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Reactions of the phosphinic amide ligand N-(4-methyl-2-pyrimidinyl)-P,P-diphenyl-phosphinic amide, L,
with the corresponding metal salts afforded the complexes [Zn(L)Cl2]∞, 1, and Co3(L)4Br6, 2, which have been
structurally characterized by X-ray crystallography. The molecules of the free L ligands are interlinked
through N–H―N and C–H―O hydrogen bonds to form a linear chain, whereas complex 1 shows the 1D helical
chain structure, which is the first coordination polymer containing phosphinic amide ligands, and 2 is a linear
Co(II) trimer with a rare mixed Td–Oh–Td geometry. While the free L ligand adopts the aligned conformation,
those in 1 and 2 adopts the cis and both the cis and trans conformations, respectively.
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The bis(2-pyridyl)amine (Hdpa) ligand and its anion (dpa−) has
been subjected to many investigations of their coordination abilities
to metal centers. Three types of conformations were found for these
ligands (Fig. 1, top). In the bidentate mode of coordination, the two
pyridyl nitrogen atoms are arranged in a cis conformation, which was
found in the crystal structure of a copper(II) complex [1], while the
trans conformation was found in the crystal structure of the free Hdpa
ligand [2]. The dpa− ligands in the linear trinuclear complexes were
found to possess the aligned conformations [3], in which the three
nitrogen atoms are arranged in a near linear array for coordination to
the metals. Dimolybdenum complexes of Hdpa and dpa−ligands
which show the three conformations have also been reported [4].

To investigate the coordination chemistry of the phosphinic amide
ligand, we have synthesized N-(4-methyl-2-pyrimidinyl)-P,P-diphenyl-
phosphinic amide (L) and reacted with metal salts. We found that the L
ligand can adopt various ligand conformations similar to the Hdpa and
dpa−ligands. Based on the relative orientations of the pyrimidyl
nitrogen atom adjacent to the methyl group, the amide nitrogen atom
and the amide oxygen atom, the ligand L can also possibly show three
conformations in the solid state (Fig. 1, bottom). We report herein the
crystal structures of the free L ligand, the 1D helical chain [Zn(L)Cl2]∞, 1,
and the linear trinuclear complex Co3(L)4Br6, 2, in which the three
ligand conformations can be observed.

The reactions of Lwith ZnCl2 and CoBr2 in MeOH/THF afforded the
1D helical chain complex [Zn(L1)Cl2]∞, 1, and the discrete linear
trinuclear complex Co3(L1)4Br6, 2, respectively [5]. The IR spectra for
1 and 2 show bands at 1129 and 1125 cm−1, respectively, assignable
to the P O stretching vibrations. These energies are smaller than that
of the free ligand (1235 cm−1), indicating the coordination of the
oxygen atoms to the metal centers (see Fig. S1 in the supplementary
materials). The solid state emission spectra of 1 and 2 show emissions
at 397 and 399 nm, respectively, upon excitations at 245 nm, which
are similar to those of the free L (397 nm) ligand (see Table S1 and
Fig. S2 in the supplementary materials). Since the identity of the
metal center and the structural type hardly changes the emission
wavelength, these emission bands may be tentatively assigned as
intraligand (IL) π→π* transitions.

The crystals of L conform to the space group P21/c with four
molecules in eachunit cell. Fig. 2(a) depicts themolecular structure for L
[7]. The molecules are held together by a series of the donor–acceptor–
donor–acceptor (DADA) quadruple hydrogen bonds and the donor–
acceptor (DA)double hydrogen bonds (Fig. 2b) to form1D linear chains.
The centrosymmetric DADA:ADAD self-complementary interaction
involves two N–H―N [H―N=2.084 (3) Å; ∠N–H―N=173.2 (2)°]
and two C–H―O [H―O=2.657 (3) Å; ∠C–H―O=138.1 (2)°]
hydrogenbonds,while the centrosymmetricDA:AD interaction involves
two C–H―O [H―O=2.551 (2) Å; ∠C–H―O=138.1 (2)°] hydrogen
bonds. The free ligand adopts the aligned conformation, presumably due
to the constraints from the N–H―N and C–H―O hydrogen bonds.

The structure of [Zn(L)Cl2]∞, 1, was solved in the space group P32
with three molecules in the unit cell. Fig. 3(a) depicts a drawing
showing the environment about the Zn(II) center which is coordi-
nated by one nitrogen atom of pyrimidyl group, one oxygen atom of
the phosphinic amide group and two Cl atoms to form a distorted
tetrahedral geometry. The Zn(II) metal centers are bridged by the L
ligands to form the 1D helical chain(Fig. 3b and c). The Zn―Zn
distance separated by the bridging L ligand is 6.595 (1) Å and the
length of the repeating unit of the helical chain involving four zinc
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Fig. 1. The three possible conformations for 2,2'-dipyridylamine (top) and L (bottom).
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atoms and three L ligands is 12.480 (2) Å along the 31 screw axis. The L
ligands adopt the cis conformation which is required to form the 1D
helical chain. The 1D chains are also interlinked through C–H―Cl
hydrogen bonds [H―Cl=2.926 (2) Å, ∠C–H―Cl=133.0 (5)°] (see
Fig. S3 in the supplementary materials). To our best knowledge
complex 1 is the first coordination polymeric complex containing
phosphinic amide ligand.

The structure of Co3(L)4Br6, 2was solved in the space groups P21/n
with twomolecules in the unit cell, and Fig. 4(a) depicts themolecular
structure showing the arrangements about the Co(II) metal centers.
The central Co(1) atom which is located at a crystallographic
inversion center is chelated by two L ligands and coordinated by
two trans oxygen atoms from two bridging L ligands to form a
(a)

(b)

Fig. 2. (a) A drawing showing the molecular structure of L. Selected bond distances (Å) and
O–P–N(3)=106.8(2), O–P–C(6)=112.0(2), N(3)–P–C(6)=108.6(2), O–P–C(12)=112.6(
hydrogen-bonded linear chain of L.
distorted octahedral geometry, while the two terminal Co(II) atoms
adopts the tetrahedral coordination environment, resulting in a
linear trimeric cobalt(II) complex with a mixed Td–Oh–Td geometry.
The Co(1)―Co(2) distance separated by the bridging L ligand is
7.319 (1) Å and the angle of Co(2)–Co(1)–Co(2A) is 180.0°. Two types
of the ligand conformation are found for the L ligands. While the two L
ligands that chelate the central Co(II) atoms adopt the cis conformation,
those that bridge the Co(II) atoms adopt the trans conformation. Fig. 4(b)
and (c) shows the intermolecular C–H―π interactions [H―π=2.866 (1)
Å, ∠C–H―π=164.74 (24)°] and C–H―Br hydrogen bonds
[H―Br=2.984 (1) and 3.023 (1) Å, ∠C–H―Br=163.19 (21) and
135.34 (23)°], respectively, among the trimeric molecules in the solid
state. The Td–Oh–Td geometry in 2 is in marked contrast to those
angles (°): P–O=1.474(3), P–N(3)=1.664(3), P–C(6)=1.793(4), P–C(12)=1.801(3),
2), N(3)–P–C(12)=109.0(2), C(6)–P–C(12)=107.6(2). (b) A drawing showing the
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Fig. 3. (a) Coordination environment about the Zn(II) center of 1. The hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Zn–O(A)=1.958(4),
Zn–N(1)=2.077(5), Zn–Cl(1)=2.202(2), Zn–Cl(2)=2.226(2), O(A)–Zn–N(1)=103.5(2), O(A)–Zn–Cl(1)=113.2(1), N(1)–Zn–Cl(1)=108.8(2), O(A)–Zn–Cl(2)=104.4(1),
N(1)–Zn–Cl(2)=107.6(2), Cl(2)–Zn–Cl(1)=118.3(1). Symmetry transformations used to generate equivalent atoms: (A) −x+y+1, −x+2, z+1/3. (b) A view of the
helical structure looking down the aaxis. (c) A view of the helical structure looking down the caxis.
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reported for cobalt complexes with the trimeric unit which adopt
the Oh–Td–Oh or Oh–Oh–Oh geometry [3,11]. Noticeably, the complex
Co3(OH)2(pa)2(ina)2 [pa=3-(1 H-benzimidazol-2-yl)propanoic
carboxylate, ina=isonicotinate] consists of the linear Co(II) trimeric
units with the mixed Td–Oh–Td geometry, which are linked by the
single-carboxylate-aromatic amine ligands to form 2D layers [11].
Complex 2 is thus the first discrete linear trinuclear Co(II) complex
containing phosphinic amide ligand, where the metal centers adopt
the mixed Td–Oh–Td geometry.

In summary, we have successfully structurally characterized the
phosphinic amide ligand L and two divalent metal complexes contain-
ing the L ligands. Complex 1 is the first coordination polymer containing
the phosphinic amide ligand, and 2 is a discrete linear Co(II) trimerwith
a rare mixed Td–Oh–Td geometry. The L ligand exhibits three ligand
formations similar to those reported for Hdpa and dpa−ligands. In the
solid state, themolecules of the free L ligands are constrained by the N–
H―N and C–H―O interactions, resulting in the aligned conformation,
while those in 1 and 2 adopts the cis and both the cis and trans
conformations, respectively. The L ligand adopts the proper conforma-
tion that maximizes the intra- and intermolecular forces. This study
shows that the phosphinic amide ligand L ligand may display a rich
coordination chemistry which is under investigation.
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Appendix A. Supplementary material

Crystallographic data (CIF files) for the structures of L and 1–2 have
been deposited with the Cambridge Crystallographic Data Centre,
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Fig. 4. (a) A drawing showing the trimeric structure of 2. The hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): Co(1)–O(1)=2.068(3),
Co(1)–O(2)=2.094(3), Co(1)–N(1)=2.192(3), Co(2)–N(4)=2.074(4), Co(2)–Br(3)=2.373(1), Co(2)–Br(2)=2.372(1), Co(2)–Br(1)=2.410(1), O(1A)–Co(1)–O(1)=180.0,O(1A)–Co
(1)–O(2)=91.8(1), O(1A)–Co(1)–O(2A)=88.2(1), O(2)–Co(1)–O(2A)=180.0, O(1A)–Co(1)–N(1)=90.3(1), O(1)–Co(1)–N(1)=89.7(1), O(2)–Co(1)–N(1)=92.4(1), O(2A)–Co(1)–N
(1)=87.6(1), O(1A)–Co(1)–N(1A)=89.7(1), O(2)–Co(1)–N(1A)=87.6(1), O(2A)–Co(1)–N(1A)=92.4(1), N(1)–Co(1)–N(1A)=180.0, N(4)–Co(2)–Br(3)=101.7(1), N(4)–Co(2)–Br
(2)=105.2(1), Br(3)–Co(2)–Br(2)=118.4(0), N(4)–Co(2)–Br(1)=109.3(1), Br(3)–Co(2)–Br(1)=109.4(0), Br(2)–Co(2)–Br(1)=111.9(0). Symmetry transformations used to generate
equivalent atoms: (A)−x,−y+1,−z+1. (b) The trimericmolecules are linked through the intermolecular C–H―π interactions along thea axis. (c)Aview showing theC–H―Brhydrogen
bonds among the trimeric molecules, looking down the a axis.
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