] Subsequent N-
oxidation was accomplished by reaction of 12 with
mCPBA, and 13 was also obtained as an orange oil. An
alternate approach to 13, via reaction of 5 with acetic an-
hydride, was not explored.

Scheme 5. Synthesis sequence for 12 and 13.

Imines 14 and 15 were prepared by condensation of 4
with o-vanillin and 5 with vanillin (Scheme 6). The compo-
sition and molecular structure of 16 was confirmed by
single-crystal X-ray diffraction analysis (ORTEP view in
S.144, Supporting Information). The amine lone pair and
the N–O and P=O bond vectors are rotated away from each
other to minimize intramolecular electron pair repulsions,
and the N–O (1.3082(11) Å) and P=O (1.4860(8) Å) bond
lengths are comparable to those in 3.

Amidine, 17, and guanidine, 18 and 19, derivatives were
also obtained in good yields from 4 and 5 (Scheme 7).
Attempts to prepare the amidine derivative of 5, by using
the same conditions employed with 4, led only to partial
conversion (77%), and the N-oxide appeared to degrade
during chromatographic purification on silica gel. The N-
oxidation of 17 was not explored. The compounds were
characterized by spectroscopic methods, and the composi-
tions and structures of 18 and 19 were confirmed by single-
crystal X-ray diffraction methods (ORTEP views in S.145,
146, Supporting Information).
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Scheme 6. Synthesis sequences for 14, 15, and 16.

Scheme 7. Synthesis sequence for 17–19.

The original interest in these molecules arose from efforts
to employ them, or closely related analogues, as switchable
polarity ligands.[16] Unfortunately, these specific examples
are hydrosoluble, and they are unsuitable for this applica-
tion. Alternative analogues must therefore be derived to
satisfy the solubility requirements of this technique.

The Mannich condensation reactivity of 4 and 5 with
formaldehyde and 2-hydroxynaphthalene or 1,5-dihydroxy-
naphthalene was examined, and the formation of the re-
spective naphthoxazines, 20–22, was observed (Scheme 8).
The molecules were characterized by spectroscopic meth-
ods, and the data were consistent with the proposed struc-
tures. In particular, four resonances in the 1H and 13C
NMR spectra were observed that could be confidently as-
signed to the four unique methylene groups in the oxazine
and (phosphinoyl methyl) pyridine/(phosphinoylmethyl)-
pyridine N-oxide fragments. The proton NMR resonances
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for N-CH2-Cnaphth and N-CH2-O appear in the ranges
3.93–4.28 ppm and 4.81–4.92 ppm, respectively, and these
shifts compare favorably with data for alkyl-functionalized
naphthoxazines: N–CH2–Cnaphth ca. 4.1 ppm and N–CH2–
O ca. 5.0 ppm.[17] The proton NMR resonances for P(O)–
CH2–Cpyr and N–CH2–Cpyr occur in the ranges 3.93–
4.26 ppm (JP,H = 9.9–14.4 Hz) and 4.02–4.19 ppm, respec-
tively, and these shifts and coupling constants are identical
to data for other compounds in the B–E classes.[3] In ad-
dition, the molecular structure of 21 was confirmed by
single-crystal X-ray diffraction analysis (ORTEP view in S.
147, Supporting Information). With relation to potential
polymer formation, a non-isothermal DSC thermogram for
21, recorded under a nitrogen atmosphere, displayed a
broad endotherm centered at 103 °C, corresponding to
melting, and a broad exotherm, reaching a maximum at
206 °C, indicative of a naphthoxazine ring-opening polyme-
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rization reaction. A TGA scan showed a minor, gradual
weight loss (ca. 3%) in the temperature range 50–150 °C
that likely corresponds to loss of lattice water in the solid,
a more abrupt weight loss event (ca. 4%) between 150 and
170 °C, followed by a gradual weight loss (10%) between
170 and 300 °C, most likely resulting from evaporation.
These data are comparable to thermal data for various re-
lated naphthoxazines.[17] The ready formation of these
naphthoxazine monomers and the known proclivity of
benzoxazine and naphthoxazine monomers to undergo
thermally promoted ring-opening polymerization[17] suggest
that these molecules might be used to generate supramolec-
ular ionophores in a fashion related to reports by
Chirachanchai and co-workers.[18] The formation of robust
oligomers from 21 and 22, as well as from benzoxazine ana-
logues, that contain the chelating fragments C and D, and
the study of their ion extraction properties are in progress.

Scheme 8. Synthesis sequence for 20–22.

Ligand Computational Modeling

Previous studies in our group have shown that examples
of class B, bifunctional pyridine platform compounds, coor-
dinate with trivalent lanthanide ions only as monodentate
OP donor ligands, whereas class C pyridine N-oxide-based
compounds typically behave as strong, bidentate ONOP che-
lating ligands.[3] Similarly, class D trifunctional pyridine-
based compounds form only bidentate OPOP interactions
with lanthanides, but class E pyridine N-oxide-based com-
pounds produce tridentate ONOPOP chelates.[3] These ob-
servations are consistent with the known thermodynamic
preference of LnIII ions for harder donors, e.g., phosphine
oxides and pyridine N-oxides, as opposed to the softer pyr-
idine N-atom lone pair, especially when the donor is in com-
petition with water for coordination sites. Furthermore, the
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expected relatively low inherent steric hindrance to reorga-
nization of the B–E ligand backbones to accommodate
maximal denticity interactions should not seriously impact
the chelate structures favored by the thermodynamic fac-
tors.[3] It is, therefore, anticipated that all of the new mol-
ecules described herein that are based upon the pyridine
platform, should, driven largely by thermodynamics, act
only as monodentate OP donor ligands. On the other hand,
the majority of compounds that are based on the pyridine
N-oxide platform should form bidentate ONOP complexes.
Potential exceptions might be encountered with the trifunc-
tional compounds 11 and 13, which contain an additional
OC donor site, and 15 and 19, which possess an additional
imine center. To evaluate potential steric strain, a well-
tested force-field-based structure scoring approach[19] that
has been successfully employed on a wide cross-section of
multidonor-site ligands to search for favored steric prefer-
ences in metal ion chelation events, was employed.[3,20,21]

The computations involve evaluation of structures pro-
duced in gas phase ligand-metal interactions that have low
conformational energies, low degrees of induced strain, and
few restricted bond rotations. The resulting calculated rela-
tive strain-free bond energies (G) per donor group can be
compared for similar ligand types and used to predict fa-
vored ligand binding geometries. As an example, we chose
to evaluate the 1:1 gas-phase binding of 11 with a medium-
sized lanthanide cation EuIII. It is first observed, not sur-
prisingly, that the computed gas phase, global minimum
free ligand structure is not ideally preorganized for triden-
tate ONOPOC chelation, most likely due to intramolecular
donor atom dipole···dipole repulsions (Figure 2, a). It is
also noted that, although the [Ph2P(O)CH2]C5H3NO frag-

Figure 2. Computed, geometry-optimized lowest energy form for
(a) 11 and (b) 1:1 tridentate chelate complex with EuIII.
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ment in the computed gas-phase and solid-state structures
of 11 overlay relatively well, the CH2N(H)C(O)H fragment
does not. The deviation from the gas-phase structure results
from the dimeric intermolecular (P)O···H(N) hydrogen-
bonding interactions in the solid mentioned above. Follow-
ing presentation of a EuIII ion to 11 in its global minimum
state, tridentate ONOPOC structures for 1:1 complexes with
low conformational energy, low degrees of induced strain,
and minimal restricted bond rotations were sought. The
lowest energy tridentate conformer (Figure 2, b) provided
a calculated strain-free energy (G) of 3.24 kcal/mol/donor
group. This can be compared with a value of 1.70 kcal/mol/
donor for a 1:1 tridentate ONOPOP chelating complex of
[Ph2P(O)CH2]2C5H3NO, E (R = Ph). In the latter, the li-
gand is experimentally found to readily adopt the tridentate
ONOPOP chelate binding mode in both 1:1 and 2:1 com-
plexes with trivalent lanthanide and actinide ions.[3]

Given the result for modeling of the tridentate ONOPOC

chelate condition for 11, the strain energetics for three pos-
sible bidentate ONOP, ONOC, and OPOC chelate structures
for 11 (Figure 3) were also evaluated and found to give esti-
mated strain-free energies of 2.17, 3.43, and 4.56 kcal/mol/
donor, respectively. Therefore, coupled with the expected
order of donor strengths, P=O � N–O � amide O, it is

Figure 3. Computed, geometry-optimized lowest energy conform-
ers for bidentate 1:1 chelate complexes of 11 with EuIII (a) ONOP,
(b) ONOC, and (c) OPOC modes.
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anticipated that the bidentate ONOP chelate structure will
be the favored coordination mode for 11 on a LnIII ion.

Lanthanide Coordination Chemistry

The coordination interactions between several of the new
multifunctional donor compounds and lanthanide(III)
nitrates in methanol solution were examined. In general,
solid powder samples were recovered, and each was charac-
terized by IR spectroscopy. Selected spectra are provided in
the Supporting Information (S.132–136). In all cases, a
strong absorption appears in the region 1172–1153 cm–1

that can be assigned to νPO for a coordinated phosphine
oxide group. These frequencies correspond to coordination
shifts, ΔνPO = 10–37 cm–1, and they indicate, at the least,
coordinative interactions of variable strength between the
ligand phosphine oxide donor site and the lanthanide ion.
Crystal structure determinations for three complexes,
{[Er(3)(NO3)3(CH3OH)]·(CH3)2CO}, [Pr(11)(NO3)3-
(CH3OH)]2 and [Eu(18H2

2+)(NO3)4(OMe)], were per-
formed, and these more completely reveal the nature of the
coordination interactions in the solid-state for these ligands
(Figures 4, 5, and 6). In {[Er(3)(NO3)3(CH3OH)]·(CH3)2-
CO}, the ErIII ion is nine-coordinate with the inner coordi-
nation sphere generated by the O-atoms in three bidentate
nitrate anions, the O-atom of a methanol molecule and the
phosphine oxide and pyridine N-oxide O-atoms of one bi-
dentate ligand 3. The bidentate 3-ErIII interaction is nearly
symmetric, as indicated by the similarity of the Er–OP and
Er–ON bond lengths. The slightly shorter bond length in-
volving the phosphine oxide group is consistent with its ex-
pected stronger donor strength.[3] Both P=O and N–O
bond lengths in the complex are significantly elongated rel-
ative to the respective bond lengths in the free ligand. The
IR spectra coordination shifts, ΔνPO = 37 cm–1 and ΔνCO =
31 cm–1, are consistent with this coordination mode. The
outer sphere acetone molecule is hydrogen bonded with the
O-bound, inner sphere methanol: O14-H14···O1S,
O14···O1S, 2.690(4) Å, 158.0°.

Figure 4. Molecular structure and partial atom labeling scheme for
{[Er(3)(NO3)3(CH3OH)]·(CH3)2CO} (outer sphere acetone and H-
atoms omitted for clarity). Selected bond lengths (Å): Er1–O1
2.2537(14), Er–O2 2.2610(14), P1–O1 1.5055(15), N1–O2
1.329(2).[7]



R. T. Paine et al.FULL PAPER

Figure 5. Molecular structure and partial atom labeling scheme for
[Pr(11)(NO3)3(CH3OH)]2 (H-atoms omitted for clarity). Selected
bond lengths (Å): Pr1–O3 2.388(4), Pr1–O1 2.449(4), Pr1–O2#1
2.557(4), P1–O3 1.497(4), N1–O1 1.331(5), C7–O2 1.241(6).[7]

Figure 6. Molecular structure and partial atom labeling scheme for
[Eu(18H2

2+)(NO3)4(OCH3)] (H-atoms omitted for clarity except on
N1 and N2). Selected bond lengths (Å): Eu1–O 2.297(2), Eu1–O14
2.466(2), P1–O1 1.498(2), N2–C6 1.451(4), N2–C7 1.337(4), N3–
C7 1.337(4), N4–C7 1.329(4).[7]

The structure for [Pr(11)(NO3)3(CH3OH)]2 (Figure 5) is
dimeric, with each PrIII ion exhibiting a ten-coordinate in-
ner sphere environment composed of O-atoms from three
bidentate nitrate anions, a methanol molecule, one biden-
tate, ONOP-chelated 11 and a bridging amide carbonyl from
the second Pr(11)(NO3)3(CH3OH) unit of the dimer. The
bidentate ONOP interaction is more asymmetric than found
in {[Er(3)(NO3)3(CH3OH)]·(CH3)2CO}, as indicated by the
bond lengths Pr1–O3 2.388(4) Å involving the phosphine
oxide and Pr1–O1 2.449(4) Å for the pyridine N-oxide frag-
ment. The bridge interaction utilizing the amide carbonyl is
weaker, as indicated by the significantly longer bond length
Pr1–O2#1 2.557(4) Å. The N–O and C=O bond lengths in
the respective donor groups, as expected, are elongated rela-
tive to the bond lengths in the free ligand molecule, ΔN–O

= 0.022 Å and ΔC=O = 0.025 Å, whereas the P=O bond
lengthening, ΔP=O = 0.004 Å, is relatively small. The energy
difference between the observed dimeric, bidentate ONOP

chelate-OC bridge structure and a monomeric, tridentate
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ONOPOC structure is probably small, and the utilization of
the former ligand binding mode may mirror the computed
tridentate ligand strain described above. It is possible that,
under different synthesis conditions and/or with different
counterions, the tridentate chelation mode for 11 may ap-
pear. Such structure selection changes have been observed
with other complexes that involve LnIII ions and related
chelating ligands developed in our group.[3] Lastly, the
structure is consistent with the small IR coordination shifts
recorded for the complex: ΔνNO = 28 cm–1, ΔνCO = 22 cm–1,
and ΔνPO = 10 cm–1.

Amidines and guanidines are known to be strong organic
bases.[22–24] With particular relevance to our study, hybrid
pyridine/guanidine ligands[25–27] have been observed to gen-
erate chelating structures on d- and f-block metal cations.
Therefore, it was anticipated that the new hybrid ligands,
18 and 19, might act as bidentate ONOP or OPNguan, or
tridentate ONOPNguan ligands. However, a monodentate OP

structure (Figure 6) was observed for the complex formed
from the 1:1 combination of Eu(NO3)3·xH2O and 18 in
MeOH solution. The structure reveals a ten coordinate en-
vironment for the EuIII cation generated by O-atoms from
four bidentate nitrate anions, the O-atom from a methoxide
anion and the phosphine oxide O-atom of a monodentate,
doubly protonated cation, 18H2+. This results in a formula
[Eu(18H2

2+)(NO3)4(CH3O)] instead of the neutral ligand
formula [Eu(18)(NO3)3(CH3OH)]. The bond lengthening in
the P=O bond upon coordination, ΔP=O = 0.011 Å, is mod-
est and consistent with a small coordination shift in the IR
spectrum for the complex relative to the free ligand, ΔνPO

= 19 cm–1.

Conclusions

A general synthetic procedure has been developed for 6-
(methylphosphine oxide) decorated 2-(aminomethyl)pyr-
idine and pyridine N-oxide compounds, 4 and 5, and some
of the reactivity of the aminomethyl center has been sur-
veyed for the purpose of defining approaches for attaching
the B- and C-class ligand fragments to solid supports and/
or for using the fragments in switchable polar/nonpolar, or-
ganic-solvent-free separations constructs. These initial re-
sults and the ligand/LnIII ion coordination chemistry en-
courage continuing efforts to use 4 and 5 to prepare materi-
als that will have useful performance characteristics espe-
cially for intralanthanide ion separations.

Experimental Section
General Information: Organic reagents were purchased from Ald-
rich Chemical Co., and they were used as received. Solvents were
purchased from VWR, and dried by standard procedures. The lan-
thanide nitrates were purchased from Ventron. Reactions were per-
formed under a dry nitrogen atmosphere by using Schlenk methods
unless noted otherwise. Infrared spectra were recorded from KBr
pellets with a Bruker Tensor 27 FTIR spectrometer. The NMR
spectra were recorded with Avance 300 and 500 spectrometers by
using Me4Si (1H and 13C) and 85% H3PO4 (31P) as chemical shift
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standards. Downfield shifts were assigned +δ values. Mass spectra
were obtained from the UNM Mass Spectrometry Center, and ele-
mental analyses were performed by Galbraith Laboratories.

2-[(6-Chloromethyl)pyridin-2-yl]isoindoline-1,3-dione (1): A sample
of 2,6-bis(chloromethyl)pyridine (26.46 g, 150.3 mmol) was dis-
solved in DMF (1 L), and potassium phthalimide (13.91 g,
75.12 mmol) and NaHCO3 (6.31 g, 75.1 mmol) were added in one
portion with stirring (23 °C, 3 h). The resulting mixture was divided
into three equal portions, and each was poured into a water/ice
mixture (3�1 L) and stirred (30 min). The precipitates were col-
lected by filtration, washed with Et2O (3� 100 mL) and crys-
tallized from hot MeOH to give 1, yield 15.7 g (73%); white pow-
der; m.p. 124–125 °C. X-ray quality single crystals were obtained
by slow evaporation of a MeOH solution (23 °C). 1H NMR
(300 MHz, CDCl3, 298 K): δ = 7.87 (dd, JH,H = 5.4, 3.0 Hz, 2 H,
H-10), 7.73 (dd, JH,H = 5.4, 3.0 Hz, 2 H, H-11), 7.65 (t, JH,H =
7.8 Hz, 1 H, H-4), 7.35 (d, JH,H = 7.8 Hz, 1 H, H-3), 7.16 (d, JH,H

= 7.8 Hz, 1 H, H-5), 4.99 (s, 2 H, H-1), 4.57 (s, 2 H, H-7) ppm.
13C{1H} NMR (75.4 MHz, CDCl3, 298 K): δ = 168.1 (C-8), 156.6
(C-6), 155.1 (C-2), 137.8 (C-4), 134.2 (C-11), 132.2 (C-9), 123.6 (C-
10), 121.5 (C-3), 120.5 (C-5), 46.7 (C-7), 42.9 (C-1) ppm. FTIR
(KBr): ν̃ = 3011, 1771, 1705 (νC=O), 1594, 1575, 1462, 1420, 1392,
1337, 1318, 1284, 1189, 1107, 1086, 993, 952, 930, 897, 798, 760,
741, 721, 683, 642, 604, 593 cm–1. HRMS (ESI+): m/z (%) =
287.0583 [M + H+] (100), C15H12ClN2O2 requires 287.0582;
309.0405 [M + Na+] (46), C15H11ClN2NaO2 requires 309.0401.
C15H11ClN2O2 (286.71): calcd. C 62.84, H 3.87, N 9.77; found C
62.87, H 3.88, N 9.79.

2-(6-{[(Diphenylphosphoryl)methyl]pyridin-2-yl}methyl)isoindoline-
1,3-dione (2): A solution of 1 (15 g, 52 mmol) in ethyl diphenyl-
phosphinite (22.6 mL, 105 mmol) was heated at 120 °C for 16 h.
The resulting slightly brown mixture was cooled (23 °C), and Et2O
(100 mL) was added. The mixture was triturated, and the white
precipitate was collected and washed with Et2O (2 � 200 mL) to
give 2, yield 21.6 g (91%); white powder; m.p. 148–150 °C. X-ray
quality single crystals were obtained by slow evaporation of a
MeOH solution (23 °C). 31P{1H} NMR (121.49 MHz, CDCl3,
298 K): δ = 30.8 ppm. 1H NMR (300 MHz, CDCl3, 298 K): δ =
7.85 (dd, JH,H = 5.4, 3.0 Hz, 2 H, H-10), 7.71 (dd, JH,H = 5.4,
3.0 Hz, 2 H, H-11), 7.68–7.61 (m, 4 H, H-13), 7.46 (t, JH,H =
7.8 Hz, 1 H, H-4), 7.37–7.27 (m, 7 H, H-5,14,15), 7.03 (d, JH,H =
7.5 Hz, 1 H, H-3), 4.81 (s, 2 H, H-1), 3.82 (d, JH,P = 14.4 Hz, 2 H,
H-7) ppm. 13C{1H} (75.4 MHz, CDCl3, 298 K): δ = 167.9 (C-8),
154.8 (C-2), 152.6 (d, JC,P = 6.6 Hz, C-6), 137.1 (C-4), 134.1 (C-
11), 132.3 (d, JC,P = 98.9 Hz, C-12), 132.2 (C-9), 131.7 (C-15), 131.1
(d, JC,P = 9.5 Hz, C-13), 128.3 (d, JC,P = 12.0 Hz, C-14), 123.8 (d,
JC,P = 3.4 Hz, C-5), 123.4 (C-10), 119.6 (C-3), 42.8 (C-1), 41.0 (d,
JC,P = 64.1 Hz, C-7) ppm. FTIR (KBr): ν̃ = 1771 (νC=O), 1713
(νC=O), 1589, 1572, 1454, 1437, 1423, 1396, 1362, 1327, 1282, 1189
(νP=O), 1116, 1071, 1027, 992, 950, 902, 822, 802, 748, 731, 708,
695, 649, 616, 540, 520, 485 cm–1. HRMS (ESI+): m/z (%) =
453.1377 [M + H+] (84), C27H22N2O3P requires 453.1363; 475.1208
[ M + N a + ] ( 1 7 ) , C 2 7 H 2 1 N 2 N a O 3 P r e q u i r e s 4 7 5 . 1 1 8 2 .
C27H21N2O3P·(CH3OH) (484.49): calcd. C 69.41, H 5.20, N 5.78;
found C 68.84, H 5.13, N 5.18.

2-{6-[({Bis[2-(trifluoromethyl)phenyl]phosphoryl}methyl)pyridin-2-
yl]methyl}isoindoline-1,3-dione (2-F): A solution of 2-bromobenzo-
trifluoride (9.6 mL, 71 mmol) in anhydrous THF (52 mL) was com-
bined dropwise with a suspension of magnesium (1.71 g,
70.6 mmol) in anhydrous THF (18 mL). The temperature rose dur-
ing the addition. Following addition, the mixture was stirred (1 h),
then cooled to 23 °C, and a solution of diethylphosphite (2.3 mL,
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18 mmol) in anhydrous THF (32 mL) was added dropwise. The
mixture was heated to reflux (1 h), and then cooled (23 °C). A solu-
tion of 2,6-bis(chloromethyl)pyridine 1 (5.06 g, 17.7 mmol) in anhy-
drous THF (62 mL) was added dropwise at 23 °C, and the mixture
was stirred and heated to reflux (12 h). The resulting mixture was
quenched with a saturated aqueous solution of NH4Cl (100 mL),
the aqueous phase was separated, and then extracted with CH2Cl2
(3 � 100 mL). The organic phases were combined, dried with
MgSO4, and concentrated. The residue was purified by flash
chromatography on silica gel (CH2Cl2/MeOH, 98:2) to afford 2-F,
yield 7.6 g (71 %); white foam. 31P{1H} NMR (121.49 MHz,
CDCl3, 298 K): δ = 30.7 ppm. 1H NMR (300 MHz, CDCl3,
298 K): δ = 8.10–8.02 (m, 2 H, CHAr), 7.82 (dd, JH,H = 5.4, 3.0 Hz,
2 H, CHAr), 7.71 (dd, JH,H = 5.4, 3.3 Hz, 2 H, CHAr), 7.64–7.60
(m, 2 H, CHAr), 7.56–7.52 (m, 4 H, CHAr), 7.49 (t, JH,H = 7.8 Hz,
1 H, CHPy), 7.40–7.37 (m, 1 H, CHPy), 7.02 (d, JH,H = 7.8 Hz, 1
H, CHPy), 4.76 (s, 2 H, H-1), 3.95 (d, JH,P = 14.7 Hz, 2 H, H-
7) ppm. 13C{1H} (75.4 MHz, CDCl3, 298 K): δ = 167.9 (C-14),
154.6 (C-2), 151.9 (d, JC,P = 7.1 Hz, C-6), 137.0 (CAr), 134.3 (CAr),
134.2 (CAr), 134.1 (C-16), 132.2 (CAr), 132.0 (CqAr), 131.8 (CAr),
131.3 (CAr), 131.2 (CAr), 130.8 (CqAr), 127.5–127.3 (m, CAr), 124.8
(d, JC,P = 3.2 Hz, CPy), 123.5 (q, JC,F = 273.8 Hz, C-18), 123.5 (C-
17), 119.6 (CPy), 42.5 (C-1), 41.9 (d, JC,P = 69.2 Hz, C-7) ppm.
FTIR (KBr): ν̃ = 1775 (νCO), 1718 (νCO), 1593, 1576, 1469, 1456,
1424, 1395, 1314, 1267, 1176 (νPO), 1120, 1036, 994, 953, 910, 828,
771, 729, 645, 597, 530, 498 cm–1. HRMS (ESI+): m/z (%) =
589.1114 [M + H+] (18), C29H20F6N2O3P requires 589.1110;
611.0937 [M + Na+] (100), C29H19F6N2NaO3P requires 611.0930;
627.0668 [M + K+] (20) C29H19F6KN2O3P requires 627.0669.

2-[(1,3-Dioxoisoindolin-2-yl)methyl]-6-[(diphenylphosphoryl)methyl]-
pyridine 1-Oxide (3): To a solution of 2 (15 g, 33 mmol) in CH2Cl2
(500 mL) was added m-chloroperoxybenzoic acid (77 wt.-%,
11.14 g, 49.72 mmol). The mixture was stirred (23 °C, 12 h) and
then washed with an aqueous solution of NaOH (2N, 3� 15 mL)
and water (2� 10 mL). The organic phase was dried (MgSO4),
filtered, and the solvent was removed by vacuum evaporation to
give 3, yield 12.3 g (79%); white powder; m.p. 184–186 °C. 31P{1H}
NMR (121.49 MHz, CDCl3, 298 K): δ = 31.6 ppm. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 7.80 (dd, JH,H = 5.4, 3.0 Hz, 2 H,
H-10), 7.78–7.71 (m, 4 H, H-13), 7.70–7.64 (m, 3 H, H-5,11), 7.40–
7.28 (m, 6 H, H-14,15), 7.00 (t, JH,H = 7.8 Hz, 1 H, H-4), 6.90 (d,
JH,H = 7.8 Hz, 1 H, H-3), 4.88 (s, 2 H, H-1), 4.19 (d, JH,P =
14.1 Hz, 2 H, H-7) ppm. 13C{1H} NMR (75.4 MHz, CDCl3,
298 K): δ = 167.4 (C-8), 145.4 (C-2), 144.2 (d, JC,P = 5.7 Hz, C-6),
134.3 (C-11), 132.0 (d, JC,P = 1.9 Hz, C-15), 131.8 (C-9), 131.7 (d,
JC,P = 101.6 Hz, C-12), 130.7 (d, JC,P = 9.9 Hz, C-13), 128.4 (d,
JC,P = 12.1 Hz, C-14), 126.1 (d, JC,P = 3.8 Hz, C-5), 124.4 (C-4),
123.5 (C-10), 122.2 (C-3), 37.7 (C-1), 31.2 (d, JC,P = 65.9 Hz, C-
7) ppm. FTIR (KBr): ν̃ = 1801, 1771 (νC=O), 1712 (νC=O), 1612,
1590, 1566, 1492, 1471, 1438, 1416, 1353, 1310, 1274, 1244 (νN–O),
1198 (νP=O), 1115, 1027, 995, 951, 911, 846, 823, 808, 770, 754,
719, 693, 640, 595, 570, 531, 505, 481 cm–1. HRMS (ESI+): m/z
(%) = 469.1312 [M + H+] (69), C27H22N2O4P requires 469.1312;
491.1131 [M + Na+] (100), C27H21N2NaO4P requires 491.1131;
507.0880 [M + K+] (12), C27H21KN2O4P requires 507.0871.
C27H21N2O4P (468.44): calcd. C 69.23, H 4.52, N 5.98; found C
68.55, H 4.54, N 5.89.

2-({Bis[2-(trifluoromethyl)phenyl]phosphoryl}methyl)-6-[(1,3-dioxo-
isoindolin-2-yl)methyl]pyridine 1-Oxide (3-F): To a solution of 2-F
(2.77 g, 4.71 mmol) in CH2Cl2 (70 mL) was added m-chloroper-
oxybenzoic acid (77wt.-%, 1.58 g, 7.06 mmol). The reaction mix-
ture was stirred (23 °C, 18 h), and then an aqueous saturated solu-
tion of NaHCO3 (70 mL) was added. The aqueous layer was ex-
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tracted with CH2Cl2 (3� 50 mL), and the combined organic layers
were washed with brine, dried with MgSO4, and concentrated. The
residue was purified by flash chromatography on silica gel (CH2Cl2/
MeOH, 98:2) to afford 3-F as a yellow foam, yield 1.45 g (51%).
X-ray quality single crystals were obtained by slow evaporation of
a MeOH solution (23 °C). 31P{1H} NMR (121.49 MHz, CDCl3,
298 K): δ = 32.1 ppm. 1H NMR (300 MHz, CDCl3, 298 K): δ =
8.08–8.04 (m, 2 H, CHAr), 7.85–7.57 (m, 11 H, CHAr), 7.09 (t, JH,H

= 7.2 Hz, 1 H, H-4), 6.93 (d, JH,H = 6.3 Hz, 1 H, H-3), 4.86 (s, 2
H, H-1), 4.37 (d, JH,P = 14.4 Hz, 2 H, H-7) ppm. 13C{1H} NMR
(75.4 MHz, CDCl3, 298 K): δ = 167.5 (C-14), 145.6 (C-2), 143.2 (d,
JC,P = 6.5 Hz, C-6), 134.4 (C-17), 134.0 (d, JC,P = 65.4 Hz, C-8),
133.6 (d, JC,P = 8.8 Hz, C-13), 132.3 (C-11), 131.9 (C-4), 131.3 (d,
JC,P = 11.0 Hz, C-12), 130.3 (C-10), 127.7 (C-15), 126.1 (q, JC,F =
236.1 Hz, CCF3), 124.5 (C-5), 123.7 (C-16), 122.2 (C-3), 37.7 (C-7),
32.0 (d, JC,P = 72.1 Hz, C-1) ppm. FTIR (KBr): ν̃ = 3080, 3031,
1956, 1776 (νC=O), 1719 (νC=O), 1617 (νC=O), 1593, 1567, 1492,
1473, 1437, 1417, 1390, 1349, 1314, 1263, 1237 (νN–O), 1179 (νP=O),
1122, 1036, 951, 913, 893, 843, 820, 788, 775, 763, 715, 700, 678,
646, 599, 552, 535, 514 cm–1. HRMS (ESI+): m/z (%) = 605.1059
[M + H+] (100), C29H20F6N2O4P requires 605.1059; 627.0878 [M +
Na+] (49), C29H19F6N2NaO4P requires 627.0879. C29H19F6N2O4P
(604.44): calcd. C 57.63, H 3.17, N 4.63; found C 56.84, H 3.11, N
4.50.

{[6-(Aminomethyl)pyridin-2-yl]methyl}diphenylphosphine Oxide (4):
To a stirred solution of 2 (6.5 g, 14 mmol) in methanol (50 mL) was
added, under a nitrogen atmosphere, hydrazine hydrate (1.8 mL,
29 mmol). The reaction mixture was stirred (90 °C, 16 h), and the
volatiles were then removed by vacuum evaporation. The residue
was dissolved in CH2Cl2 (100 mL) and washed with water
(150 mL). The aqueous layer was extracted with CH2Cl2 (2 �

100 mL), and the combined organic layers were washed with brine
(100 mL), dried (MgSO4), and filtered to give an orange oil. The
oil was dissolved in CH2Cl2 (5 mL) and Et2O (30 mL) was added.
Trituration and filtration afforded 4 as a yellow solid, yield 3.75 g
(81 %); m.p. � 280 °C. Soluble: acetone, chloroform, CH2Cl2,
MeOH, DMF, DMSO and hot acetonitrile; insoluble: Et2O and
hexane. X-ray quality single crystals of 4·H2O were obtained by
slow evaporation of a CH2Cl2 solution. Crystals of [4H+][Cl–]·
tBuOH were obtained by slow evaporation of a mixed solvent sys-
tem containing MeOH, tBuOH, CH2Cl2 and Et2O (23 °C).
31P{1H} (121.49 MHz, CDCl3, 298 K): δ = 30.7 ppm. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 7.84–7.75 (m, 4 H, H-9), 7.45–7.26
(m, 7 H, H-4,10,11), 7.23 (d, JH,H = 7.8 Hz, 1 H, H-3), 6.96 (d,
JH,H = 7.8 Hz, 1 H, H-5), 3.89 (d, JH,P = 14.1 Hz, 2 H, H-7), 3.70
(s, 2 H, H-1), 1.49 (s, 2 H, NH2) ppm. 13C{1H} NMR (75.4 MHz,
CDCl3, 298 K): δ = 161.4 (C-2), 152.0 (d, JC,P = 7.5 Hz, C-6), 137.0
(C-4), 132.5 (d, JC,P = 104.7 Hz, C-8), 131.8 (C-11), 131.3 (d, JC,P

= 9.4 Hz, C-9), 128.5 (d, JC,P = 11.9 Hz, C-10), 123.1 (d, JC,P =
3.7 Hz, C-3), 119.2 (d, JC,P = 2.3 Hz, C-5), 47.3 (C-1), 40.9 (d, JC,P

= 64.7 Hz, C-7) ppm. FTIR (KBr): ν̃ = 3418, 3053, 1589, 1572,
1483, 1453, 1436, 1396, 1270, 1189 (νP=O), 1119, 1103, 1071, 1027,
995, 925, 831, 745, 719, 695, 523, 505 cm–1. HRMS (ESI+): m/z
(%) = 323.1313 [M + H+] (100), C19H20N2OP requires 323.1308;
345.1118 [M + Na+] (7), C19H19N2NaOP requires 345.1127.

2-(Aminomethyl)-6-[(diphenylphosphoryl)methyl]pyridine 1-Oxide
(5): A sample of 3 (12 g, 26 mmol) in MeOH (150 mL) was com-
bined with hydrazine hydrate (3.2 mL, 51 mmol), and the mixture
was stirred at 90 °C for 16 h. The resulting mixture was evaporated
to dryness, the residue was dissolved in CH2Cl2 (150 mL), and the
solution washed with water (200 mL). The aqueous layer was ex-
tracted with CH2Cl2 (2 � 10 mL), and the combined organic layers
were washed with brine (50 mL), dried (MgSO4), and filtered to
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give 5 as a yellow solid, yield 6.89 g (80%); m.p.� 280 °C. Soluble:
acetone, chloroform, CH2Cl2, MeOH, DMF, DMSO and hot
acetonitr i le ; insoluble: Et2O and hexane. 31P{1H} NMR
(121.49 MHz, CDCl3, 298 K): δ = 31.5 ppm. 1H NMR (300 MHz,
CDCl3, 298 K): δ = 7.84–7.77 (m, 4 H, H-9), 7.77–7.62 (m, 1 H,
H-5), 7.47–7.34 (m, 6 H, H-10,11), 7.17–7.07 (m, 2 H, H-3,4), 4.22
(d, JH,P = 14.1 Hz, 2 H, H-7), 3.82 (s, 2 H, H-1), 1.85 (s, 2 H,
NH2) ppm. 13C{1H} NMR (75.4 MHz, CDCl3, 298 K): δ = 152.0
(C-2), 144.0 (C-6), 132.1 (C-11), 132.0 (d, JC,P = 101.6 Hz, C-8),
131.0 (d, JC,P = 9.9 Hz, C-9), 128.5 (d, JC,P = 12.1 Hz, C-10), 125.8
(d, JC,P = 4.3 Hz, C-5), 125.1 (C-4), 122.7 (C-3), 43.0 (C-1), 31.7
(d, JC,P = 65.7 Hz, C-7) ppm. FTIR (KBr): ν̃ = 3387, 3306, 1614,
1589, 1568, 1486, 1437, 1407, 1392, 1365, 1314, 1262, 1234 (νN–O),
1193 (νP=O), 1121, 1073, 1027, 996, 972, 919, 901, 850, 823, 784,
763, 740, 720, 695, 617, 600, 573, 550, 517, 463, 425 cm–1. HRMS
(ESI+): m/z (%) = 339.1257 [M + H+] (100), C19H20N2O2P requires
339.1256; 361.1084 [M + Na+] (46), C19H19N2NaO2P requires
361.1082.

2-(Aminomethyl)-6-({bis[2-(trifluoromethyl)phenyl]phosphoryl}-
methyl)pyridine 1-Oxide (5-F): A sample of 3-F (5.5 g, 9.1 mmol)
in MeOH (41 mL) was combined under a nitrogen atmosphere with
hydrazine hydrate (31 mL), and the mixture was stirred at 90 °C
for 18 h. The solvent was evaporated to dryness, and the residue
was purified by flash chromatography (CH2Cl2/MeOH, 98:2) to af-
ford 5-F as a yellow powder, yield 2.68 g (62%); m.p. 198–200 °C.
X-ray quality single crystals were obtained by slow evaporation of
a MeOH solution (23 °C). 31P{1H} NMR (121.49 MHz, CDCl3,
298 K): δ = 31.7 ppm. 1H NMR (300 MHz, CDCl3): δ = 8.13 (dd,
JH,H = 14.4, 6.9 Hz, 2 H, H-13), 7.77–7.70 (m, 3 H, H-5,12), 7.64–
7.55 (m, 4 H, H-10,11), 7.22–7.19 (m, 1 H, H-3), 7.14 (t, JH,H =
7.5 Hz, 1 H, H-4), 4.39 (d, JH,P = 14.4 Hz, 2 H, H-7), 3.82 (s, 2 H,
H-1), 1.83 (s, 2 H, NH2) ppm. 13C{1H} NMR (75.4 MHz, CDCl3,
298 K): δ = 151.9 (C-2), 143.0 (d, JC,P = 6.9 Hz, C-6), 133.9 (d,
JC,P = 8.9 Hz, C-13), 132.2 (C-11), 131.5 (d, JC,P = 129.7 Hz, C-8),
132.2–131.9 (m, C-9), 131.9 (C-4), 131.3 (d, JC,P = 11.7 Hz, C-12),
127.7–127.3 (m, C-10), 125.1 (C-5), 123.5 (q, JC,F = 274.1 Hz, C-
14), 123.0 (C-3), 43.1 (C-1), 32.2 (d, JC,P = 71.4 Hz, C-7) ppm.
FTIR (KBr): ν̃ = 3426, 3346, 3073, 3028, 2989, 2872, 1625, 1592,
1489, 1404, 1311, 1276, 1259, 1232 (νN–O), 1189 (νP=O), 1173, 1149,
1123, 1035, 921, 845, 815, 777, 736, 716, 699, 683, 644, 598, 520,
500 cm–1. HRMS (ESI+): m/z (%) = 475.1002 [M + H+] (100),
C21H18F6N2O2P requires 475.1005. C21H17F6N2O2P (474.34):
calcd. C 53.17, H 3.61, N 5.91; found C 52.65, H 3.82, N 5.80.

{6-[(Benzylamino)methyl]pyridin-2-yl}methyldiphenylphosphine Ox-
ide (6): To a solution of 4 (436 mg, 1.35 mmol) in MeOH (2.5 mL)
was added a solution of benzaldehyde (0.15 mL, 1.4 mmol) in
MeOH (1.5 mL). The solution was stirred (23 °C, 20 h) and NaBH4

(41 mg, 1.1 mmol) was added in portions. The reaction mixture was
stirred (4 h, 23 °C), then acidified with HCl (6 m, 2 mL), and the
solvents were evaporated from the mixture to dryness under re-
duced pressure. The crude product was purif ied by f lash
chromatography on silica gel (CH2Cl2/MeOH, 98:2 to 94:6) to give
6, yield 440 mg (99 %); yellow foam; m.p. 132–134 °C. 31P{1H}
NMR (121.49 MHz, CDCl3, 298 K): δ = 31.0 ppm. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 8.78 (br. s, 1 H, NH), 7.77 (dd, JH,H

= 11.4, 7.5 Hz, 4 H, H-9), 7.50 (t, JH,H = 7.8 Hz, 1 H, H-4), 7.39–
7.36 (m, 9 H, H-5,10,11,15), 7.27–7.26 (m, 3 H, H-14,16), 7.11 (d,
JH,H = 7.5 Hz, 1 H, H-3), 3.99 (d, JH,P = 13.8 Hz, 2 H, H-7), 3.92
(s, 2 H, H-12), 3.77 (s, 2 H, H-1) ppm. 13C NMR (75.4 MHz,
CDCl3, 298 K): δ = 152.6 (d, JC,P = 7.8 Hz, C-6), 152.0 (d, JC,P =
7.2 Hz, C-2), 137.6 (C-4), 132.3 (C-13), 132.0 (C-11), 131.8 (d, JC,P

= 104.3 Hz, C-8), 131.2 (d, JC,P = 9.5 Hz, C-9), 130.1 (C-15), 128.8
(C-16), 128.7 (C-14), 128.6 (d, JC,P = 12.1 Hz, C-10), 124.6 (C-5),
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121.4 (C-3), 50.3 (C-1), 49.6 (C-12), 40.1 (d, JC,P = 64.4 Hz, C-
7) ppm. FTIR (KBr): ν̃ = 3420, 3054, 1692, 1576, 1483, 1456, 1437,
1397, 1280, 1180 (ν P=O), 1120, 1104, 1071, 1027, 996, 927, 834,
784, 722, 697, 611, 543, 522 cm–1. HRMS (ESI+): m/z (%) =
413.1781 [M + H+] (100). C26H26N2OP requires 413.1777.

2-[(Benzylamino)methyl]-6-[(diphenylphosphoryl)methyl]pyridine 1-
Oxide (7): To a solution of 5 (170 mg, 0.50 mmol) in MeOH (2 mL)
was added a solution of benzaldehyde (54 μL, 0.53 mmol) in
MeOH (1 mL). The reaction was stirred (23 °C, 18 h), and the re-
sulting mixture was treated with NaBH4 (15.2 mg, 0.4 mmol). The
reaction mixture was stirred (4 h, 23 °C), acidified with HCl (6 m,
2 mL) and the solvents were evaporated to dryness under reduced
pressure. The crude product was purified by flash chromatography
on silica gel (CH2Cl2/MeOH, 95:5 to 90:10) to give 7, yield 187 mg
(87%); white powder; m.p. 96–98 °C. 31P{1H} NMR (121.49 MHz,
CDCl3, 298 K): δ = 32.2 ppm. 1H NMR (300 MHz, CDCl3,
298 K): δ = 10.10 (br. s, 1 H, NH), 7.74–7.68 (m, 4 H, H-9), 7.56–
7.53 (m, 4 H, CHAr), 7.42–7.37 (m, 9 H, HAr), 7.26–7.24 (m, 1 H,
H-3), 4.31 (s, 2 H, H-12), 4.15 (s, 2 H, H-1), 4.13 (d, JH,P = 13.8 Hz,
2 H, H-7) ppm. 13C NMR (75.4 MHz, CDCl3, 298 K): δ = 144.4
(d, JC,P = 6.4 Hz, C-6), 141.6 (C-2), 132.5 (C-11), 131.0 (d, JC,P =
108.3 Hz, C-8), 131.0 (d, JC,P = 9.6 Hz, C-9), 130.6 (C-13), 130.3
(C-15), 129.6 (C-16), 129.1 (C-14), 128.8 (d, JC,P = 12.1 Hz, C-10),
128.6 (C-3 or C-4 or C-5), 127.4 (C-3 or C-4 or C-5), 127.1 (C-3
or C-4 or C-5), 51.1 (C-12), 46.9 (C-1), 32.1 (d, JC,P = 65.6 Hz, C-
7) ppm. FTIR (KBr): ν̃ = 3410, 3054, 1589, 1488, 1457, 1437, 1220
(νN–O), 1178 (νP=O), 1120, 1071, 1027, 997, 924, 853, 820, 792, 726,
697, 641, 594, 507 cm–1. HRMS (ESI+): m/z (%) = 429.1731 [M +
H+] (100). C26H26N2O2P requires 429.1726.

N-({6-[(Diphenylphosphoryl)methyl]pyridin-2-yl}methyl)-4-methyl-
benzenesulfonamide (8): To a solution of 4 (320 mg, 1.0 mmol) in
water (2 mL) were added sodium hydroxide (60mg, 1.5 mmol) and
a solution of p-toluenesulfonyl chloride (191 mg, 1.00 mmol) in
Et2O (2 mL). The biphasic mixture was stirred in a capped vial
(23 °C, 18 h) and then evaporated to dryness. The residue was dis-
solved in CH2Cl2 (2 mL), and Et2O (10 mL) was added. Trituration
and filtration afforded 8, yield 257 mg (54%); white solid; m.p. 92–
94 °C. 31P{1H} NMR (121.49 MHz, CDCl3, 298 K): δ = 29.9 ppm.
1H NMR (300 MHz, CDCl3, 298 K): δ = 7.77 (dd, JH,H = 11.7,
8.1 Hz, 4 H, H-9), 7.63–7.58 (m, 3 H, H-5,13), 7.51–7.39 (m, 7 H,
H-4,10,11), 7.14–7.11 (m, 3 H, H-3,14), 6.57 (br. s, 1 H, NH), 4.13
(d, JH,H = 5.4 Hz, 2 H, H-1), 4.06 (d, JH,P = 13.8 Hz, 2 H, H-7),
2.33 (s, 3 H, H-16) ppm. 13C NMR (75.4 MHz, CDCl3, 298 K): δ
= 154.0 (C-2), 150.9 (d, JC,P = 6.3 Hz, C-6), 143.4 (C-12), 136.7
(C-15), 132.4 (C-11), 131.3 (d, JC,P = 101.7 Hz, C-8), 131.1 (d, JC,P

= 9.6 Hz, C-9), 129.6 (C-14), 128.8 (d, JC,P = 12.4 Hz, C-10), 127.1
(C-13), 126.0 (C-4), 125.1 (C-5), 121.7 (C-3), 45.5 (C-1), 38.3 (d,
JC,P = 62.7 Hz, C-7), 21.5 (C-16) ppm. FTIR (KBr): ν̃ = 3049,
2872, 1595, 1566, 1487, 1461, 1439, 1407, 1349, 1330, 1288, 1262,
1246, 1177 (νP=O), 1162, 1122, 1105, 1090, 1072, 996, 933, 918, 851,
817, 785, 767, 722, 712, 693, 658, 598, 577, 551, 537, 517, 499,
460 cm–1. HRMS (ESI+): m/z (%) = 477.1407 [M + H+] (22),
C26H26N2O3PS requires 477.1396; 499.1231 [M + Na+] (100),
C26H25N2NaO3PS requires 499.1216; 515.0974 [M + K+] (14),
C26H25KN2O3PS requires 515.0955; 975.2549 [2M + Na+] (11),
C52H50N4NaO6P2S2 requires 975.2539.

N-({6-[(Diphenylphosphoryl)methyl]pyridin-2-yl}methyl)-4-methyl-
benzenesulfonamide (9): To a solution of 5 (338 mg, 1.00 mmol) in
water (2 mL) were added sodium hydroxide (60mg, 1.5 mmol) and
a solution of p-toluenesulfonyl chloride (229 mg, 1.20 mmol) in
Et2O (2 mL). The biphasic mixture was stirred in a capped vial
(23 °C, 18 h) and was then evaporated to dryness. The residue was
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dissolved in CH2Cl2 (2 mL), and Et2O (10 mL) was added. Tritura-
tion and filtration afforded 9, yield 257 mg (52%); white solid; m.p.
136–138 °C. 31P{1H} NMR (121.49 MHz, CDCl3, 298 K): δ =
31.2 ppm. 1H NMR (300 MHz, CDCl3, 298 K): δ = 7.82–7.76 (m,
4 H, H-9), 7.66–7.59 (m, 1 H, H-5), 7.51–7.43 (m, 8 H, NH and
H-3,10,11), 7.10–7.07 (m, 2 H, H-13), 6.95–6.94 (m, 2 H, H-14),
6.59–6.52 (m, 1 H, H-4), 4.13 (d, JH,P = 14.1 Hz, 2 H, H-7), 4.13–
4.09 (m, 2 H, H-1), 2.32 (s, 3 H, H-16) ppm. 13C NMR (75.4 MHz,
CDCl3, 298 K): δ = 146.2 (C-2), 144.1 (d, JC,P = 6.6 Hz, C-6), 143.4
(C-12), 137.1 (C-15), 132.5 (C-11), 131.8 (d, JC,P = 98.0 Hz, C-8),
130.9 (d, JC,P = 9.9 Hz, C-9), 129.6 (C-14), 128.7 (d, JC,P = 12.1 Hz,
C-10), 126.9 (C-13), 126.8 (C-4), 125.3 (C-5), 124.1 (C-3), 44.2 (C-
1), 31.2 (d, JC,P = 65.7 Hz, C-7), 21.5 (C-16) ppm. FTIR (KBr): ν̃
= 3420, 3059, 1597, 1567, 1492, 1438, 1416, 1379, 1329, 1289, 1245
(νN–O), 1183 (νP=O), 1158, 1120, 1094, 1071, 1032, 1011, 998, 942,
853, 816, 780, 749, 721, 710, 696, 661, 604, 552, 525, 509 cm–1.
HRMS (ESI+): m/z (%) = 493.1360 [M + H+] (62), C26H26N2O4PS
requires 493.1345; 515.1172 [M + Na+] (100), C26H25N2NaO4PS
requires 515.1165; 531.0897 [M + K+] (22), C26H25KN2O4PS re-
quires 531.0904. C26H25N2O4PS (492.53): calcd. C 63.40, H 5.12,
N 5.69; found C 62.93, H 5.64, N 5.12.

N-({6-[(Diphenylphosphoryl)methyl]pyridin-2-yl}methyl)formamide
(10): A sample of 4 (322 mg, 1.00 mmol), triethylamine (0.28 mL,
2.0 mmol) and excess methyl formate (5.9 mL) were combined in a
Schlenk flask, and the mixture was stirred (50–55 °C, 12 h). The
resulting reaction mixture was evaporated to dryness, the residue
was dissolved in chloroform (20 mL) and the solution was extracted
with a saturated aqueous solution of ammonium chloride (20 mL).
The layers were separated, and the aqueous layer was extracted
with chloroform (3� 15 mL). The combined organic layers were
washed with brine (15 mL), dried (MgSO4), filtered, and concen-
trated under reduced pressure to give 10, yield 242 mg (69%); white
solid; m.p. 110–112 °C. X-ray quality single crystals were obtained
by slow evaporation of a MeOH solution (23 °C). 31P{1H} NMR
(121.49 MHz, CDCl3, 298 K): δ = 31.0 ppm. 1H NMR (300 MHz,
CDCl3, 298 K): δ = 7.97 (s, 1 H, H-12), 7.67–7.60 (m, 4 H, H-9),
7.39–7.29 (m, 7 H, H-4,10,11), 7.06 (d, JH,H = 7.8 Hz, 1 H, H-5),
6.98 (br. s, 1 H, NH), 6.87 (d, JH,H = 7.8 Hz, 1 H, H-3), 4.24 (d,
JH,H = 5.1 Hz, 2 H, H-1), 3.78 (d, JH,P = 13.8 Hz, 2 H, H-7) ppm.
13C NMR (75.4 MHz, CDCl3, 298 K): δ = 161.0 (C-12), 155.3 (C-
2), 151.6 (d, JC,P = 7.9 Hz, C-6), 137.0 (C-4), 132.2 (d, JC,P =
100.5 Hz, C-8), 131.7 (d, JC,P = 2.0 Hz, C-11), 130.9 (d, JC,P =
9.4 Hz, C-9), 128.3 (d, JC,P = 11.8 Hz, C-10), 123.3 (d, JC,P =
4.0 Hz, C-5), 119.5 (C-3), 42.5 (C-1), 40.2 (d, JC,P = 65.0 Hz, C-
7) ppm. FTIR (KBr): ν̃ = 3443, 3284, 1672 (νCO), 1591, 1574, 1536,
1456, 1437, 1391, 1176 (νP=O), 1120, 1104, 830, 745, 718, 694, 616,
541, 521 cm–1. HRMS (ESI+): m/z (%) = 351.1275 [M + H+] (19),
C20H20N2O2P requires 351.1257; 373.1085 [M + Na+] (100),
C20H19N2NaO2P requires 373.1076; 389.0819 [M + K+] (6),
C20H19KN2O2P requires 389.0816.

2-[(Diphenylphosphoryl)methyl]-6-(formamidomethyl)pyridine 1-Ox-
ide (11): A sample of 5 (500 mg, 1.48 mmol), triethylamine
(0.42 mL, 3.0 mmol) and excess methyl formate (10 mL) were com-
bined in a Schlenk vessel, and the mixture was heated and stirred
(50–55 °C, 12 h). A white precipitate formed that was collected by
filtration and rinsed with Et2O (5 mL). The solid was dried under
reduced pressure, and purified by column chromatography on silica
gel (CH2Cl2/MeOH, 100:0 to 95:5) to give 11, yield 355 mg (65 %);
white solid; m.p. 208–210 °C. X-ray quality single crystals were ob-
tained by slow evaporation of a MeOH solution (23 °C). 31P{1H}
NMR (121.49 MHz, CDCl3, 298 K): δ = 30.5 ppm. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 8.06 (s, 1 H, H-12), 7.82–7.75 (m,
4 H, H-10), 7.69–7.65 (m, 1 H, H-5), 7.52–7.38 (m, 6 H, H-9,11),
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7.22–7.20 (m, 1 H, H-3), 6.98 (t, JH,H = 7.8 Hz, 1 H, H-4), 6.92
(br. s, 1 H, NH), 4.46 (d, JH,H = 6.3 Hz, 2 H, H-1), 4.21 (d, JH,P

= 13.8 Hz, 2 H, H-7) ppm. 13C NMR (75.4 MHz, CDCl3, 298 K):
δ = 161.1 (C-12), 146.8 (C-2), 144.2 (d, JC,P = 6.5 Hz, C-6), 132.2
(d, JC,P = 2.0 Hz, C-11), 131.9 (d, JC,P = 101.8 Hz, C-8), 131.1 (d,
JC,P = 9.8 Hz, C-9), 128.6 (d, JC,P = 12.1 Hz, C-10), 127.0 (d, JC,P

= 4.2 Hz, C-5), 125.6 (C-4), 124.6 (C-3), 38.5 (C-1), 32.0 (d, JC,P =
65.2 Hz, C-7) ppm. FTIR (KBr): ν̃ = 3426, 3232, 3032, 1678, 1590,
1562, 1541, 1484, 1436, 1414, 1395, 1377, 1340, 1263, 1242 (νN–O),
1229, 1173 (νP=O), 1121, 1104, 1081, 1068, 1032, 998, 982, 952, 910,
849, 817, 795, 765, 741, 711, 694, 669, 617, 598, 558, 516, 464,
429 cm–1. HRMS (ESI+): m/z (%) = 367.1219 [M + H+] (48)
C20H20N2O3P requires 367.1206; 389.1038 [M + Na+] (100),
C20H19N2NaO3P requires 389.1026; 405.0765 [M + K+] (11),
C20H19KN2O3P requires 405.0765; 755.2161 [2M + Na+] (28),
C40H38N4NaO6P2 requires 755.2159. C20H19N2O3P (366.35): calcd.
C 65.57, H 5.23, N 7.65; found C 65.02, H 5.17, N 7.54.

N-({6-[(Diphenylphosphoryl)methyl]pyridin-2-yl}methyl)acetamide
(12): To a solution of 4 (322 mg, 1.00 mmol) in chloroform (5 mL,
0 °C) was added acetic anhydride (0.11 mL, 1.2 mmol). The re-
sulting deep-red solution was stirred (23 °C, 16 h) and then washed
with saturated aqueous ammonium chloride (25 mL). The aqueous
layer was extracted with chloroform (3� 20 mL), and the com-
bined organic layers were washed with brine (15 mL), dried
(MgSO4), filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography on silica gel
(CH2Cl2/MeOH, 95:5) to give 12 as an orange oil, yield 185 mg
(51%). 31P{1H} NMR (121.49 MHz, CDCl3, 298 K): δ = 31.0 ppm.
1H NMR (300 MHz, CDCl3, 298 K): δ = 7.68–7.61 (m, 4 H, H-9),
7.41–7.30 (m, 7 H, H-4,10,11), 7.10 (d, JH,H = 7.5 Hz, 1 H, H-5),
6.92 (d, JH,H = 7.5 Hz, 1 H, H-3), 6.81 (br. s, 1 H, NH), 4.26 (d,
JH,H = 1.3 Hz, 2 H, H-1), 3.82 (d, JH,P = 14.4 Hz, 2 H, H-7), 1.87
(s, 3 H, H-13) ppm. 13C NMR (75.4 MHz, CDCl3, 298 K): δ =
170.0 (C-12), 156.0 (C-2), 151.7 (d, JC,P = 7.8 Hz, C-6), 137.0 (C-
4), 132.2 (d, JC,P = 100.4 Hz, C-8), 131.8 (C-11), 131.0 (d, JC,P =
9.3 Hz, C-9), 128.4 (d, JC,P = 11.8 Hz, C-10), 123.3 (d, JC,P =
3.9 Hz, C-3), 119.8 (C-5), 44.2 (C-1), 40.4 (d, JC,P = 64.8 Hz, C-7),
23.0 (C-13) ppm. FTIR (KBr): ν̃ = 3262, 3057, 1666 (νC=O), 1591,
1574, 1485, 1454, 1437, 1370, 1285, 1189 (νP=O), 1120, 1070, 1027,
995, 923, 831, 720, 694, 643, 606, 521 cm–1. HRMS (ESI+): m/z
(%) = 365.1414 [M + H+] (51), C21H22N2O2P requires 365.1413;
387.1234 [M + Na+] (100), C21H21N2NaO2P requires 387.1233;
751.2592 [2M + Na+] (16), C42H42N4NaO4P2 requires 751.2573.

2-(Acetamidomethyl)-6-[(diphenylphosphoryl)methyl]pyridine 1-Ox-
ide (13): To a solution of 12 (161 mg, 0.442 mmol) in CH2Cl2

(7 mL) was added m-chloroperoxybenzoic acid (77 wt.-%, 148 mg,
0.66 mmol). The mixture was stirred (23 °C, 12 h) and then washed
with an aqueous solution of NaOH (2 m, 3� 10 mL). The organic
phase was dried (MgSO4), filtered, and the solvent was removed
by vacuum evaporation to give 13 as an orange oil, yield 115 mg
(69%). 31P{1H} NMR (121.49 MHz, CDCl3, 298 K): δ = 30.8 ppm.
1H NMR (300 MHz, CDCl3, 298 K): δ = 7.76–7.69 (m, 4 H, H-9),
7.56 (d, JH,H = 7.8 Hz, 1 H, H-5), 7.41–7.31 (m, 6 H, H-10,11),
7.12 (d, JH,H = 7.5 Hz, 1 H, H-3), 7.04–6.98 (m, 2 H, H-4 and
NH), 4.35 (d, JH,H = 6.0 Hz, 2 H, H-1), 4.15 (d, JH,P = 14.1 Hz, 2
H, H-7), 1.84 (s, 3 H, H-13) ppm. 13C NMR (75.4 MHz, CDCl3,
298 K): δ = 170.2 (C-12), 147.5 (C-2), 143.9 (d, JC,P = 6.2 Hz, C-
6), 132.1 (C-11), 131.9 (d, JC,P = 101.6 Hz, C-8), 130.8 (d, JC,P =
9.8 Hz, C-9), 128.5 (d, JC,P = 12.1 Hz, C-10), 126.4 (d, JC,P =
4.1 Hz, C-5), 125.3 (C-4), 124.2 (C-3), 39.8 (C-1), 31.5 (d, JC,P =
65.6 Hz, C-7), 23.1 (C-13) ppm. FTIR (KBr): ν̃ = 3260, 3056, 1669
(νC=O), 1590, 1545, 1489, 1437, 1415, 1371, 1346, 1243 (νN–O), 1184
(νP=O), 1119, 1071, 1028, 997, 922, 848, 819, 784, 724, 694, 644,
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588, 519, 464 cm–1. HRMS (ESI+): m/z (%) = 381.1378 [M + H+]
(25), C21H22N2O3P requires 381.1363; 403.1193 [M + Na+] (100),
C21H21N2NaO3P requires 403.1182; 419.0917 [M + K+] (14),
C21H21KN2O3P requires 419.0921.

(E)-[(6-{[(2-Hydroxy-3-methoxybenzylidene)amino]methyl}pyridin-
2-yl)methyl]diphenylphosphine Oxide (14): To a solution of 4
(322 mg, 1.00 mmol) in CH2Cl2 (5 mL) were added PPTS (13 mg,
5 mol-%), MgSO4 (361 mg, 3 mmol) and o-vanillin (152.2 mg,
1.00 mmol). The reaction mixture was stirred (23 °C, 12 h), and
then filtered. The solvent was evaporated, and the residue was puri-
fied by flash chromatography on silica gel (CH2Cl2/MeOH, 98:2 to
96:4) to afford 14 as an orange oil, yield 202 mg (44%). 31P{1H}
NMR (121.49 MHz, CDCl3, 298 K): δ = 30.6 ppm. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 8.34 (s, 1 H, H-12), 7.74–7.67 (m,
4 H, H-9), 7.49 (t, JH,H = 7.8 Hz, 1 H, H-4), 7.41–7.34 (m, 8 H,
H-5,10,11 and OH), 7.09 (d, JH,H = 7.8 Hz, 1 H, H-3), 6.93–6.77
(m, 3 H, H-16,17,18), 4.70 (s, 2 H, H-1), 3.88 (d, JH,P = 14.1 Hz,
2 H, H-7), 3.87 (s, 3 H, H-19) ppm. 13C{1H} NMR (75.4 MHz,
CDCl3, 298 K): δ = 166.7 (C-12), 157.3 (CHAr), 152.2 (d, JC,P =
7.1 Hz, C-6), 151.7 (CHAr), 148.5 (CHAr), 137.2 (CHAr), 132.3 (d,
JC,P = 100.1 Hz, C-8), 131.8 (d, JC,P = 2.1 Hz, C-11), 131.2 (d, JC,P

= 9.4 Hz, C-9), 128.4 (d, JC,P = 11.8 Hz, C-9), 123.5 (d, JC,P =
3.5 Hz, C-5), 123.1 (C-18), 119.9 (C-4), 118.6 (C-3), 118.1 (C-17),
114.2 (C-16), 56.1 (C-19), 53.5 (C-1), 40.9 (d, JC,P = 64.2 Hz, C-
7) ppm. FTIR (KBr): ν̃ = 3424, 3056, 1631 (νC=N), 1590, 1574,
1457, 1437, 1317, 1254, 1192 (νP=O), 1120, 1103, 1080, 996, 911,
832, 783, 734, 695, 644, 522 cm–1. HRMS (ESI+): m/z (%) =
457.1685 [M + H+] (51), C27H26N2O3P requires 457.1676; 479.1491
[M + Na+] (24), C27H25N2NaO3P requires 479.1495.

(E)-2-[(Diphenylphosphoryl)methyl]-6-{[(4-hydroxy-3-methoxybenz-
ylidene)amino]methyl}pyridine 1-Oxide (15): To a solution of 5
(338 mg, 1.00 mmol) in CH2Cl2 (5 mL) were added PPTS (13 mg,
5 mol-%), MgSO4 (361 mg, 3 mmol) and vanillin (167.4 mg,
1.1 mmol). The reaction mixture was stirred (23 °C, 12 h), filtered,
and the solvent was evaporated. The residue was purified by flash
chromatography on silica gel (CH2Cl2/MeOH, 100:0 to 96:4) to
afford 15 as an orange foam, yield 267 mg (56%). 31P{1H} NMR
(121.49 MHz, CDCl3, 298 K): δ = 32.8 ppm. 1H NMR (300 MHz,
CDCl3, 298 K): δ = 8.29 (s, 1 H, H-12), 7.89–7.84 (m, 4 H, H-9),
7.82–7.74 (m, 1 H, H-5), 7.46–7.43 (m, 9 H, H-10,11,14,17,18),
7.17–7.15 (m, 1 H, H-4), 6.96 (d, JH,H = 8.1 Hz, 1 H, H-3), 4.82
(s, 2 H, H-1), 4.30 (d, JH,P = 13.8 Hz, 2 H, H-7), 3.91 (s, 3 H, H-
19) ppm. 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ = 164.6 (C-
12), 150.5 (C-2), 149.8 (C-15), 147.8 (C-13), 143.4 (d, JC,P = 5.9 Hz,
C-6), 132.1 (C-11), 131.7 (d, JC,P = 100.1 Hz, C-8), 130.8 (d, JC,P

= 9.5 Hz, C-9), 128.5 (d, JC,P = 11.9 Hz, C-10), 127.9 (C-16), 125.3
(C-5), 124.2 (C-4), 124.2 (C-18), 122.9 (C-17), 114.9 (C-3), 108.9
(C-14), 59.1 (C-1), 55.8 (C-19), 31.4 (d, JC,P = 66.3 Hz, C-7) ppm.
FTIR (KBr): ν̃ = 3055, 1676 (νC=N), 1643, 1591, 1514, 1487, 1437,
1407, 1287, 1263, 1246 (νN–O), 1175 (νP=O), 1158, 1129, 997, 851,
820, 784, 721, 695, 554, 517 cm–1. HRMS (ESI+): m/z (%) =
473.1620 [M + H+] (40), C27H26N2O4P requires 473.1625; 495.1432
[M + Na+] (17), C27H25N2NaO4P requires 495.1444.

(E)-2-[(Benzylideneamino)methyl]-6-[(diphenylphosphoryl)methyl]-
pyridine 1-Oxide (16): To a solution of 5 (100 mg, 0.30 mmol) in
CH2Cl2 (5 mL) were added molecular sieves (4 Å) (150 mg) and
benzaldehyde (0.03 mL, 0.3 mmol). The reaction mixture was
stirred (23 °C, 14 h), filtered, and the solvent was evaporated. The
residue was purified by flash chromatography on silica gel (CH2Cl2/
MeOH, 100:0 to 98:2) to afford 16, yield 80.0 mg (63%); off-yellow
solid; m.p.174–176 °C. X-ray quality single crystals were obtained
by slow evaporation of a MeOH/CH2Cl2 solution (23 °C). 31P{1H}
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NMR (121.49 MHz, CDCl3, 298 K): δ = 32.5 ppm. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 8.43 (s, 1 H, H-12), 7.88–7.78 (m,
6 H, H-9,14), 7.71 (d, JH,H = 7.8 Hz, 1 H, H-5), 7.48–7.36 (m, 9
H, H-10,11,15,16), 7.35–7.32 (m, 1 H, H-3), 7.14 (t, JH,H = 7.8 Hz,
1 H, H-4), 4.85 (s, 2 H, H-1), 4.29 (d, JH,P = 14.1 Hz, 2 H, H-
7) ppm. 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ = 164.7 (C-
12), 150.2 (C-2), 143.6 (d, JC,P = 5.6 Hz, C-6), 135.9 (C-13), 132.2
(d, JC,P = 101.5 Hz, C-8), 132.1 (d, JC,P = 1.9 Hz, C-11), 131.5 (C-
16), 131.0 (d, JC,P = 9.9 Hz, C-9), 128.7 (d, JC,P = 10.0 Hz, C-10),
128.5 (C-14 or C-16), 128.4 (C-14 or C-16), 125.4 (d, JC,P = 4.2 Hz,
C-3), 125.0 (C-4), 122.9 (C-5), 59.3 (C-1), 31.5 (d, JC,P = 66.4 Hz,
C-7) ppm. FTIR (KBr): ν̃ = 2958, 2870, 1695 (νC=N), 1646, 1581,
1563, 1482, 1458, 1439, 1424, 1397, 1332, 1312, 1245, 1223, 1191
(νP=O), 1118, 1108, 1069, 1048, 1026, 1000, 974, 924, 909, 846, 822,
696, 606, 574, 514 cm–1. HRMS (ESI+): m/z (%) = 427.1581 [M +
H+] (49), C26H24N2O2P requires 427.1575; 449.1398 [M + Na+]
(100), C26H23N2NaO2P requires 449.1395; 875.2862 [2M + Na+]
(80), C52H46N4NaO4P2 requires 875.2892.

(E)-N�-({6-[(Diphenylphosphoryl)methyl]pyridin-2-yl}methyl)-N,N-di-
methylacetimidamide (17): To a mixture of 4 (322 mg, 1.00 mmol)
and dimethylamine (2 m in THF, 1.2 mL, 2.4 mmol) in THF (2 mL)
were added dropwise, under nitrogen, with stirring (23 °C), N,N-
dimethylacetamide dimethyl acetal (90%, 0.2 mL, 1.2 mmol). The
mixture was stirred (10 min) and then left under nitrogen in the
dark without stirring (23 °C, 18 h). Evaporation of the volatiles af-
forded 17 as an orange oil that solidified upon standing, yield
369 mg (94%). 31P{1H} NMR (121.49 MHz, CDCl3, 298 K): δ =
30.4 ppm. 1H NMR (300 MHz, CDCl3, 298 K): δ = 7.68–7.62 (m,
4 H, H-9), 7.39 (t, JH,H = 7.8 Hz, 1 H, H-4), 7.35–7.24 (m, 6 H,
H-10,11), 7.21 (d, JH,H = 7.8 Hz, 1 H, H-5), 7.16 (d, JH,H = 7.5 Hz,
1 H, H-3), 4.33 (s, 2 H, H-1), 3.81 (d, JH,P = 14.1 Hz, 2 H, H-7),
2.82 (s, 6 H, H-14), 1.71 (s, 3 H, H-13) ppm. 13C{1H} NMR
(75.4 MHz, CDCl3, 298 K): δ = 162.1 (C-12), 160.1 (C-2), 150.8 (d,
JC,P = 6.9 Hz, C-6), 136.5 (C-4), 132.2 (d, JC,P = 100.2 Hz, C-8),
131.4 (C-11), 130.8 (d, JC,P = 9.3 Hz, C-9), 128.1 (d, JC,P = 11.8 Hz,
C-10), 122.0 (d, JC,P = 3.1 Hz, C-5), 118.9 (C-3), 55.1 (C-1), 40.6 (d,
JC,P = 64.6 Hz, C-7), 37.8 (C-14), 12.8 (C-13) ppm. FTIR (KBr): ν̃
= 3206, 2925, 2854, 1676 (νC=N), 1591, 1561, 1459, 1438, 1379,
1315, 1178 (νP=O), 1124, 1099, 1071, 997, 885, 847, 800, 747, 722,
694, 633, 508 cm–1. HRMS (ESI+): m/z (%) = 392.1897 [M + H+]
(100), C23H27N3OP requires 392.1886.

2-({6-[(Diphenylphosphoryl)methyl]pyridin-2-yl}methyl)-1,1,3,3-
tetramethylguanidine (18): Oxalyl chloride (4.3 mL, 6.4 mmol) was
added dropwise to a solution of tetramethylurea (1.21 mL,
10.1 mmol) in chloroform (8 mL). The resulting solution was
stirred (105 °C, 18 h) under nitrogen and evaporation of the vola-
tiles afforded tetramethylchloroformamidinium chloride (1.72 g,
10.1 mmol, 100%). Triethylamine (0.80 mL, 5.7 mmol) was added
to a solution of 4 (841 mg, 2.6 mmol) in CH2Cl2 (13 mL) followed
by slow addition of a solution of tetramethylchloroformamidinium
chloride (578 mg, 3.38 mmol) in CH2Cl2 (6 mL, –10 °C). The reac-
tion mixture was stirred (–10 °C, 1 h), then 10 % aqueous HCl
(10 mL) solution was added. The phases were separated, and the
organic layer was washed with 10% HCl (2 � 10 mL). The com-
bined aqueous layers were washed with CH2Cl2 (10 mL) and then
50% KOH (20 mL) was added. The aqueous layer was extracted
with toluene (2� 20 mL), the combined organic layers were dried
(K2CO3), filtered, and concentrated under reduced pressure to af-
ford 18, yield 855 mg (78%); yellow solid; m.p. 116–118 °C. X-ray
quality single crystals were obtained by slow evaporation of a
MeOH solution (23 °C). 31P{1H} NMR (121.49 MHz, CDCl3,
298 K): δ = 30.4 ppm. 1H NMR (300 MHz, CDCl3, 298 K): δ =
7.71–7.64 (m, 4 H, H-9), 7.46–7.27 (m, 8 H, H-4,5,10,11), 7.17 (d,
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JH,H = 7.5 Hz, 1 H, H-3), 4.30 (s, 2 H, H-1), 3.84 (d, JH,P =
14.4 Hz, 2 H, H-7), 2.66 (s, 6 H, H-13), 2.65 (s, 6 H, H-13) ppm.
13C{1H} NMR (75.4 MHz, CDCl3, 298 K): δ = 163.3 (C-12), 161.2
(C-2), 150.8 (d, JC,P = 6.8 Hz, C-6), 136.7 (C-4), 132.5 (d, JC,P =
100.1 Hz, C-8), 131.6 (d, JC,P = 2.0 Hz, C-11), 131.1 (d, JC,P =
9.3 Hz, C-9), 128.3 (d, JC,P = 11.8 Hz, C-10), 122.1 (d, JC,P =
3.2 Hz, C-5), 119.1 (C-3), 54.9 (C-1), 40.9 (d, JC,P = 64.9 Hz, C-7),
39.6 (C-13), 38.9 (C-13) ppm. FTIR (KBr): ν̃ = 3053, 1612 (νC=O),
1588, 1574, 1500, 1454, 1436, 1420, 1402, 1370, 1339, 1267, 1234,
1188 (νP=O), 1132, 1115, 1066, 1026, 1008, 908, 826, 804, 743, 716,
699, 547, 519, 497 cm–1. HRMS (ESI+): m/z (%) = 421.2145 [M +
H+] (100), C24H30N4OP requires 421.2152. C24H29N4OP (420.49):
calcd. C 68.55, H 6.95, N 13.32; found C 67.95, H 7.02, N 13.06.

2-({[Bis(dimethylamino)methylene]amino}methyl)-6-[(diphenylphos-
phoryl)methyl]pyridine 1-Oxide (19): Oxalyl chloride (2.2 mL,
26.2 mmol) was added dropwise, under nitrogen, to a solution of
tetramethylurea (0.64 mL, 5.3 mmol) in chloroform (8 mL, 23 °C).
The resulting solution was stirred (105 °C, 18 h) and then evapo-
rated providing tetramethylchloroformamidinium chloride
(912 mg, 5.33 mmol, 100 %). Triethylamine (0.46 mL, 3.3 mmol)
was added to a solution of 5 (508 mg, 1.50 mmol) in CH2Cl2

(15 mL) followed by slow addition of a solution of tetramethylchlo-
roformamidinium chloride (334 mg, 1.95 mmol) in CH2Cl2 (5 mL,
–10 °C). The reaction mixture was stirred (–10 °C, 1 h) then 10%
aqueous HCl (15 mL) solution was added. The phases were sepa-
rated, and the organic layer was washed with 10 % HCl (2 �

15 mL). The combined aqueous layers were washed with CH2Cl2
(15 mL), and then aqueous NaOH (3 m, 30 mL) was added. The
aqueous layer was extracted with benzene (2� 25 mL), and the
combined organic layers were dried (K2CO3), filtered, and concen-
trated under reduced pressure to give 19 as an orange oil, yield
458 mg (70%). X-ray quality single crystals were obtained by slow
evaporation of a MeOH solution (23 °C). 31P{1H} NMR
(121.49 MHz, CDCl3, 298 K): δ = 32.6 ppm. 1H NMR (300 MHz,
CDCl3, 298 K): δ = 7.77–7.71 (m, 4 H, H-9), 7.59–7.54 (m, 2 H,
H-3,5), 7.34–7.26 (m, 6 H, H-10,11), 7.04 (t, JH,H = 8.0 Hz, 1 H,
H-4), 4.35 (s, 2 H, H-1), 3.84 (d, JH,P = 13.8 Hz, 2 H, H-7), 2.69
(s, 6 H, H-13), 2.64 (s, 6 H, H-13) ppm. 13C{1H} NMR (75.4 MHz,
CDCl3, 298 K): δ = 161.9 (C-12), 153.6 (C-2), 142.8 (d, JC,P =
5.0 Hz, C-6), 132.1 (d, JC,P = 101.5 Hz, C-8), 131.8 (d, JC,P =
1.7 Hz, C-11), 130.7 (d, JC,P = 9.8 Hz, C-9), 128.4 (d, JC,P =
12.1 Hz, C-10), 124.9 (C-4), 124.1 (d, JC,P = 3.9 Hz, C-5), 122.4
(C-3), 48.5 (C-1), 39.5 (C-13), 38.8 (C-13), 30.9 (d, JC,P = 67.0 Hz,
C-7) ppm. FTIR (KBr): ν̃ = 3440, 3054, 1620 (νC=N), 1603, 1490,
1437, 1401, 1372, 1313, 1238 (νN–O), 1185 (νP=O), 1118, 1059, 1009,
941, 908, 848, 819, 786, 720, 695, 593, 517 cm–1. HRMS (ESI+): m/z
(%) = 437.2108 [M + H+] (100) C24H30N4O2P requires 437.2101.

[(6-{[1H-Naphtho[1,2-e][1,3]oxazin-2(3H)-yl]methyl}pyridin-2-yl)-
methyl]diphenylphosphine Oxide (20): To a solution of 4 (323 mg,
1.00 mmol) in THF (1 mL) and water (2 mL) was added formalde-
hyde (37%, 0.80 mL). The mixture was stirred (5 min, 23 °C) and
2-naphthol (144 mg, 1.00 mmol) was added. The resulting mixture
was stirred (16 h, 23 °C), and the solvent was evaporated. The resi-
due was purified by flash chromatography on silica gel (CH2Cl2/
MeOH: 98:2) to afford 20 as an orange oil, yield 202 mg (41%).
31P{1H} NMR (121.49 MHz, CDCl3, 298 K): δ = 29.7 ppm. 1H
NMR (300 MHz, CDCl3, 298 K): δ = 7.77–7.70 (m, 5 H, H-6,21),
7.64 (d, JH,H = 8.7 Hz, 1 H, H-4), 7.55 (t, JH,H = 7.8 Hz, 1 H, H-
16), 7.43–7.41 (m, 3 H, H-8,9,17), 7.34–7.29 (m, 7 H, H-7,22,23),
7.22 (d, JH,H = 7.8 Hz, 1 H, H-15), 7.05 (d, JH,H = 9.0 Hz, 1 H, H-
3), 4.81 (s, 2 H, H-12), 4.19 (s, 2 H, H-13), 3.93 (d, JH,P = 14.4 Hz, 2
H, H-19), 3.93 (s, 2 H, H-11) ppm. 13C{1H} NMR (75.4 MHz,
CDCl3, 298 K): δ = 157.9 (C-2), 152.2 (d, JC,P = 7.0 Hz, C-18),
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151.7 (C-14), 137.0 (C-16), 132.4 (d, JC,P = 100.2 Hz, C-20), 131.9
(C-5), 131.7 (C-23), 131.1 (d, JC,P = 9.4 Hz, C-21), 129.0 (C-10),
128.6 (C-6), 128.4 (d, JC,P = 11.9 Hz, C-22), 128.0 (C-4), 126.5 (C-
8), 123.6 (d, JC,P = 3.4 Hz, C-17), 123.5 (C-7), 121.1 (C-9,15), 118.6
(C-3), 82.3 (C-12), 57.7 (C-11), 47.6 (C-13), 40.8 (d, JC,P = 64.0 Hz,
C-19) ppm. FTIR (KBr): ν̃ = 3055, 1667, 1623, 1590, 1574, 1513,
1470, 1455, 1436, 1399, 1353, 1310, 1265, 1227, 1186 (νP=O), 1121,
1061, 1027, 994, 958, 931, 902, 865, 813, 771, 747, 717, 694,
521 cm–1. HRMS (ESI+): m/z (%) = 491.1895 [M + H+] (100),
C31H28N2O2P requires 491.1883; 513.1714 [M + Na+] (85)
C31H27N2NaO2P requires 513.1702; 981.3720 [2M + H+] (46),
C62H55N4O4P2 requires 981.3693.

2-{[1H-Naphtho[1,2-e][1,3]oxazin-2(3H)-yl]methyl}-6-[(diphenyl-
phosphoryl)methyl]pyridine 1-Oxide (21): A solution of 5 (338 mg,
1.00 mmol) and formaldehyde (37 %, 0.20 mL) was stirred (30 min,
23 °C) and recrystallized 2-naphthol (111 mg, 0.77 mmol) was
added. The orange solution was stirred (3 h, 80 °C) and then cooled
(23 °C). The residue was dissolved in CH2Cl2 (20 mL), dried with
MgSO4, filtered, and the solvent evaporated. Purification on silica
gel (CH2Cl2/MeOH, 98:2) afforded a 21 as a yellow powder, yield
313 mg (80%); m.p. 114–116 °C. Crystals were obtained by slow
evaporation of a CH2Cl2 solution. 31P{1H} NMR (121.49 MHz,
CDCl3, 298 K): δ = 31.7 ppm. 1H NMR (300 MHz, CDCl3,
298 K): δ = 7.82–7.75 (m, 4 H, H-21), 7.72 (d, JH,H = 6.1 Hz, 1 H,
H-9), 7.66–7.64 (m, 1 H, H-17), 7.61 (d, JH,H = 9.0 Hz, 1 H, H-4),
7.47–7.37 (m, 3 H, H-6,7,8), 7.33–7.26 (m, 7 H, H-15,22,23), 7.14
(t, JH,H = 7.8 Hz, 1 H, H-16), 7.03 (d, JH,H = 9.0 Hz, 1 H, H-3),
4.87 (s, 2 H, H-12), 4.20 (d, JH,P = 14.1 Hz, 2 H, H-19), 4.19 (s, 2 H,
H-11), 4.02 (s, 2 H, H-13) ppm. 13C{1H} NMR (75.4 MHz, CDCl3,
298 K): δ = 151.6 (C-2), 149.1 (C-14), 144.1 (d, JC,P = 6.3 Hz, C-
18), 131.8 (d, JC,P = 1.9 Hz, C-23), 131.7 (d, JC,P = 101.4 Hz, C-
20), 131.7 (C-5), 130.7 (d, JC,P = 9.9 Hz, C-21), 128.9 (C-10), 128.6
(C-9), 128.2 (d, JC,P = 12.3 Hz, C-22), 128.1 (C-4), 126.4 (C-6 or
C-8), 125.2 (d, JC,P = 3.9 Hz, C-17), 124.6 (C-16), 123.4 (C-6 or C-
8), 122.8 (C-15), 120.7 (C-7), 118.5 (C-3), 111.1 (C-1), 82.7 (C-12),
51.5 (C-13), 48.2 (C-11), 31.9 (d, JC,P = 65.7 Hz, C-19) ppm. FTIR
(KBr): ν̃ = 3057, 1896, 1673, 1624, 1597, 1571, 1514, 1474, 1436,
1409, 1386, 1357, 1305, 1263, 1228, 1206, 1170 (νP=O), 1119, 1066,
1047, 1027, 998, 963, 941, 898, 842, 771, 742, 718, 695, 602, 524,
506 cm–1. HRMS (ESI+): m/z (%) = 507.1850 [M + H+] (9),
C31H28N2O3P requires 507.1832; 529.1651 [M + Na+] (100),
C31H27N2NaO3P requires 529.1652.

6,6�-[Naphtho[1,2-e:5,6-e�]bis([1,3]oxazine)-3,9(2H,4H,8H,10H)-di-
ylbis(methylene)]bis{2-[(diphenylphosphoryl)methyl]pyridine 1-
Oxide} (22): A solution of 5 (338 mg, 1.00 mmol) and formalde-
hyde (37%, 0.20 mL) was stirred (30 min) and recrystallized 1,5-
dihydroxynaphthalene (61.70 mg, 0.385 mmol) was added. The
clear yellow solution was stirred (3 h, 80 °C) and then cooled
(23 °C). The residue was dissolved in CH2Cl2 (20 mL), dried with
MgSO4, filtered, and the solvent was evaporated. Purification on
silica gel (CH2Cl2/MeOH, 98:2) afforded 22, yield 245 mg (72%);
off-white powder; m.p.140–142 °C. 31P{1H} NMR (121.49 MHz,
CDCl3, 298 K): δ = 32.0 ppm. 1H NMR (300 MHz, CDCl3,
298 K): δ = 7.87–7.81 (m, 6 H, H-11,19), 7.73 (d, JH,H = 6.9 Hz, 2
H, H-4), 7.55–7.37 (m, 18 H, H-13,17,18), 7.23 (t, JH,H = 7.0 Hz,
2 H, H-12), 7.08 (d, JH,H = 9.0 Hz, 2 H, H-3), 4.92 (s, 4 H, H-8),
4.28 (s, 4 H, H-7), 4.26 (d, JH,P = 9.9 Hz, 4 H, H-15), 4.08 (s, 4 H,
H-9) ppm. 13C{1H} NMR (75.4 MHz, CDCl3, 298 K): δ = 150.3
(C-2), 149.3 (C-10), 144.3 (d, JC,P = 6.0 Hz, C-14), 132.0 (C-19),
131.8 (d, JC,P = 101.5 Hz, C-16), 131.0 (C-5 or C-6), 130.9 (d, JC,P

= 9.8 Hz, C-17), 128.4 (d, JC,P = 12.0 Hz, C-18), 127.2 (C-5 or C-
6), 125.5 (d, JC,P = 2.5 Hz, C-13), 124.9 (C-4 or C-11 or C-12),
123.0 (C-4 or C-11 or C-12), 121.1 (C-4 or C-11 or C-12), 118.9
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(C-3), 112.6 (C-1), 82.7 (C-8), 51.7 (C-7), 48.5 (C-9), 32.0 (d, JC,P

= 65.3 Hz, C-15) ppm. FTIR (KBr): ν̃ = 3054, 1600, 1567, 1520,
1487, 1438, 1406, 1358, 1306, 1263, 1224, 1177 (νP=O), 1138, 1120,
1053, 1018, 997, 922, 845, 818, 743, 722, 697, 633, 609, 518 cm–1.
HRMS (ESI+): m/z (%) = 885.2976 [M + H+] (67), C52H47N4O6P2

requires 885.2965; 907.2811 [M + Na+] (100), C52H46N4NaO6P2

requires 907.2785.

Syntheses of Complexes: Coordination complexes were prepared by
combination of a sample of ligand (1 equiv.), dissolved in a mini-
mum of MeOH, with Ln(NO3)3·xH2O (1 equiv.), dissolved in a
minimum of MeOH. The mixtures were stirred (23 °C, 12 h), and
the solvent was evaporated to give white powders. The FTIR spec-
tra were recorded for the crude complexes and spectra for four
representative recrystallized complexes are listed: [Er(3)(NO3)3]
pink solid crystallized by slow evaporation of a MeOH/acetone
solution. FTIR (KBr): ν̃ = 1777, 1723 (νCO), 1213 (νNO), 1161
(νPO) cm–1. [Pr(5)(NO3)3] FTIR (KBr): ν̃ = 1222 (νNO), 1161
(νPO) cm–1. [Pr(11)(NO3)3(CH3OH)]2, white solid crystallized by
slow evaporation of a MeOH/CH2Cl2 solution. FTIR (KBr): ν̃ =
1656 (νCO), 1214 (νNO), 1164 (νPO), 1141, 1121 cm–1.
[Eu(18H2

2+)(NO3)4(OCH3)], white solid crystallized by slow evapo-
ration of a MeOH/CH3CN solution. FTIR (KBr): ν̃ = 1622 (νCN),
1166 (νPO) cm–1. Additional IR data for these and other complexes
are provided in the Supporting Information.

X-ray Diffraction Analyses: Crystals were coated with Paratone oil
and mounted on a CryoLoop attached to a metal pin with epoxy.
Diffraction data were collected with a Bruker X8 Apex II CCD-
based X-ray diffractometer equipped with an Oxford Cryostream
700 low-temperature device and normal focus Mo-target X-ray
tube (λ = 0.71073 Å) operated at 1500 W power (50 kV, 30 mA).
Data collection and processing were accomplished with the Bruker
APEX2 software suite.[28] Structures were solved by direct methods
and refined with full-matrix least-squares methods on F2 with use
of SHELXTL.[29] Lattice and data collection parameters for the
ligands and the metal complexes are provided in Tables 1, 2, 3, and
4. Unless otherwise indicated below, all heavy atoms were refined
anisotropically and C–H hydrogen atoms were included in idealized
positions and refined isotropically (riding model) with Uiso =
1.2Ueq of the parent atom with the exception of terminal methyl
groups (Uiso = 1.5Ueq). The N–H and O–H hydrogen atoms were
located in the diffraction map and were refined with Uiso = 1.5Ueq

of the parent atom. The structure refinements were well behaved
except as indicated in the following notes. For 3·1/2(CH3)2CO there
are two molecules of 3 and one acetone in the unit cell, and the
acetone is disordered over two sites of equal occupancy related by
a center of symmetry. The structure for the complex
[Eu(18H2

2+)(NO3)4(OCH3)] contains disordered lattice solvent
molecules, likely either H2O or MeOH or a combination, that were
not adequately modeled. The refinement was improved by applica-
tion of the SQUEEZE procedure,[30] and PLATON estimated 16
electrons unaccounted for in a solvent-accessible void volume of
58 Å3.

CCDC-835053 (for 1), -835054 (for 2·MeOH), -835055 (for 3·
1/2Me2CO), -835056 {for [Er(3)(NO3)3(MeOH)]}, -835057 {for
[4H]Cl(BuOH)}, -835058 (for 11), -835059 (for 16) and 977951 (for
4·H2O), -977952 (for 10), -977953 [for Pr2(11)2(NO3)6(MeOH)2],
-977954 (for 18), -977955 {for [Eu(18H2)(NO3)4(OMe)]}, -977956
(for 19), -977957 (for 21) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Molecular Mechanics Calculations. Geometry optimizations of the
free and EuIII-bound forms of 11 were carried out with the MM3
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Table 1. Crystallographic data for 1, 2·MeOH, 3·1/2Me2CO, 4·H2O, and [4H+]Cl·tBuOH.

1 2·MeOH 3·1/2Me2CO 4·H2O [4H+]Cl·tBuOH

Data set label rpsl47 rpsl44 rpsl48 rpso813 rpso13
Crystal size [mm] 0.30�0.25�0.05 0.41�0.25�0.12 0.44� 0.32�0.23 0.23�0.31�0.35 0.41�0.25�0.05
Empirical formula C15H11ClN2O2 C28H25N2O4P C28.5H24N2O4.5P C19H21N2O2P C23H30ClN2O2P
Formula weight 286.71 484.47 497.47 340.35 340.35
Crystal system triclinic triclinic triclinic triclinic monoclinic
Space group P1̄ P1̄ P1̄ P1̄ C2/c
a [Å] 5.8670(2) 7.2786(1) 10.1728(11) 5.5420(4) 27.2524(9)
b [Å] 8.1289(3) 8.6830(2) 10.5427(11) 9.0086(7) 11.6873(4)
c [Å] 13.7985(4) 20.6140(4) 12.1664(13) 9.0345(7) 16.9187(6)
α [°] 86.864(2) 81.995(1) 87.253(4) 86.4070(18) 90
β [°] 86.292(2) 88.287(1) 82.652(5) 76.6270(15) 118.3280(10)
γ [°] 81.405(2) 71.251(1) 81.586(5) 86.4280(18) 90
V [Å3] 648.65(4) 1221.50(4) 1279.6(2) 437.43(6) 4743.4(3)
Z 2 2 2 1 8
T [K] 233(2) 228(2) 233(2) 100(2) 150(2)
D 1.468 1.317 1.291 1.292 1.212
[gcm–3]
μ [cm–1] 0.296 0.150 0.147 0.170 0.249
Measured reflections 14368 33085 34822 5162 64225
Independent reflections 3962 10378 9816 3197 9057
Rint 0.0225 0.0221 0.0211 0.0204 0.0290
Final R indices
[I �2σ(I)][a] 0.0409 0.0460 0.0460 0.0279 0.0279
R1(wR2) 0.0947 0.1290 0.1290 0.0673 0.0673

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = [Σw(Fo
2 – Fc

2)2/ΣwFo
2]1/2.

Table 2. Crystallographic data for 10·2H2O, 11, and 16.

10·2H2O 11 16

Data set label rpso217 rpso4 rpso11
Crystal size [mm] 0.29�0.42�0.51 0.34�0.09�0.07 0.41�0.28� 0.23
Empirical formula C20H23N2O4P C20H19N2O3P C26H23N2O2P
Formula weight 386.37 366.34 426.43
Crystal system monoclinic monoclinic monoclinic
Space group C2/c P21/n P21/n
a [Å] 18.4679(6) 10.4956(3) 8.5041(3)
b [Å] 7.7408(2) 13.7854(4) 16.5369(6)
c [Å] 27.6281(8) 12.0267(3) 15.3016(5)
α [°] 90 90 90
β [°] 99.315(2) 90.3560(10) 92.731(2)
γ [°] 90 90 90
V [Å3] 3897.5(2) 1740.06(8) 2149.44(13)
Z 8 4 4
T [K] 228(2) 150(2) 150(2)
D [g cm–3] 1.317 1.398 1.318
μ [cm–1] 0.169 0.181 0.154
Measured reflections 25852 42324 69285
Independent reflections 4840 6999 7828
Rint 0.0320 0.0366 0.0270
Final R indices
[I�2σ(I)][a] 0.0437 0.0437 0.0432
R1(wR2) 0.1126 0.1069 0.1009

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = [Σw(Fo
2 – Fc

2)2/ΣwFo
2]1/2.

force field[31] using a points-on-a-sphere metal ion[32] as im-
plemented in PCModel software.[33] Conformational searches to lo-
cate the most stable form for each structure were performed using
the GMMX algorithm provided with this software. Input files re-
quired to repeat these calculations including additional parameters
for treating the metal-dependent interactions, are available from an
author (B. P. H.).

Supporting Information (see footnote on the first page of this arti-
cle): NMR, IR and MS characterization data for 1–22, IR data for

Eur. J. Org. Chem. 2014, 3132–3148 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3145

the complexes, ORTEP views for 1–4, [4H+]Cl–, 10, 11, 16, 18, 19,
and 21 and summary tables of selected bond lengths (155 pages).
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Table 4. Crystallographic data for lanthanide complexes.

[Er(3)(NO3)3(MeOH)]·(Me2CO) Pr2(11)2(NO3)6(MeOH)2 {[Eu(18H2
2+)](NO3)4(OMe)}
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