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The influence of a N heteroatom on the ring conformations of six- and seven-membered aliphatic rings in
six new C(O)NHP(O)-based phosphoric triamide structures (analysed by X-ray crystallography) is
investigated. Additionally the influence of steric and crystal packing effects is also studied by the analysis
of Hirshfeld surfaces. The results are compared to analogous structures with three- to seven- aliphatic
membered rings deposited in the Cambridge Structural Database. In the newly determined structures,
the six-membered rings only show the near-chair conformation with a maximum deviation of the q

puckering parameter of 4.4� from the ideal chair value of 0�/180�, while the seven-membered rings are
found in different conformations such as near-chair, twist chair and twist sofa.

1. Introduction

Conformational studies of non-rigid rings/segments attract
much interest not only because of the diversity of different topol-
ogies found, but also due to their pharmacological importance in
biological systems and the possible induction of chirality in the
solid state.1e5 Different techniques have been used for the deter-
mination of ring conformations including X-ray crystallography,
computational calculation and NMR spectroscopy.6e11 Puckering
parameters, obtained from single crystal X-ray experiments, were
employed for defining the ring conformations of four- to nine-
membered rings.12e17

A general definition of ring puckering coordinates has been
established by Cremer and Pople (1975),18 who proposed the analysis
of puckered forms of an N-membered ring by calculating the
mean plane (MP) and the puckering parameters of the ring.18 This
approach is a generalization of the description of a puckered cyclo-
pentane ring first given by Kilpatrick, Pitzer and Spitzer (1947),19 and
is a systematic way for the description of ring conformations. Cremer
and Pople defined parameters for associating the shape of a puck-
ered ring, its conformation, and its interconversionalmotions using a
mathematically well-defined subset of internal coordinates.20 The
ring-puckering coordinates, according to this method yield three
puckering degrees of freedom (Q, q and 4) for six-membered rings,18

while for seven-membered rings the general definition noted was
developed and four puckering parameters, namely two amplitudes
q2 and q3 and two phases of 42 and 43, were defined.21* Corresponding author.
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The relationship between conformational properties and phar-
macological activities was investigated for different structures
belonging to different families of compounds, such as peptide-
based HIV protease inhibitors, terpenic lactone-based anti-cancer
drugs and histamine derivatives-based drug-receptors.22e24 For
phosphorus containing compounds with interesting biological
properties, different conformational studies have been reported
which mostly focussed on the non-ring segments with free or
restricted rotations, such as tert-C4H9NH and N(R)(CH2C6H5) com-
pounds,25,26 the conformation of the lone electron pair located at
the nitrogen atomwith respect to P]X (X¼O and S) in compounds
including (N)P]X segment27 and the conformations of C]O versus
P]O in C(O)NHP(O)-based structures.28 With respect to the ring
segment, the conformations of six-membered phosphorus-con-
taining heterocyclic rings were extensively studied in phosph(on)
ates with anti-tumor activity or a potent prodrug role against the
liver diseases hepatitis B and C.29,30 The puckering behavior of
chelate complexes with ligands including C(O)NHP(O), (X)NP(O)
[X ¼ C(O), C(S), S(O)2 and P(O)] and O[P(O)(N)2]2 was studied as
well.31

With this background in mind, we present here a detailed
puckering analysis for C(O)NHP(O)-based phosphoric triamides
including six- and seven-membered aliphatic rings in order to
rationalize the parameters influencing these conformations. Six
new six- and seven-membered ring-containing compounds were
designed and synthesized including examples with only carbon
atoms in the skeleton of ring (namely cyclo- “C6” and cyclo- “C7”)
and with rings including one nitrogen heteroatom (cyclo- “C5N”
and cyclo- “C6N”) according to Scheme 1. The geometrical devi-
ation caused by the presence or absence of the N heteroatom is
studied, and a comparison of angles in the CeNeC/CeCeC seg-
ments is made in the rings of the new structures. A supplementary
analysis was done by a Cambridge Structural Database (CSD)
survey on analogous structures with three- to seven- aliphatic
membered rings. The steric and packing effects were also studied
and a Hirshfeld surface analysis was performed on the newly
determined structures in order to study the packing effect in
detail and the deviations induced by different intermolecular
interactions.

Scheme 1. Chemical structures of 1e6.
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2. Results and discussion

2.1. Crystal structure description

Details of the data collection and structure refinement are
summarized in Tables 1 and 2. The asymmetric units of all six
structures are composed of one complete molecule (Figs. 1e6).

Selected bond lengths and angles and hydrogen bonds geometries
are listed in Tables 3e5. The general features of the molecular
structures of 1, 2, 3, 4, 5 and 6 are very similar, and the bond lengths
and angles are within the expected values observed for analogous
structures.32 So, we limit the general discussion to that for structure
1. If, however, any structure has a structural feature deviating from
that of the general observations, it will be discussed as well.

Table 1
Crystal data and structure refinement for compounds 1e3.

1 2 3

Empirical formula C22H36N3O2P C16H29F3N3O2P C20H32N3O2P
Formula weight 405.51 383.39 377.45
Temperature (K) 250 120 200
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c P21/n
a (Å) 9.96143 (3) 16.5623 (3) 10.2207 (4)
b (Å) 19.1754 (6) 4.9423 (1) 8.8955 (4)
c (Å) 11.7209 (4) 23.0389 (4) 22.1458 (7)
a (�) 90 90 90
b (�) 96.999 (2) 92.560 (2) 95.422 (3)
g (�) 90 90 90
Volume (Å3) 2222.17 (12) 1883.99 (6) 2004.45 (14)
Z 4 4 4
Density (calculated) (g/cm3) 1.212 1.352 1.251
Absorption coefficient (mm�1) 0.15 0.19 0.16
F(000) 880 816 816
Index ranges �11 � h � 11, �22 � k � 22,

�13 � l � 13
�19 � h � 19, �5 � k � 5,
�27 � l � 27

�12 � h � 12, �10 � k � 10,
�24 � l � 26

Reflections collected 26038 11144 24935
Independent reflections 3934 [R(int) ¼ 0.036] 3410 [R(int) ¼ 0.021] 3554 [R(int) ¼ 0.037]
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 3934/185/328 3410/3/235 3554/1/233
Goodness-of-fit on F2 1.062 1.04 1.07
Final R indices [I > 2s(I)] R1 ¼ 0.0444, wR2 ¼ 0.1207 R1 ¼ 0.0403, wR2 ¼ 0.0997 R1 ¼ 0.0416, wR2 ¼ 0.1148
R indices (all data) R1 ¼ 0.0588, wR2 ¼ 0.1300 R1 ¼ 0.0459, wR2 ¼ 0.1039 R1 ¼ 0.0510, wR2 ¼ 0.1200
Largest diff. peak

and hole (e.Å�3)
0.53 and �0.26 0.57 and �0.39 0.85 and �0.40

Table 2
Crystal data and structure refinement for compounds 4e6.

4 5 6

Empirical formula C14H25Cl3N3O2P C17H24ClFN3O2P C21H32ClFN3O2P
Formula weight 404.69 387.81 443.92
Temperature (K) 293 175 175
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Monoclinic Triclinic Triclinic
Space group P21/n P1 P1
a (Å) 11.2890 (6) 9.8874 (7) 10.2155 (6)
b (Å) 10.1740 (2) 9.9826 (6) 10.6848 (7)
c (Å) 17.4990 (4) 11.1284 (6) 11.4544 (6)
a (�) 90 101.147 (5) 68.784 (5)
b (�) 92.311 (3) 114.924 (6) 80.429 (5)
g (�) 90 98.096 (5) 81.374 (5)
Volume (Å3) 2008.20 (12) 946.32 (5) 1143.79 (6)
Z 4 2 2
Density (calculated) (g/cm3) 1.339 1.361 1.289
Absorption coefficient (mm�1) 0.55 0.31 0.27
F(000) 848 407.998 472
Index ranges �15 � h � 15, �13 � k � 12,

�23 � l � 23
�13 � h � 11, �13 � k � 12,
�14 � l � 14

�13 � h � 12, �14 � k � 13,
�15 � l � 15

Reflections collected 18455 9148 13331
Independent reflections 5012 [R(int) ¼ 0.029] 4162 [R(int) ¼ 0.037] 5367 [R(int) ¼ 0.039]
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 5012/0/238 4162/3/229 5367/3/265
Goodness-of-fit on F2 1.07 0.94 0.91
Final R indices [I > 2s(I)] R1 ¼ 0.0510, wR2 ¼ 0.1386 R1 ¼ 0.0440, wR2 ¼ 0.1161 R1 ¼ 0.0558, wR2 ¼ 0.1357
R indices (all data) R1 ¼ 0.0840, wR2 ¼ 0.1581 R1 ¼ 0.0557, wR2 ¼ 0.1259 R1 ¼ 0.0707, wR2 ¼ 0.1529
Largest diff. peak

and hole (e.Å�3)
0.46 and �0.51 0.49 and �0.42 0.37 and �1.00
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The P atom exhibits a distorted tetrahedral P[O][N]3 configura-
tionwith bond angles at the P atom position (structure 1), of 103.31
(9)� [N2eP1eN3] and 116.06 (9)� [N2eP1eO1]. The PeNCP bond is
longer than the two PeNP bonds (for 1, 1.698 (17) Å,1.618 (18) Å and
1.618 (16) Å, respectively) [NCP denotes the nitrogen atom of the
C(O)NHP(O) part and NP introduces the two other nitrogen atoms
bonded to phosphorus]. The longer PeNCP distance is a result of the
electron delocalization from the NCP lone electron pair towards the
C]O p system, which reduces the interaction of NCP with the P]O
system. On the other hand, the CeNCP bond length is shorter than
the other CeN bond lengths in the molecule (CeNCP ¼ 1.353 (2) Å,
CeNP ¼ 1.468 (3) Å and 1.428 (4) Å). The P]O bond length in 1
(1.475 (13) Å) is longer than the normal P]O bond length
(1.45 Å).33

The environment of the nitrogen atoms in all structures is
practically planar; the exception being the environment of the N9
atom of structure 4 with a bond-angle sum of 351.7 (14)�. The po-
sitions of three atoms connected to the nitrogen N9 propose an
anti-orientation of the lone electron pair (LEP) with respect to the
P]O group.

Structures 1 and 2 include nitrogen atoms within a (P)N(H)(C)
environment, while there are two nitrogen atoms in each of the

structures 3 to 6with a (P)N(C)(C) environment. For such a nitrogen
atom in structures 4 and 5within a cyclo- “C5N” rings, two PeNeC
angles are clearly larger than the related CeNeC angle. For example
in 4, P13eN2eC3 ¼ 119.70 (15)�, P13eN2eC1 ¼ 125.54 (16)� and
C1eN2eC3 ¼ 112.82 (18)�. Structure 6, with a (P)N(CH3)(C6H11)
fragment, has a CeNeC angle (117.1 (2)�) that is larger than one of
the PeNeC angles (115.57 (17)�), due to the bulk effect of CH3 and
C6H11 groups. Moreover, a similar status is happened in structure 3,
due to relatively inherent large angle in the seven-membered ring.

As was noted earlier,34 the N-atoms bonded to P]O in [RC(O)
NH]P(O)[NR1R2]2 phosphoric triamides (R1 s H, R2 ¼ H or s H) do

Fig. 1. Displacement ellipsoid plot (30% probability level) for structure 1, with
atom-numbering scheme. Dashed lines indicate the minor-disorder component.

Fig. 2. Displacement ellipsoid plot (30% probability level) for structure 2, with
atom-numbering scheme.

Fig. 3. Displacement ellipsoid plot (30% probability level) for structure 3, with
atom-numbering scheme.

Fig. 4. Displacement ellipsoid plot (30% probability level) for structure 4, with
atom-numbering scheme. Dashed lines indicate the minor-disorder component.
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not take part in hydrogen bonding as an acceptor because of their
weak Lewis base character. Accordingly, compounds 1 and 2
contain two hydrogen bond acceptor centers (O atoms) and three
hydrogen bond donor sites (N atoms), while compounds 3, 4, 5
and 6 can be described as a two-hydrogen-bond-acceptor/one-
hydrogen-bond-donor model.

In the crystal packing of 1, the NCPeH/O]P hydrogen bonds
and the (NPeH/)2O]C groups respectively form R22ð8Þ and fused
R12ð6Þ/R22ð12Þ ring motifs, which propagate into a linear arrange-
ment along the a axis (Fig. 7); for graph-set notation, see Bernstein
et al.35

Structure 2, with a similar (C(O)NH)P(O)(NHC)2 skeleton as in 1,
has a different hydrogen bond pattern, where (NPeH/)2O]P and
NCPeH/O]C hydrogen bonds take part in fused R12ð6Þ and R22ð10Þ
ring motifs (see Fig. 8), extended into a linear arrangement along
the b axis.

A Cambridge Structural Database (CSD, Version 5.37, May
2016)36 analysis shows that the R22ð10Þ hydrogen bond motif is less

common than the more usual R22ð8Þ and R22ð12Þ motifs in the
structures of RC(O)NHP(O)[NHR1]2 phosphoric triamides (R1 s H).
From 51 deposited RC(O)NHP(O)[NHR1]2 structures, 35 include a
R22ð8Þ motif, accompanied by a R22ð12Þ motif in 27 structures. When
these two motifs simultaneously exist, they are alternatively ar-
ranged in the crystal packing. The R22ð10Þ motif appears in 16
structures. It should be noted that the R22ð8Þ and R22ð12Þ motifs are
constituted via two NCPeH/O]P and two NPeH/O]C hydrogen
bonds, respectively, while in the R22ð10Þ motif both carbonyl and
phosphoryl groups are involved, and all of the following combi-
nations are found in the CSD for generating this motif: NPeH…O]
C/NPeH…O]P, NCPeH…O]C/NPeH…O]P or NPeH…O]C/
NCPeH…O]P.

The structures 3, 4, 5 and 6 have the same generic [RC(O)NH]
P(O)[NR1R2]2 (R1 & R2 s H) formula and in all of these structures
the P]O group takes part in the hydrogen bond pattern. These four
structures can thus be described as centrosymmetric dimers built
from pairs of NCPeH/O]P hydrogen bonds with R22ð8Þ ring motifs
(Figs. 9e12).

2.2. Puckering behaviors of new structures

In this section, a puckering analysis has been applied to the six-
and seven-membered aliphatic rings in the six new structures with
the N atom in an exocyclic position (1, 2 and 6) and the N atom
inside the rings (3, 4 and 5). It should be noted that the structures 1
and 2 are the first C(O)NHP(O)-based phosphoric triamides with an
NHC7H13 group, studied by single crystal X-ray diffraction.

Table 6 summarizes the theoretical puckering parameters of
different conformations in six- and seven-membered rings,
whereas Table 7 lists the puckering parameters as obtained for the
six compounds obtained in this study.

In structure 1, the ordered C16/C17/C18/C19/C20/C21/C22 ring
displays a close-to-nearly chair conformation, whereas the two

Fig. 5. Displacement ellipsoid plot (30% probability level) for structure 5, with
atom-numbering scheme.

Fig. 6. Displacement ellipsoid plot (30% probability level) for structure 6, with
atom-numbering scheme.

Table 3
Selected bond distances (Å) in compounds 1e6.

Compound 1

N1eP1 1.698 (17) N1eC1 1.353 (2)
N2eP1 1.618 (18) N2eC9A 1.428 (4)
N3eP1 1.618 (16) N3eC16 1.468 (3)
O1eP1 1.475 (13)
Compound 2
N3eP1 1.726 (15) N1eC1 1.471 (2)
N2eP1 1.609 (15) N2eC8 1.474 (2)
N1eP1 1.612 (15) N3eC15 1.343 (2)
O1eP1 1.478 (13)
Compound 3
N1eP1 1.683 (16) N1eC1 1.368 (2)
N2eP1 1.632 (17) N2eC9 1.474 (2)
N3eP1 1.636 (17) N2eC14 1.472 (3)
O1eP1 1.480 (14) N3eC15 1.466 (2)
Compound 4
N2eP13 1.625 (18) N2eC1 1.474 (3)
N9eP13 1.634 (2) N2eC3 1.457 (4)
N15eP13 1.700 (18) N9eC8 1.462 (3)
O14eP13 1.471 (16) N9eC10 1.467 (3)
Compound 5
N6eP7 1.6890 (15) N6eC4 1.368 (2)
N9eP7 1.6319 (15) N15eC16 1.467 (3)
O8eP7 1.4795 (13) N15eC20 1.470 (3)
C4eO5 1.216 (2) N9eC10 1.470 (2)
Compound 6
N3eP1 1.643 (2) N3eC4 1.477 (3)
N11eP1 1.636 (2) N11eC12 1.476 (3)
N19eP1 1.689 (2) N11eC18 1.468 (3)
O2eP1 1.4894 (18) N19eC20 1.368 (3)
N3eC10 1.467 (3)
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components of the disordered ring display both a twist-chair
conformation.

The cyclo- “C7” rings in compound 2 also adopt a twist-chair
conformation, while the cyclo- “C6N” rings in compound 3 have a
twist-sofa conformation.

The cyclo- “C5N” six-membered rings in compounds4 and5adopt
the nearly-chair conformation and a similar nearly-chair

conformation isobserved for the “C6” rings incompound6. In thenew
structureswith aliphatic six-membered rings, the largest deviationof
the q puckering parameter from the ideal chair value of 0�/180� is
found in the 4-methyl-piperidin-yl group in structure 4 (4.4�). The
sequence of deviation from the ideal chair value in six- membered
ring groups is as follows: NC5H9-4-CH3 > N(CH3)(C6H11) > NC5H10.

An alternativeway to look at the deviations from ideal geometries
is to calculate the mean values of the CeCeC or CeNeC angles
within the rings. The results show that the CeCeC angles in the
seven-membered rings are slightly larger than those in the six-
membered rings. As an example, the angles C17eC16eC22 ¼ 114.7
(2)� in 1& C7eC1eC2¼ 115.65 (17)� in 2 are significantly larger than
the angles C9eC4eC5¼ 111.5 (2)� & C17eC12eC13 ¼ 110.5 (2)� in 6.
The average CeCeC angle in all compounds including a cycloheptyl
group (115.4 (11)�) is about 4� more than the average angle in the
compounds bearing a cyclohexyl group (111.0 (2)�).

The CeNeC angles in both six- and seven-membered rings are
slightly larger than the CeCeC angles in the same rings by about
1�e2�. For example, the C20eN3eC15 angle is 117.86 (16)� in 3
(seven-membered) and the C10eN9eC14 angle is 113.54 (15)� in 5
(six-membered).

For the reason onwhy a nitrogen atom shows an angle (CeNeC)
more than the CeCeC angle in both six- and seven-membered
rings, we note that the analysis of bond-angle sum at the nitro-
gen atom bonded to phosphorus proposes a tendency to the sp2

hybridization with the angle naturally more than the sp3 angle,
however due to the presence of one P and two C atoms around the
N atom, the three angles at the N atom are different, with the two
PeNeC angles usuallymore than the CeNeC angle.37 A comparison
of CeNeC angles in the six- and seven-membered ring systems
with an exocyclic CeNeC angle shows that the angle out of the ring
is more open than the angle of six-membered ring, and close to the
one in the seven-membered ring. For example, the exocyclic
CeNeC angle in the structure with the CSD refcode ORISUE,38 is a
few more than 118�.

It can thus be concluded that a saturated C atom (sp3) opens the
CeCeC angle for self-adaptation in the ring system, while an N
atom (sp2) contracts the CeNeC angle in this situation. According
to the discussion noted, we can conclude the following sequences
of angles (CeNeC)7-membered > (CeCeC)7-membered > (CeNeC)6-
membered > (CeCeC)6-membered. The averages of these angles in the
new structures are about 116�, 115�, 113� and 111�.

In summary, the preferred conformation in aliphatic six-
membered rings, cyclo- “C6” and “C5N”, is nearly-chair but in
seven-membered rings, cyclo- “C7” and “C6N”withmore flexibility,

Table 4
Selected bond angles (�) in compounds 1e6.

Compound 1
O1eP1eN1 105.20 (8) N2eP1eN3 103.31 (9)
O1eP1eN2 116.06 (9) C9BeN2eP1 124.4 (3)
O1eP1eN3 113.81 (9) C9AeN2eP1 120.5 (2)
N2eP1eN1 108.46 (9) C16eN3eP1 123.67 (13)
N3eP1eN1 109.94 (8)
Compound 2
O1eP1eN1 116.50 (8) N2eP1eN3 108.83 (8)
O1eP1eN2 116.70 (8) C1eN1eP1 123.74 (12)
O1eP1eN3 102.39 (7) C8eN2eP1 124.02 (12)
N2eP1eN1 103.98 (8) C15eN3eP1 124.05 (12)
N1eP1eN3 108.11 (8)
Compound 3
O1eP1eN1 105.25 (8) C9eN2eP1 123.52 (13)
O1eP1eN2 117.28 (9) C14eN2eP1 118.97 (14)
O1eP1eN3 109.17 (8) C15eN3eP1 125.52 (13)
N2eP1eN1 105.23 (8) C20eN3eP1 115.64 (13)
N3eP1eN1 111.55 (8) C9eN2eC14 114.50 (16)
N2eP1eN3 107.38 (8) C15eN3eC20 117.86 (16)
C1eN1eP1 126.17 (14)
Compound 4
O14eP13eN2 111.69 (10) C1eN2eP13 125.54 (16)
O14eP13eN9 117.99 (11) C8eN9eC10 111.8 (2)
O14eP13eN15 106.23 (9) C8eN9eP13 123.01 (17)
N2eP13eN15 111.60 (10) C10eN9eP13 116.89 (17)
N9eP13eN15 104.13 (10) C16eN15eP13 127.12 (15)
N2eP13eN9 105.02 (10) C3eN2eC1 112.82 (18)
C3eN2eP13 119.70 (15) C8eN9eC10 111.8 (2)
Compound 5
O8eP7eN6 106.59 (8) C16eN15eP7 126.24 (15)
O8eP7eN9 111.30 (8) C20eN15eP7 118.78 (14)
O8eP7eN15 113.75 (9) C10eN9eP7 118.82 (12)
N6eP7eN9 110.46 (8) C16eN15eC20 113.84 (17)
N6eP7eN15 105.94 (8) C10eN9eC14 113.54 (15)
N9eP7eN15 108.64 (8)
Compound 6
O2eP1eN3 117.07 (11) P1eN3eC10 115.57 (17)
O2eP1eN11 111.00 (10) P1eN19eC20 126.92 (17)
O2eP1eN19 104.97 (10) P1eN11eC12 119.13 (15)
N3eP1eN11 105.22 (11) P1eN11eC18 123.31 (16)
N3eP1eN19 105.95 (10) C4eN3eC10 117.1 (2)
N11eP1eN19 112.72 (10) C12eN11eC18 116.50 (18)

Table 5
Hydrogen bonds for compounds 1e6 [Å and �].

DeH…A d(DeH) d(H…A) d(D…A) :(DHA) Symmetry codes

Compound 1
N1eH1N/O1i 0.86 (2) 1.99 (2) 2.842 (2) 170 (2) (i) ex þ 2, ey, ez þ 2
N3eH3N/O2 0.84 (2) 2.58 (2) 2.983 (2) 111 (2)
N3eH3N/O2ii 0.84 (2) 2.40 (2) 3.104 (2) 142 (2) (ii) ex þ 1, ey, ez þ 2
N2eH2N/O2ii 0.86 (2) 2.26 (2) 3.050 (2) 154 (2) (ii) ex þ 1, ey, ez þ 2
Compound 2
N1eH1N/O1i 0.86 (1) 2.18 (1) 2.984 (19) 155 (2) (i) x, y þ 1, z
N2eH2N/O1i 0.87 (1) 2.08 (1) 2.906 (19) 160 (2) (i) x, y þ 1, z
N3eH3N/O2ii 0.87 (1) 2.02 (1) 2.878 (19) 169 (2) (ii) x, y � 1, z
Compound 3
N1eH1/O1i 0.89 (2) 1.94 (2) 2.802 (2) 164 (2) (i) ex þ 1, ey þ 1, ez þ 1
Compound 4
N15eH15/O14i 0.86 1.99 2.777 (2) 152 (i) ex þ 1, ey, ez þ 1
Compound 5
N6eH61/O8i 0.85 1.95 2.789 (4) 171 (2) (i) ex, ey, ez
Compound 6
N19eH191/O2i 0.85 1.92 2.752 (5) 166 (3) (i) ex þ 1, ey þ 1, ez þ 1
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more diverse conformational forms are seen. Indeed, the hetero-
atom does not cause a harsh change on the conformational prop-
erties of the compounds, but it leads to a slightly more open angle.
The next section gives a more detailed analysis of CeNeC and
CeCeC angles inside the rings with the help of a CSD survey.

2.3. The CeNeC and CeCeC angles: a survey on the CSD

In order to complete the analysis of CeCeC and CeNeC angles,
we consider here the CeNeC bond angles in ring systems with any
size (three to seven) in [C(]O)NH]P(]O)[N(C)(C)]2-based phos-
phoric triamides, and also the CeNeC bond angles out of a ring or
in acyclic groups. The CSD in version 5.37 (updated in February
2016) was used and compounds with a disorder in the N or sur-
rounding atoms were omitted. Six compounds with unusual bond

angles were also excluded, leaving a set of 97 structures for this
analysis including 213 entries of angles. The results are gathered in
Table 8 and the histogram is shown in Fig. 13. In this figure, white
columns are related to the CeNeC bond angles out of rings or in
acyclic groups. The other columns shown as purple, orange, blue,
green and red colors are related to the angles inside the rings of the
sizes three, four, five, six and seven, respectively.

The data clearly show that, for most of the studied structures,
the internal CeNeC bond angles is the largest for seven-membered
rings and gradually decreases to the smallest values for three-

Fig. 7. Part of the crystal packing of 1, showing the one-dimensional arrangement built
from NCPeH/O]P and (NeH/)2O]C hydrogen bonds. The hydrogen bonds are
shown as thin grey lines. H atoms not involved in hydrogen bonding were omitted for
clarity [Symmetry codes: (i) ex þ 2, ey, ez þ 2; (ii) ex þ 1, ey, ez þ 2].

Fig. 8. Part of the crystal packing of 2, showing the one-dimensional arrangement built
from (NeH/)2O]P and NCPeH/O]C hydrogen bonds. The hydrogen bonds are
shown as thin grey lines. H atoms not involved in hydrogen bonding were omitted for
clarity [Symmetry codes: (i) x, y þ 1, z; (ii) x, y e 1, z].

Fig. 9. Part of the crystal structure of 3, showing the dimer arrangement built from
NCPeH/O]P hydrogen bonds (thin grey lines) [Symmetry code: (i) ex þ 1, ey þ 1,
ez þ 1].

Fig. 10. Part of the crystal structure of 4, showing the dimer arrangement built from
NCPeH/O]P hydrogen bonds (thin grey lines) [Symmetry code: (i) ex þ 1, �y, �z þ 1].
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membered rings. The CeNeC bond angles out of a ring stand in the
large values, too. The averages of angles in different rings and out of
a ring are as follows: 59� (3-membered), 92� (4-membered), 110�

(5-membered), 112� (6-membered), 115� (acyclic/out of the ring)
and 116� (7-membered).

A similar analysis was performed for CeCeC bond angles in
rings containing only carbon atoms in [C(]O)NH]P(]O)[N(C)(C)]2-
based phosphoric triamides. Only five- and six-membered rings
exist in the CSD, besides the seven-membered rings in the new
structures 1 and 2. As the number of hits is low, the histogram is not
shown and merely the average values are reported. For a 5-
membered (cyclo- “C5”) ring, 4 hits generated an average angle of
102.52�, while an average of 110.97� was obtained for 22 hits of 6-
membered (cyclo- “C6”) aliphatic rings. In the new structures with
six- and seven-membered rings, we showed that the differences
between CeCeC and CeNeC angles are small for rings with the
same sizes. This is also valid for the six-membered rings in the CSD;
however, the difference between average CeCeC and CeNeC is
relatively high in five-membered rings (more than 7�).

Three-, four- and seven-membered carbon rings are absent in
the CSD, so, to complete this discussion, an analysis was considered
for the CeCeC internal bond angles in compounds with cyclo-
“C3N” and “C6N” aliphatic rings, which yielded an average of 88.04�

(4 hits) and 114.90� (20 hits), respectively. Naturally, the “C2N” ring
does not include any internal CeCeC angle. So, in rings with any
sizes from the CSD, the CeCeC angles show a trend to be more
contracted than the CeNeC ones.

2.4. Puckering behavior of C(O)NHP(O)-based phosphoric triamides
including aliphatic rings: a survey on the CSD

A survey on the CSD (version 5.37) for the C(O)NHP(O)-based
phosphoric triamides yielded 57 structures including three-, four-
, five-, six- and seven-membered aliphatic ring groups. The rings in
this family of compounds are mostly of the type “CN” or “CNe1N”
for an N-membered ring (“C” and “N”: carbon and nitrogen in the
ring). There are also two PC2N2-based five-membered rings and
some PC3N2-based six-membered rings in the CSD.

Since the cyclopropane ring is planar, the question of confor-
mation does not arise.39 The puckering parameters for the “C2N”
rings retrieved from the CSD (10 structures) cannot be defined and
just the ring bond distance and torsion angle are reported. There
are no three-membered carbon rings in the CSD.

The ring in cyclobutane looks like a squared creased and bent
along its diagonal,40 similar to what is observed for the only
structure with a “C3N” skeleton in the CSD (refcode LAYMII),41

where the parameters of Q and torsion angle have been

Fig. 11. Part of the crystal structure of 5, showing the dimer arrangement formed
through NCPeH/O]P hydrogen bonds (thin grey lines) [Symmetry code: (i) ex, ey, ez].

Fig. 12. Part of the crystal structure of 6, showing the dimer arrangement formed through
NCPeH/O]Phydrogenbonds (thingrey lines) [Symmetrycode: (i)exþ1,�yþ1,�zþ1].

Table 6
Puckering parameters for different conformations based on Cremer & Pople (1975)18 for 6-membered rings and Boessenkool & Boeyens
(1980)21 for 7-membered rings.

(A) Six-membered Conformation Q q 4

1 Chair (C) constant 0/180 0
2 Boat (B) constant 90 0/60/120/180/240/300
3 Twist-Boat (TB) constant 90 30/90/150/210/270/330
4 Half-Chair (HC) constant Between (1) and (3)
5 Half-Boat (HB) constant Between (1) and (2)

(B) Seven-membered q2 q3

1 Boat & Twist-Boat (B & TB) 1.15 0
2 Chair (C) 0.43 0.60
3 Twist-Chair (TC) 0.52 0.61
4 Boat-Sofa (BS) 1.08 0.30
5 Sofa (S) 0.47 0.47
6 Twist-Sofa (TS) 0.40 0.50
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calculated (for example, torsion angles within 8.77�e14.90� for 4
rings of two symmetry independent molecules of LAYMII). Also,
conformational studies in some examples including poly-cyclic
rings42 show that the differences in the dihedral angles of four-
membered rings (within 0� to above 30�), resulting from differing
ring systems fused to the cyclobutane, are relatively independent of
how the molecule packs in the crystal.

Cyclopentane is non-planar and the two minimum energy
geometries are the envelope and the half-chair conformations.43 To

Table 7
Puckering parameters for the 7-membered rings of compounds 1e3 and 6-membered rings of compounds 4e6.

Compound 7-membered ring q2 q3 42 43 QT

1 C9A/C10A/C11A/C12A/C13A/C14A/C15A
C9B/C10B/C11B/C12B/C13B/C14B/C15B
C16/C17/C18/C19/C20/C21/C22

0.505 (7)
0.499 (9)
0.434 (3)

0.634 (6)
0.685 (10)
0.642 (3)

43.0 (8)
270.5 (11)
333.9 (4)

194.3 (8)
271.5 (7)
171.3 (3)

0.810 (8)
0.847 (8)
0.775 (3)

2 C1/C2/C3/C4/C5/C6/C7
C8/C9/C10/C11/C12/C13/C14

0.542 (3)
0.529 (2)

0.637 (2)
0.642 (2)

325.7 (3)
36.5 (2)

168.4 (2)
191.82 (18)

0.837 (3)
0.831 (2)

3 N2/C9/C10/C11/C12/C13/C14
N3/C15/C16/C17/C18/C19/C20

0.552 (3)
0.534 (2)

0.555 (2)
0.628 (2)

242.8 (3)
161.9 (2)

147.0 (3)
115.3 (2)

0.783 (3)
0.751 (4)

6-membered ring Q q 4

4 N2/C3/C4/C5/C6/C1
N9/C8/C7/C12/C11/C10

0.557 (3)
0.548 (3)

178.7 (3)
4.4 (3)

153 (14)
343 (5)

5 N9/C10/C11/C12/C13/C14
N15/C16/C17/C18/C19/C20

0.566 (3)
0.570 (3)

178.1 (13)
0.9 (3)

88 (7)
63 (10)

6 C4/C5/C6/C7/C8/C9
C12/C13/C14/C15/C16/C17

0.573 (4)
0.571 (4)

177.2 (4)
2.6 (4)

58 (8)
11 (8)

Table 8
The CeNeC angles at the tertiary N atoms with a [C(]O)NH]
P(]O)[N(C)(C)]2 skeleton.

CeNeC angle type CeNeC angle range Average

In acyclic segments 112e119� 115�

In 3-membered rings 56.5e61.5� 59�

In 4-membered rings 91.5e92.5� 92�

In 5-membered rings 107.5e111.5� 110�

In 6-membered rings 108.5e115.5� 112�

In 7-membered rings 113e118.5� 116�

Fig. 13. Histogram of the CeNeC angles at the tertiary N atoms in compounds with a [C(]O)NH]P(]O)[N(C)(C)]2 skeleton. White columns are related to acyclic compounds or the
compounds with the tertiary N atom outside the amine ring. Other columns (shown with purple, orange, blue, green and red colors) are related to compounds with N atom inside
the rings (three, four, five, six and seven-membered amine rings, respectively).
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illustrate the conformation of such rings, the puckering parameters
Q and 4 are used. There are 12 structures with five-membered ring
parts including 3 “C5”, 7 “C4N” and 2 “C2N2P” structures with
calculated envelope conformations for the first and a half-chair
conformation for the second and third. The difference between
the envelope and half-chair conformations is mostly related to the
4 parameter which is 0� or 180� for the envelope conformation, and
90� or 270� for the half-chair conformation. An example of a typical
“C2N2P” structure is that with refcode DIGHEI44 (Q ¼ 0.209 (2) and
4 ¼ 112.5 (5)�).

A set of 18 structures with a “C6” (6 structures) or “C5N” (12
structures) group was investigated and all of them show a near
chair conformation, with a slight deviation from the ideal chair of
cyclohexane caused by the bulk phosphorus-containing group in
the equatorial position of the ring. For the aliphatic heterocyclic
“C3N2P” ring a half-boat conformation was found and, as a typical
example, the structure with refcode TENQAG45 yielded puckering
parameters of Q ¼ 0.510 (2), q ¼ 20.5 (2)� and 4 ¼ 139.4 (7)�,
conforming to a half-boat conformation.

As ring size increases, there are progressively more conforma-
tions that have to be considered. For cycloheptane, four confor-
mations have been calculated to be particularly stable (boat, chair,
twist-boat and twist-chair).46 It is necessary to mention that the
sofa and twist-sofa conformations have also been observed for such
a ring.21 As was observed for the new structures reported in this
study, seven-membered rings are rather flexible with different
conformations observed. This is related to the fact that the crystal
structures with seven-membered rings are often disordered. Also,
it is possible to have a conformational state not fitting exactly with
one of the ideal conformations noted, and with puckering param-
eters near to two or more conformations. There is no report of an
eight-membered ring in this family.

2.5. Parameters influencing the conformational behavior

Over the past decade, the conformations of six-membered ring
phosphates have been studied and the stereoelectronic, steric and
packing effects influencing on the conformations were consid-
ered.29,30 Here we study these factors in C(O)NHP(O)-based phos-
phoric triamides.

2.5.1. Stereoelectronic effect and the perturbation caused by the
presence of a heteroatom in a ring

“Stereoelectronic” mostly refers to a specific stereochemistry
and/or conformation induced by electronic factors.29 As an
example, we refer to the “anomeric effect” in (C6H5O)P(O)[(O)2R]
compounds, where R has a C(Ar)eCeC skeleton. It was proposed
that this effect causes the spontaneous cleavage of cyclic phos-
ph(on)ate prodrugs.30 The isomerization is favored by a natural
hyperconjugation between the non-bonding orbital of the oxygen
atom of the ring and s* of the exocyclic PeO. Such an effect was also
reported for cyclic-phosphoric triamides including a six-membered
diazaphosphorinane ring. In these structures, the n to s* overlap of
non-bonding electrons located on the endocyclic nitrogen atoms
was with the anti-bonding orbital of PeN (exocyclic). Overlap sta-
bilizes the exocyclic group in the axial position, and as a result the
P]O group is found in the equatorial position.47

Furthermore, there are some reports of preferred conformations
driven by the repulsion of electrons in a molecule. As a typical
example, we note the anti-orientation of the lone electron pair
(LEP) located at the tertiary nitrogen atoms with respect to the P]
O group in [RC(O)NH]P(O)[NR1R2]2 phosphoric triamides (R1 & R2

s H). The “empirical rule” reported in the published paper is
related to the existence of N atoms with considerable differences in

the valence-angle values, DSUM ¼ SUM1 e SUM2 > 6�, and the
anti-orientation with respect to P]O for the LEP of the N atom in a
more pyramidal environment (SUMi¼ CeNePþ PeNeCþ CeNeC,
i ¼ 1 and 2 for two N atoms).34

For the discussion presented here, we consider the rings from
the CSD and those of the new structures 1 to 6. Whenwe compare a
typical “C6” skeletonwith the “C5N” counterpart, the N heteroatom
causes a perturbation in the bond lengths (CeC versus CeN) and
bond angles (CeCeC and CeNeC). These differences cause devia-
tion of rings including a heteroatom, but their influences on the
conformation are low, however, as was noted earlier, in the case of
some non-C atoms in the skeleton, for example in the “C3N2P”
structures, the conformation completely changes from the ideal
chair conformation of a “C6” ring.

The other stereoelectronic parameter is related to the difference
in the hybridization of the carbon of the CeN segment and the
nitrogen of the NeP segment which influences the bond angles.

2.5.2. Steric effects
For a typical structure 6, the deviation of about 2.8� in q from the

ideal 0�/180� value of a cyclohexane ring is mainly due to the bulk
effect of the N(CH3)P(O)[N(CH3)(C6H11)][NHC(O)(2-Cl-5-FeC6H3)]
group in the equatorial position of the remaining cyclohexyl ring
(Fig. 14). The deviations of q values were previously discussed for
new structures, and for a high bulk effect on the CSD, we note the
structure with the CSD refcode DECTUB (C16H35N2O13.50P4Zn3)48

with q of 4.6� for the aliphatic six-membered ring.

2.5.3. Packing effect and Hirshfeld surface analysis
For a better investigation of the packing effect and intermolec-

ular interaction on the conformational behavior, we decided to
perform a Hirshfeld surface (HS) analysis. This analysis uses three-
dimensional (3D) surface functions for comparing the intermolec-
ular contacts with respect to the van der Waals radii through a
simple red-white-blue color coding scheme. In the Hirshfeld sur-
faces, red regions indicate intermolecular contacts with distances
closer than the sum of the van derWaals radii, while blue andwhite
areas are related to the contacts with distances longer than and
equal to the sum of the van derWaals radii, respectively.49 Here, the
HSs of compounds 1e6 are determined using the Crystal Explorer
3.1 program,50 as presented in Figs. 15, S1 and S2.

In these maps, the most prominent features are the deep red
spots due to the NCPeH/OP hydrogen bonds for all compounds

Fig. 14. The bulky N(CH3)P(O)[N(CH3)(C6H11)][NHC(O)(2-Cl-5-FeC6H3)] group in the
equatorial position of the cyclohexyl ring in compound 6.
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except compound 2, and the (NeH/)2OP hydrogen bond for
compound 2 (Table 5). Moreover, the other characteristic
(NeH/)2OC and NCPeH/OC hydrogen bonds which only exist
respectively in compounds 1 and 2 are visible as light red spots in
Fig. S1. In addition to the noted interactions, there are also some
pale red spots on the HSs of compounds 3, 5 and 6, which reflect
CeH/OP interactions (Figs. 15 and S2), with the CH related to the
benzoyl ring. Interestingly, there is also an interaction between a
hydrogen atom of the NC6H12 ring with the carbonyl group in 3
(C9eH9A/O2, label 2 in Fig. 15). Such an interaction in compounds
1 and 2 with the seven-membered aliphatic rings seems to be ab-
sent. It can be concluded that the observed twist-sofa conformation
in compound 3 with respect to the almost chair conformation in 1
and 2 may result from this intermolecular interaction.

2.6. IR and NMR study

IR: For compounds 3e6, the unique NeH unit of the C(O)NHP(O)
segment takes part in the NeH/O]P hydrogen bond, while for
compounds 1 and 2 (including three NH units) the NeH/O]P and
NeH/O]C hydrogen bonds are present in the solid state (sup-
ported by X-ray crystallography data).

Stretching frequencies of the NeH units occur at 3136,
3344 cm�1 for 1, 3273 cm�1 for 2, and at 3096, 3050 and 3042 cm�1

for 3, 5 and 6, respectively. For compound 4, some weak bands
present in the range of 3002e3105 cm�1, and probably the highest
frequency should be assigned to the NH stretching vibration.

For 1, the lower stretching frequency is related to NCPeH,
engaged in a hydrogen bonding interaction with the P]O group
(with a greater hydrogen bond strength with respect to the
NPeH/O]C hydrogen bond), as demonstrated by a comparison of
the IR spectra in analogous compounds and supported by quantum
chemical calculations.44 The stretching frequency assigned to the
NCPeH vibration shows a blue shift in 2 with respect to that of 1,
due to the weaker intermolecular NCPeH/O]C hydrogen bond in
2 compared to the NCPeH/O]P hydrogen bond in 1. This band
includes a shoulder in the higher frequency attributed to the NPeH
units. The reason for the vicinity/overlap of NH bands in 2 is related
to the closeness of hydrogen bond strengths formed (Table 5).
Figs. S3eS8 indicate the IR spectra of compounds 1e6.

NMR: For compounds 1e6, the 31P signals are in the range of
6.25e13.67 ppm. The 19F chemical shifts reveal at�113.58 ppm (for
compound 2 with CF3 moiety), �114.40 and �114.29 ppm (for
compounds 5 and 6 with a 2-Cl,5-FeC6H3 moiety).

In the 1H NMR spectra of all compounds, the broad signals in the
range of 8.61e9.77 ppm are related to the corresponding C(O)
NHP(O) protons. Two chemically equivalent NeH protons of the

P(O)(NHC7H13)2 segment in 1 appear as a triplet (at 4.20 ppm)
because of the coupling at one hand with the CH unit of the seven-
membered ring and on the other hand with phosphorus. The signal
of similar NeH protons in compound 2 is revealed as a doublet at
2.51 ppm.

The 24 protons related to the azepane ring in 3 appear as three
separate multiplet signals centered at 1.55, 1.59 and 3.11 ppm,
which belong to the HeC4/HeC5, HeC3/HeC6 and HeC2/HeC7 of
azepane, respectively and the integration area for each peak cor-
responds to eight protons.

The aromatic protons of the CH3eC6H4C(O) segment are
revealed as two doublet signals at 7.27 & 7.87 ppm for 1 and at 7.26
& 7.81 ppm for 3, while the aromatic protons for the 2-Cl,5-FeC6H3
part in 5 and 6 are observed as multiplet signals in the range of
6.98e7.37 ppm, due to further coupling with fluorine.

In compound 6, the doublet signal at 2.64 ppm belongs to the
CH3-protons of the N(CH3)(C6H11) group, resulting from 3JPeH
coupling.

In the 13C NMR spectra of 1 and 3, the carbon atom bound to the
C]O group (in the CH3eC6H4C(O) moiety) appears as a doublet
signal due to the 3J couplings with phosphorus. Also, the “dd” sig-
nals of similar a carbon atom in the 2-Cl,5-FeC6H3moiety in 5 and 6
are related to phosphorus-carbon and fluorine-carbon couplings
(3J). The other five carbon atoms of 2-Cl,5-FeC6H3 group appear as
doublets (due to the coupling with fluorine) with 1J, 2J, 3J and 4J
coupling constants as noted in the experimental section.

The signal for the CF3 carbon atom in 2 appears as a quartet of
doublets, due to the coupling with fluorine and phosphorus nuclei
(1JFeC and 3JPeC).

Compound 1 contains a C7H13Nmoiety (“C7” ring), which shows
two 3JPeC (6.1 & 3.8 Hz) coupling constants in the 13C NMR spec-
trum. Compound 3with a “C6N” ring shows both 2JPeC (4.5 Hz) and
3JPeC (3.9 Hz) coupling constants, too. Two signals are revealed for
carbon atoms C2,7 of the azepane part in 3. To prove that the two
observed signals stem either from a 2JPeC coupling with a single
chemical shift, or from two diastereotopic signals for C2 and C7 with
both zero coupling to phosphorus, the spectrum was recorded in
different magnetic fields, demonstrating the former supposition
with J ¼ 4.5 Hz.

In compound 4, carbon atoms of C2/C6 and C3/C5 in the six-
membered ring (“C5N”) are not equivalent, so, two different 2JPeC
and 3JPeC coupling constants were obtained, 3JPeC ¼ 4.7 and
4.5 Hz > 2JPeC ¼ 3.1 and 2.9 Hz. The reason for the diastereotopic C
atoms in 4 is the methyl group in the equatorial position, which
restricts the flexibility of ring. Fig.16 indicates the 13C NMR spectrum
of 4 inwhich two doublets at 33.98 and 34.15 ppm (corresponding to
3JPeC) and two doublets at 44.23 and 44.43 ppm (for 2JPeC) are
shown. A similar result was observed in the 13C NMR spectrum of
molecule 5, i.e. 3JPeC ¼ 4.5 Hz (C3/C5) > 2JPeC ¼ 3.0 Hz (C2/C6).

The doublet signals at 27.82, 30.86, 30.93 and 55.13 ppm in 6 are
assigned to the C7 (2JPeC ¼ 5.3 Hz), C2 or C6 (3JPeC ¼ 2.3 Hz), C6 or C2

(3JPeC ¼ 3.8 Hz) and C1 (2JPeC ¼ 4.5 Hz), respectively. So, it can be
concluded that 3 including seven-membered rings shows 2JPeC
greater than 3JPeC. A similar trend was found for the doublet carbon
signals of 6with a “C6” ring, while an opposite result was observed
for 4 and 5 with a “C5N” ring (2JPeC < 3JPeC).

Except for compounds 2 and 3, all other compounds present a
singlet peak for the C atom of the C(O) group in the range of
161.59e168.35 ppm. The similar C atom in 2 is revealed as a quartet
centered at 158.06 ppm due to the coupling with three F atoms
(2JFeC ¼ 36.8 Hz), and for 3 the signal of this C atom is split as a
doublet at 167.85 ppm (2JPeC ¼ 2.2 Hz). The numbering of
carbon and proton atoms in the NMR assignments is according to
Scheme 2.

Fig. 15. Views of dnorm Hirshfeld surface plotted on the structure 3 in two orientations,
surrounded by neighboring molecules associated with close contacts. Labels on HS are
as follows: P1-O1[/H1NeN1][/H3-C3] (1) and C9-H9A/O2 (2).
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3. Conclusion

Six new phosphoric triamide compounds containing cyclo- “C6”
and “C5N” six-membered and cyclo- “C7” and “C6N” seven-
membered aliphatic rings have been studied by X-ray diffraction
and spectroscopy. Then, the ring-puckering parameters and the
conformations of the rings were determined and different factors
were considered that may play a role in the conformational
behavior. These factors are: (i) geometrical differences caused by
the presence or absence of a heteroatom in the ring, (ii) steric ef-
fects, and (iii) crystal packing effects. The study was completed
considering analogous structures in the CSD, including the rings
with any sizes (three to seven). For new structures, the preferred
conformation in aliphatic six-membered rings, cyclo- “C6” and

“C5N” is nearly chair. The structures with some non-carbon atoms,
typically with a “C3N2P” segment, show conformation completely
different from the ring with the same size only constructed from
carbon atoms, e.g. “C6” in this case. In seven-membered rings,
cyclo- “C7” and “C6N” with more flexibility, more diverse confor-
mational forms are seen. The observed twist-sofa conformation in
(4-CH3eC6H4C(O)NH)P(O)(NC6H12)2 phosphoric triamide was
ascribed to the packing effect which was investigated by a Hirshfeld
surface analysis. The flexibility of seven-membered rings was also
seen in analogous structures with “C6N” rings in the CSD and this is
evidence for why such rings usually show disorder in the crystal
structures. The two new structures with an NHC7H13 group, re-
ported in this paper, are the first C(O)NHP(O)-based phosphoric
triamides including a “C7” ring. For the small three- and four-
membered rings, the “C2N” ring is planar and the “C3N” ring is a
squared creased and bent along its diagonal. Three skeletons were
found for the five-membered rings: “C5”, “C4N” and “C2N2P” with
the calculated conformations as envelope for the first and half-chair
for the second and third.

4. Experimental

4.1. X-ray measurements

Data were collected for all six structures using Mo-Ka radiation,
l ¼ 0.71073 Å. A STOE IPDS II diffractometer was used for 1 and 3, a
Rigaku Saturn724þ diffractometer for 2, a Bruker SMART APEXII
system for 4 and a Rigaku-Oxford Diffraction Gemini-S diffrac-
tometer for 5 and 6. The structures were solved with SHELXL2014/
751 for 1&3, SHELXS97 for 252 & 453 and SUPERFLIP54 for 5& 6. The
structures were refined using full matrix least squares on F2 with
the SHELXL201451 for 1 & 3, SHELXL9755 for 2, SHELXL2014/751 for
4 and CRYSTALS56 software packages for 5 & 6. The molecular
drawings were generated with MERCURY57 and PLATON-312 for
Windows.

Fig. 16. The 13C NMR spectrum of compound 4 in which two doublets at 33.98 and 34.15 ppm (corresponding to 3JPeC) and two doublets at 44.23 and 44.43 ppm (for 2JPeC)
are shown.

Scheme 2. The numbering of carbon atoms in aliphatic rings for NMR assignment
of 1e6.
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4.2. Synthesis and crystallization

The three starting materials (4-CH3eC6H4C(O)NH)P(O)Cl2,
(CF3C(O)NH)P(O)Cl2 and (CCl3C(O)NH)P(O)Cl2 were prepared ac-
cording to the procedures described in the literature.58e60 (2-Cl, 5-
FeC6H3C(O)NH)P(O)Cl2 was prepared by reflux of phosphorus
pentachloride and 2-Cl,5-FeC6H3C(O)NH2 in 1:1 M ratio in dry CCl4
for 2 h. Formic acid was added drop-wise by syringe into the cold
solution under stirring (2 h) and the resulting finewhite precipitate
of product was gathered and dried in vacuo.

The synthesis of all compounds 1e6 began with the reagents
being mixed at ice-bath temperature and subsequent warming to
room temperature. For the preparation of 1, a solution of cyclo-
heptylamine (7.6 mmol) in dry CHCl3 (5 ml) was added to a solution
of 4-CH3eC6H4C(O)NHP(O)Cl2 (1.9 mmol) in the same solvent
(20ml) at 273 K and stirred for 4 h. After completion of the reaction,
the solvent was removed in vacuo and the solid obtained was
washed with H2O. Compound 2 was prepared in a similar proced-
ure but by using CF3C(O)NHP(O)Cl2 instead of 4-CH3eC6H4C(O)
NHP(O)Cl2. Colorless single crystals suitable for X-ray analysis were
obtained at room temperature from a mixture of CHCl3/C7H16 (4:1
v/v) for 1 and CH3OH/CHCl3 (4:1 v/v) for 2.

For the synthesis of 3, a solution of hexamethylene imine
(8.0 mmol) in dry CHCl3 (10 ml) was added to a solution of (4-
CH3eC6H4C(O)NH)P(O)Cl2 (2.0 mmol) in the same solvent (20 ml)
at 273 K. After stirring for 4 h, the solvent was removed in vacuo and
the solid obtained was washed with distilled water. Compound 4
was obtained by applying a similar procedure as for 3 but by using
4-methylpiperidine (7.2 mmol) and CCl3C(O)NHP(O)Cl2 (1.8 mmol).
Colorless single crystals suitable for X-ray analysis were obtained at
room temperature from a mixture of CH3OH/CHCl3 (4:1 v/v) for
both 3 and 4.

For the synthesis of 5, a solution of piperidine (8.0 mmol) in dry
CH3CN (10 ml) was added to a solution of 2-Cl, 5-FeC6H3C(O)
NHP(O)Cl2 (2.0 mmol) in the same solvent (20 ml) at 273 K. After
stirring for 4 h, the solvent was removed in vacuo and the solid
obtained was washed with distilled water. Compound 6 was ob-
tained through a similar procedure as for 5 but by using N-meth-
ylcyclohexylamine. Colorless single crystals suitable for X-ray
analysis were obtained at room temperature from a mixture of
CH3OH/CHCl3 (4:1 v/v) for both 5 and 6.

4.3. Structure refinement

For 1, 2, 3 and 4, all carbon bound H-atoms were placed at
calculated positions and were refined as riding on their parent
atoms with their Uiso set to 1.5Ueq for the methyl group (in 1, 3 and
4) or 1.2Ueq for the other carbon atoms. Nitrogen bound H-atoms
were located in a difference Fourier map and refined isotropically,
with their Uiso set to 1.2Ueq of the carrier N-atoms. For 1, the NeH
bond distances were restrained to be 0.91 Å, with an e.s.d. of 0.02 Å.
The ring containing C9A and C9B has been split and refined to
relative occupancy factors of 0.614 (4):0.386 (4). The different
atoms in the ring were initially refined with restraints on the bond
lengths to regularise their geometries (CeC in the range
1.50e1.52 Å with an e.s.d. of 0.02 Å) and some soft restraints have
been applied to the displacement parameter to the atoms consti-
tuting the different rings. For 2, the NeH bond distances were
restrained to 0.88 Å, with an e.s.d. of 0.01 Å. For 4, the NeH bond
distancewas restrained to 0.86 Å. For 3, the NeH bond distancewas
refined with riding constraints (0.91 Å, with an e.s.d. of 0.01 Å) and
also the atomic displacement parameters of C11 and C12 were
constrained to be equal. For 5 and 6, the H-atomswere all located in
a difference map, but those attached to carbon atoms were repo-
sitioned geometrically. The H-atoms were initially refined with soft

restraints on the bond lengths and angles to regularise their ge-
ometries (CeH in the range 0.93e0.98 and NeH in the range
0.86e0.89 Å) and Uiso (H)¼ 1.5Ueq(Ci) for methyl, 1.2Ueq (Cii) for the
other carbon atoms and 1.2Ueq (N) for nitrogen, after which the
positions were refined with riding constraints, except the nitrogen
bound H atoms which were continued to be refined with soft re-
straints on distances and angles.

4.4. NMR, IR and mass analysis

For 1. Colorless rectangular block crystal. M.p. 190 �C. Anal. Calc.
for (C22H36N3O2P) (%): C ¼ 65.16; H ¼ 8.95; N ¼ 10.36; found:
C ¼ 65.10; H ¼ 8.91; N ¼ 10.32. IR (KBr, cm�1): 3344, 3136, 2923,
2854, 1643, 1565, 1520, 1448, 1278, 1219, 1187, 1070, 949, 888, 835,
748, 687. 31P{1H} NMR (122 MHz, DMSO-d6): d ¼ 6.25 (s). 1H NMR
(301 MHz, DMSO-d6): d ¼ 1.27e1.86 (m, 24H), 2.34 (s, 3H, CH3),
3.16e3.22 (m, 2H, CH), 4.20 (t, J ¼ 9.5 Hz, 2H, NH), 7.27 (d,
3JHeH¼ 7.8 Hz, 2H, AreH), 7.87 (d, 3JHeH¼ 8.1 Hz, 2H, AreH), 8.99 (s,
1H, CONH). 13C NMR (76 MHz, DMSO-d6): d ¼ 21.45 (s), 23.82 (s),
23.90 (s), 24.12 (s), 24.46 (s), 27.92 (s), 28.09 (s), 28.12 (s), 28.25 (s),
34.85 (s), 37.32 (d, 3JPeC ¼ 3.8 Hz, C2/C7), 37.61 (d, 3JPeC ¼ 6.1 Hz, C2/
C7), 51.99 (s), 52.04 (s), 52.67 (s), 128.49 (s), 129.59 (s), 131.68 (d,
3JPeC ¼ 8.3 Hz), 142.39 (s), 168.35 (s). MS (70 eV, EI): m/z (%) ¼ 405
(4) [M]þ, 404 (38) [M � 1]þ, 288 (5) [M � 4-CH3eC6H4CN]þ, 134
(58) [C8H8NO]þ, 119 (73) [C8H7O]þ, 117 (91) [C8H7N]þ, 112 (85)
[C7H14N]þ, 56 (100) [C4H8]þ.

For 2. Colorless block crystal. M.p. 145 �C. Anal. Calc. for
(C16H29F3N3O2P) (%): C ¼ 50.12; H ¼ 7.62; N ¼ 10.96; found:
C ¼ 49.98; H ¼ 7.57; N ¼ 10.92. IR (KBr, cm�1): 3450, 3273, 2928,
2858, 1716, 1631, 1464, 1426, 1311, 1202, 1163, 1074, 955, 894, 785,
705. 31P{1H} NMR (122 MHz, DMSO-d6): d ¼ 6.32 (s). 19F{1H} NMR
(283MHz, CDCl3, CFCl3): d¼�113.58 (s). 1H NMR (301MHz, CDCl3):
d¼ 1.57e2.02 (m, 24H), 2.51 (d, 2JPeH ¼ 9.9 Hz, 2H, NH), 2.95 (b, 2H,
CH), 9.59 (s, 1H, CONH). 13C NMR (76 MHz, DMSO-d6): d ¼ 23.84 (s),
28.08 (s), 32.77 (s), 51.89 (s), 117.75 (qd, 1JFeC ¼ 271.6 Hz,
3JPeC ¼ 6.8 Hz), 158.06 (q, 2JFeC ¼ 36.8 Hz). MS (70 eV, EI): m/z
(%) ¼ 382 (2) [M � 1]þ, 287 (7) [M � CF3CNH]þ, 270 (2)
[M � CF3C(O)NH2]þ, 112 (77) [C7H14N]þ, 97 (37) [C2F3O]þ, 95 (35)
[C2F3N]þ, 56 (100) [C4H8]þ.

For 3. Colorless cube crystal. M.p. 180 �C. Anal. Calc. for
(C20H32N3O2P) (%): C ¼ 63.64; H ¼ 8.55; N ¼ 11.13; found:
C ¼ 63.39; H ¼ 8.56; N ¼ 11.10. IR (KBr, cm�1): 3096, 2923, 1666,
1614, 1443, 1330, 1268, 1233, 1187, 1107, 1060, 1005, 936, 876, 839,
747, 711. 31P{1H} NMR (122 MHz, DMSO-d6): d ¼ 12.56 (s). 1H NMR
(500.13 MHz, DMSO-d6): d ¼ 1.55e1.60 (br. m, 16H), 2.35 (s, 3H,
CH3), 3.01e3.18 (m, 8H), 7.26 (d, 3JHeH ¼ 7.5 Hz, 2H, AreH), 7.81 (d,
3JHeH ¼ 8.0 Hz, 2H, AreH), 8.95 (v.br. 1H, CONH). 13C NMR
(125.76 MHz, DMSO-d6): d ¼ 20.88 (s), 26.27 (s), 29.74 (d,
3JPeC ¼ 3.9 Hz, C3/C6), 47.02 (d, 2JPeC ¼ 4.5 Hz, C2/C7), 128.08 (s),
128.68 (s), 131.26 (d, 3JPeC ¼ 8.6 Hz), 141.95 (s), 167.85 (d,
2JPeC¼ 2.2 Hz). MS (70 eV, EI): m/z (%)¼ 378 (18) [Mþ 1]þ, 377 (56)
[M]þ, 376 (69) [M� 1]þ, 279 (53) [M� C6H12N]þ, 119 (81) [C8H7O]þ,
117 (54) [C8H7N]þ, 98 (100) [C6H12N]þ.

For 4. Colorless block crystal. M.p. 185 �C. Anal. Calc. for
(C14H25Cl3N3O2P) (%): C ¼ 41.55; H ¼ 6.23; N ¼ 10.38; found:
C ¼ 41.82; H ¼ 6.26; N ¼ 10.32. IR (KBr, cm�1): 3105, 3002, 2953,
2923, 2851,1728,1453,1383,1355,1291,1225,1202,1161,1117,1068,
945, 869, 806, 727, 672. 31P{1H} NMR (243MHz, DMSO-d6): d¼ 9.30
(s). 1H NMR (601 MHz, DMSO-d6): d ¼ 0.88 (d, 3JHeH ¼ 6.6 Hz, 6H,
CH3), 0.95e1.06 (m, 4H), 1.41e1.50 (m, 2H), 1.53e1.58 (m, 4H),
2.62e2.69 (m, 4H), 3.37e3.46 (m, 4H), 9.77 (s, 1H, CONH). 13C NMR
(151 MHz, DMSO-d6): d ¼ 22.06 (s), 30.37 (s), 33.98 (d,
3JPeC ¼ 4.5 Hz, C3 or C5), 34.15 (d, 3JPeC ¼ 4.7 Hz, C5 or C3), 44.23 (d,
2JPeC ¼ 2.9 Hz, C2 or C6), 44.43 (d, 2JPeC ¼ 3.1 Hz, C6 or C2), 93.24 (s),
161.59 (s). MS (70 eV, EI): m/z (%) ¼ 406 (42) [M þ 3]þ, 405 (14)
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[Mþ 2]þ, 404 (1) [Mþ 1]þ, 307 (10) [C8H13
37Cl35Cl2N2O2P]þ, 243 (58)

[M � C35Cl3C(O)NH]þ, 162 (16) [C2H37Cl35Cl2NO]þ, 147 (58)
[C237Cl35Cl2O]þ, 145 (59) [C237Cl35Cl2N]þ, 100 (100) [C6H14N]þ.

For 5. Colorless prism crystal. M.p. 189 �C. Anal. Calc. for
(C17H24ClFN3O2P) (%): C ¼ 52.65; H ¼ 6.24; N ¼ 10.84; found:
C ¼ 52.43; H ¼ 6.22; N ¼ 10.79. IR (KBr, cm�1): 3050, 2933, 2854,
1690, 1579, 1482, 1450, 1340, 1297, 1193, 1112, 1072, 961, 844, 766,
725. 31P{1H} NMR (122 MHz, CDCl3): d ¼ 10.37 (s). 19F{1H} NMR
(283MHz, CDCl3, CFCl3): d ¼ �114.40 (s). 1H NMR (301 MHz, CDCl3):
d ¼ 1.46e1.49 (m, 12H), 3.07e3.09 (m, 8H), 6.98e7.04 (m, 1H, AreH),
7.26e7.32 (m, 2H, AreH), 9.20 (s, 1H, CONH). 13C NMR (76 MHz,
CDCl3): d ¼ 24.55 (s), 26.13 (d, 3JPeC ¼ 4.5 Hz, C3/C5), 45.60 (d,
2JPeC ¼ 3.0 Hz, C2/C6), 116.70 (d, 2JFeC ¼ 25.0 Hz), 118.28 (d,
2JFeC ¼ 22.7 Hz), 126.08 (d, JFeC ¼ 3.0 Hz), 131.60 (d, JFeC ¼ 8.3 Hz),
136.93 (dd, 3JPeC¼ 9.8 Hz, 3JFeC¼ 6.8 Hz),160.75 (d, 1JFeC¼ 248.2 Hz),
166.54 (s). MS (70 eV, EI): m/z (%)¼ 388 (11) [Mþ 1]þ, 387 (13) [M]þ,
386 (42) [M� 1]þ, 157 (39) [C7H3

35ClFO]þ, 155 (35) [C7H3
35ClFN]þ, 131

(57) [C5H10NOP]þ, 129 (38) [C6H3
35ClF]þ, 84 (100) [C5H10N]þ.

For 6. Colorless prism crystal. M.p. 198 �C. Anal. Calc. for
(C21H32ClFN3O2P) (%): C ¼ 56.82; H ¼ 7.27; N ¼ 9.47; found:
C ¼ 56.68; H ¼ 7.31; N ¼ 9.43. IR (KBr, cm�1): 3042, 2928, 2857,
1694, 1580, 1453, 1393, 1265, 1179, 1158, 1114, 1009, 980, 885, 856,
765, 642. 31P{1H} NMR (122MHz, CDCl3): d¼ 13.67 (s). 19F{1H} NMR
(283MHz, CDCl3, CFCl3): d¼�114.29 (s). 1H NMR (301MHz, CDCl3):
d¼ 1.01e1.79 (m, 20H), 2.64 (d, 3JPeH ¼ 11.1 Hz, 6H, CH3), 3.34e3.46
(m, 2H), 7.03e7.10 (m, 1H, AreH), 7.29e7.37 (m, 2H, AreH), 8.61 (s,
1H, CONH). 13C NMR (76 MHz, CDCl3): d ¼ 25.62 (s), 26.05 (s), 26.06
(s), 27.82 (d, 2JPeC ¼ 5.3 Hz, C7), 30.86 (d, 3JPeC ¼ 2.3 Hz, C2 or C6),
30.93 (d, 3JPeC ¼ 3.8 Hz, C6 or C2), 55.13 (d, 2JPeC ¼ 4.5 Hz, C1), 116.81
(d, 2JFeC ¼ 24.2 Hz), 118.38 (d, 2JFeC ¼ 23.5 Hz), 125.85 (d,
JFeC ¼ 3.0 Hz), 131.64 (d, JFeC ¼ 7.6 Hz), 136.98 (dd, 3JPeC ¼ 9.1 Hz,
3JFeC ¼ 6.8 Hz), 160.90 (d, 1JFeC ¼ 248.9 Hz), 166.29 (s). MS (70 eV,
EI): m/z (%) ¼ 445 (25) [M þ 2]þ, 444 (48) [M þ 1]þ, 443 (25) [M]þ,
331 (12) [M � C7H14N]þ, 172 (8) [C7H4

35ClFNO]þ, 157 (42)
[C7H3

35ClFO]þ, 155 (68) [C7H3
35ClFN]þ, 112 (100) [C7H14N]þ.
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