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Abstract Different molecular assemblies were compared
in two new structures [4-CH3-C6H4C(O)NH]P(O)[NH]2(-

CH2)3, 1, and [4-CH3-C6H4C(O)NH]P(O)[NHC6H3(3,4-

CH3)2]2, 2, belonging to the families of “cyclic phosphoric
triamide” and “phosphoric triamide”, respectively. The

differences in the hydrogen bond motifs were discussed (by

single crystal X-ray diffraction) as a result of three factors:

(1) action of two N atoms with a non-planar environment in

1 as an H-bond acceptor, (2) different orientations of three
N–H bond vectors in two molecules and (3) different

conformations of C=O and P=O groups. These differences

lead to more complicated hydrogen bond pattern of 1, with
respect to that of 2, as structure 1 may be considered as a
model of four-acceptor–three-donor versus a two-acceptor–

three-donor system in 2. The main discrepancies of 1 and 2,
monitored by the Hirshfeld surface analysis, are related to

the contribution portions of O···H/H···O contacts, in which

compound 1 not only involves the greater existence of
classical hydrogen bonds but also contains the further C–

H···O weak interactions in its crystal packing with respect

to compound 2. Instead, in 2, the shortage of O···H/H···O
contacts has been partially compensated by the C···H/H···C

interactions, due to the presence of more unsaturated car-

bon acceptors. The differences in assemblies are also

reflected in the solid-state IR spectra, especially for the N–

H vibration frequencies. The new compounds were further

studied by 1D NMR experiments (1H, 13C, 31P), 2D NMR

techniques [HMQC and HMBC (H–C correlation), HSQC

(N–H correlation)], high-resolution ESI–MS, EI–MS

spectrometry and IR spectroscopy.
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Introduction

Supramolecular chemistry is a highly interdisciplinary field of

science that has brought together investigators from many

disciplines including chemistry, physics and biology (Desir-

aju 2010; Resnati et al. 2015). The engineering of molecular

crystals as well as the construction of supramolecular

assemblies are both concerned with intermolecular interac-

tions and hence are conceptually connected (Braga and

Grepioni 1997). There is no doubt that the intermolecular

contacts, especially hydrogen bonds, play a fundamental role

in crystal engineering and stabilization of crystalline solids

(Prins et al. 2001; Steiner 2002;Metrangolo andResnati 2008)
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and thus it is crucial to distinguish different types of interac-

tions in any design strategy (Resnati et al. 2015).

In recent years, phosphoramides have attracted attention in

the viewpoint of crystal engineering (Pourayoubi et al. 2014).

The reasons for such interests are not only because they may

be considered as smallmolecularmodels of some biologically

active macromolecules such as phosphorus–nitrogen com-

pounds like tetrapeptide-based phosphoramides (Wu and Hu

2016), but also because there are many examples of biologi-

cally active phosphoramide small molecules (Upadhyay,

2012). On the other hand, the basic skeleton in the phospho-

ramide compounds, P(=O)(N), is similar to the group

occurring in peptides, (C=O)(N), and some similarity was

found on the properties (Yizhak et al. 2013) with differences

arising from the tetrahedral environment in phosphorus and

the planar environment in carbon, and also the greater elec-

tron-donor capability of P=O with respect to C=O (Toghraee

et al. 2011). Moreover, the study of intermolecular interac-

tions received by a phosphoramide small molecule is

interesting, as they are usually similar to the casewhere such a

molecule is placed in a biological environment such as an

enzyme’s active site (Carletti et al. 2013).

For the study of intermolecular interactions, apart from a

traditional numerical analysis based on donor–acceptor

distances for the characteristic contacts, the investigation

can also be done using Hirshfeld surface analysis which is

a new tool for graphical studying all interactions in a

crystal combined with detailed quantitative information

(McKinnon et al. 2004, 2007). This method develops the

study of intermolecular interactions to all of the contacts in

the structure, including the weak ones (Michalik et al.

2014). Such an analysis is more precise, as the cumulative

effect of weak interactions in crystal stabilization may

sometimes have more important role than the classical

hydrogen bonds which merely consider the interactions

between the best hydrogen donor and hydrogen acceptor

sites in the crystal. Additionally, this analysis is particu-

larly useful in studying how different substituents and

functionalities can affect the crystal packing and molecular

assembly behaviour (Martin et al. 2015).

Herein, we give a comparative study of molecular

assemblies and intermolecular arrangements in two new

compounds belonging to the “cyclic phosphoric triamide”

and “phosphoric triamide” families. Different hydrogen-

bonded graph-set motifs and the complete superstructures

of compounds are discussed, and the details of coopera-

tion/competition of segments of molecules involved in

intermolecular contacts are analysed with X-ray crystal-

lography combined with 3D-Hirshfeld surface maps and

2D-fingerprint plots. The newly synthesized compounds

are also studied by 1H, 13C, 31P, 1H–13C HMQC, 1H–13C

HMBC and 1H–15N HSQC NMR, ESI–MS, EI–MS spec-

trometry and IR spectroscopy.

Experimental

X-Ray measurements

Data collection processes were performed for the structures

1 (using Mo-Kα radiation, λ = 0.71073 Å) and 2 (using Cu-
Kα radiation, λ = 1.54186 Å) with a STOE IPDS II

diffractometer and a graphite monochromator. The struc-

tures were solved with SIR92 (Altomare et al. 1994) (for 1)
and SUPERFLIP (Palatinus and Chapuis 2007) (for 2) and
refined using full matrix least squares on F2 with the
SHELXL2014 (Sheldrick 2015). All hydrogen atoms were

included in the refinement at geometrically fixed positions

and refined with a riding model (Sheldrick 2008). The

molecular graphics were generated by MERCURY

(Macrae et al. 2008) and DIAMOND (Brandenburg and

Putz 1999) for Windows.

Hirshfeld surface analysis

Historically, the Hirshfeld surface (HS) emerged from an

effort to define the space occupied by a molecule in a

crystal for the purpose of partitioning crystalline electron

density into molecular fragments (Spackman and Byrom

1997). Such a surface was named in honour of F. L. Hir-

shfeld, who introduced the “stockholder partitioning”

scheme (Hirshfeld 1977). Afterwards, it was realized that

the Hirshfeld surfaces possessed a number of attributes that

make them attractive for identification of intermolecular

interactions in the context of crystal packing (McKinnon

et al. 2004). In a Hirshfeld surface, the parameters de and di
describe the distances from a point on the surface to the

nearest nucleus outside and inside the surface, respectively.

The dnorm value is the sum of the normalised quantities of

di and de by considering the van der Waals radius of atoms
involved. This value graphically highlights the regions of

the surface involved in a specific type of intermolecular

contact by a coloured scheme: red regions represent con-

tacts shorter than the sum of van der Waals radii; white

regions represent intermolecular distances close to van der

Waals contacts and blue regions represent contacts longer

than the sum of van der Waals radii (Spackman and Jay-

atilaka 2009). The fingerprint plots (FPs) are introduced as

the two-dimensional representations of the information

provided by the generated HSs. The FPs are plotted on an

XY-grid formed by de, di pairs (X = di and Y = de), where
the frequencies of occurrence of interactions (the number

of points with a given de, di pair) are represented by dif-
ferent colours. Moreover, the complementary regions are

visible in the FPs where one molecule acts as a donor

(de[di) and the other as an acceptor (de\di) (Spackman
and McKinnon 2002).
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Spectroscopic measurements

IR spectra of 1 and 2 were recorded using a Buck 500
scientific spectrometer as KBr pellets. 1H, 13C, and 31P

NMR spectra were recorded on a Bruker Avance 300 and a

Bruker Avance III 500 spectrometer. The chemical shifts

were determined relative to TMS for 1H and 13C, and

relative to 85% H3PO4 for
31P, as an internal or external

standard, respectively. 1H–13C HMQC and 1H–13C HMBC

were carried out on a Bruker Avance III 500 spectrometer,

and 1H–15N HSQC experiments were carried out on Agi-

lent DDR2 400 spectrometer. The mass spectra were

recorded with a MS model CH7A Varian (EI, 70 eV) and a

MS model 5973 Network Mass Selective Detector (EI,

20 eV). High-resolution mass spectra were recorded on a

Bruker FTMS 4.7 T BioAPEX II spectrometer.

Chemicals

4-Methylbenzamide, 1,3-propanediamine, 3,4-dimethy-

laniline, phosphorus pentachloride, phosphorus pentoxide,

acetonitrile and methanol were commercially available and

chloroform was dried with P2O5 and distilled prior to use.

General procedure for the synthesis of compounds 1
and 2

4-CH3-C6H4C(O)NHP(O)Cl2 was prepared according to

the method used for the analogous compound 4-NO2-

C6H4C(O)NHP(O)Cl2 by using 4-CH3-C6H4C(O)NH2
instead of 4-NO2-C6H4C(O)NH2 (Pourayoubi and Sab-

baghi 2009). To synthesize compounds 1 and 2 (the related
chemical structures are shown in Table 1), a solution of

Table 1 2D 1H–13C HMQC and HMBC correlations for 1 and 2

Chemical structure of compound Atom HMQC HMBC
1J 2J 3J

N
H

P
N
H

HN
C

O

O

CH3

1
2

3
4

5

6

7

1′

2′ 3′

8

1

H2/H6 (δ = 7.87) C2/C6 (δ = 127.94) – C4 (δ = 141.81)

– C8 (δ = 168.45)

H3/H5 (δ = 7.27) C3/C5 (δ = 128.69) – C1 (δ = 131.01)

– C7 (δ = 20.89)

H7 (δ = 2.36) C7 (δ = 20.89) C4 (δ = 141.81) C3/C5 (δ = 128.69)

H1′/H3′ (δ = 3.05 – 3.15) C1′/C3′ (δ = 41.76) C2′ (δ = 26.02) –

H2′ (δ = 1.55 – 1.61) C2′ (δ = 26.02) C1′/C3′ (δ = 41.76) –

N
H

P

O

N
H

NH

C
O

CH3

H3C

CH3CH3

H3C

1
2

3

4

5
6

7

1′

2′
3′

7′

8′
4′

5′
6′

8

2

H2/H6 (δ = 7.84) C2/C6 (δ = 128.07) C3/C5 (δ = 128.75) C4 (δ = 142.35)

C8 (δ = 167.53)

H3/H5 (δ = 7.26) C3/C5 (δ = 128.75) C4 (δ = 142.35) C1 (δ = 130.41)

C2/C6 (δ = 128.07) C7 (δ = 20.89)

H7 (δ = 2.34) C7 (δ = 20.89) C4 (δ = 142.35) C3/C5 (δ = 128.75)

H2′ (δ = 6.96) C2′ (δ = 119.02) C1′ (δ = 138.74) C4′ (δ = 127.85)

H5′ (δ = 6.91) C5′ (δ = 129.54) C6′ (δ = 115.14) C1′ (δ = 138.74)

C3′ (δ = 136.10)

H6′ (δ = 6.87) C6′ (δ = 115.14) C1′ (δ = 138.74) C4′ (δ = 127.85)

H7′ (δ = 2.11) C7′ (δ = 19.50) C3′ (δ = 136.10) C2′ (δ = 119.02)

C4′ (δ = 127.85)

H8′ (δ = 2.08) C8′ (δ = 18.37) C4′ (δ = 127.85) C3′ (δ = 136.10)
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2 mmol diamine (1,3-propanediamine) for 1 and 4 mmol
amine (3,4-dimethylaniline) for 2 in dry CHCl3 (5 mL) was
added dropwise to a stirred solution of 1 mmol 4-CH3-

C6H4C(O)NHP(O)Cl2 in dry CHCl3 (20 mL) at 0 °C. After
4 h, the solvent was removed in vacuum and the solid was

washed with H2O. Suitable single crystals for X-ray crys-

tallography were obtained at room temperature from a

mixture of CH3OH/CHCl3 (1:1) for 1 and CH3OH/CH3CN
(3:1) for 2 (after a few days).

Spectroscopic data

4-Methyl-N-(2-oxido-1,3,2-diazaphosphinan-2-yl)
benzamide, 1

M.p. 218 °C. ESI–MS = 254.10508. (calcd. for C11H17-
N3O2P

+ 254.10529). 31P{1H} NMR (121.49 MHz, DMSO-

d6, 85% H3PO4): δ = 3.52 (s). 1H NMR (500.13 MHz,

DMSO-d6, TMS): δ = 9.10 (very br. s, 1H, CONH), 7.87
(apparent d, J = 8.2 Hz, 2H, H2/H6), 7.27 (apparent d,
J = 7.9 Hz, 2H, H3/H5), 4.49 (m, 2H, NH), 3.15–3.05 (m,
4H, H1′/H3′), 2.36 (s, 3H, H7), 1.61–1.55 (m, 2H, H2′). 13C
NMR (125.76 MHz, DMSO-d6, TMS): δ = 168.45 (s, C8),
141.81 (s, C4), 131.01 (d, 3JPC = 7.4 Hz, C1), 128.69 (s,
C3/C5), 127.94 (s, C2/C6), 41.76 (d, 2JPC = 3.5 Hz, C1′/
C3′), 26.02 (d, 3JPC = 6.2 Hz, C2′), 20.89 (s, C7). 15N–1H
corr. (DMSO-d6) {–283.16, 4.52} (CH2NHPO) (CONHPO
correlation peak was not detected). IR (KBr, cm−1): 3318,

3156, 2930, 2874, 1660 (C=O), 1460, 1271, 1219, 1194,

1095, 998, 822, 742. MS (70 eV, EI): m/z (%) = 30 (84),

43 (73), 56 (87), 72 (88), 91 (90), 117 (87), 119 (95), 135

(100), 136 (88), 155 (22), 181 (23), 251 (88), 252 (84), 253

(13).

N-(Bis((3,4-dimethylphenyl)amino)phosphoryl)-4-
methylbenzamide, 2

M.p. 248 °C. ESI–MS: 422.19962 (calcd. for C24H29N3-
O2P

+ 422.19919). 31P{1H} NMR (121.49 MHz, DMSO-d6,
85% H3PO4): δ = −4.48 (s). Mixture of rotamers (Major
rotamer): 1H NMR (500.13 MHz, DMSO-d6, TMS):
δ = 9.73 (d, 2JPH = 8.3 Hz, 1H, CONH), 7.84 (apparent d,
J = 8.3 Hz, 2H, H2/H6), 7.55 (d, 2JPH = 9.5 Hz, 2H, NH),

7.26 (apparent d, J = 7.9 Hz, 2H, H3/H5), 6.96 (d,
J = 1.9 Hz, 2H, H2′), 6.91 (d, J = 8.2 Hz, 2H, H5′), 6.87
(dd, J = 8.1, 2.1 Hz, 2H, H6′), 2.34 (s, 3H, H7), 2.11 (s,
6H, H7′), 2.08 (s, 6H, H8′). 13C NMR (125.76 MHz,

DMSO-d6, TMS): δ = 167.53 (s, C8), 142.35 (s, C4),
138.74 (s, C1′), 136.10 (s, C3′), 130.41 (d, 3JPC = 8.8 Hz,

C1), 129.54 (s, C5′), 128.75 (s, C3/C5), 128.07 (s, C2/C6),
127.85 (s, C4′), 119.02 (d, 3JPC = 7.4 Hz, C2′), 115.14 (d,
3JPC = 7.4 Hz, C6′), 20.89 (s, C7), 19.50 (s, C7′), 18.37 (s,
C8′). 15N–1H corr. (DMSO-d6) {–258.09, 9.78}

(CONHPO), {−248.80, 7.64} (CArNHPO) (Minor rotamer):
1H NMR (500.13 MHz, DMSO-d6, TMS): δ = 9.54 (d,
2JPH = 8.7 Hz, CONH), 7.81 (apparent d, J = 8.3 Hz, H2/

H6), 7.41 (broad, NH), 7.23 (apparent d, J = 8.0 Hz, H3/

H5), 6.96 (d, H2′), 6.91 (d, J = 7.4 Hz, H5′), 6.84 (dd, H6′),
2.33 (s, 3H, H7), 2.13 (s, 6H, H7′), 2.09 (s, 6H, H8′). 13C
NMR (125.76 MHz, DMSO-d6, TMS): δ = 167.33 (s, C8),
142.00 (s, C4), 139.28 (s, C1′), 135.84 (s, C3′), 130.68 (d,
3JPC = 8.6 Hz, C1), 129.95 (s, C5′), 128.67 (s, C3/C5),
128.01 (s, C2/C6), 127.13 (s, C4′), 118.61 (d,
3JPC = 7.6 Hz, C2′), 114.75 (d, 3JPC = 7.4 Hz, C6′), 20.86
(s, C7), 19.39 (s, C7′), 18.44 (s, C8′). 15N–1H corr.

(DMSO-d6) {–258.60, 9.77} (CONHPO), {−249.55, 7.61}
(CArNHPO). IR (KBr, cm−1): 3280, 3097, 2919, 1646

(C=O), 1615, 1511, 1442, 1393, 1359, 1279, 1225, 1165,

1116, 1016, 969, 923, 863, 817, 748, 685. MS (20 eV, EI):

m/z (%) = 41 (47), 51 (40), 63 (34), 77 (43), 91 (63), 106

(89), 117 (64), 119 (32), 121 (100), 129 (3), 139 (6), 152

(10), 167 (5), 181 (9), 196 (3), 211 (9), 223 (3), 231 (3),

243 (13), 257 (1), 271 (3), 286 (3), 301 (12), 303 (3), 304

(9), 421 (8). Experimental NMR, IR and Mass spectra of

compounds 1 and 2 are given in the Electronic Supple-
mentary Information (ESI).

Results and discussion

Mass spectrometric analysis

The high-resolution ESI–MS characterization was carried

out for two compounds, which very much supported the

presented structures.

The EI mass spectra of compounds 1 and 2 were also
recorded, which show the molecular ion peaks [M]+ at m/
z 253 and 421, respectively. Compound 1 presents the [M
−1]+ fragment peak which can be attributed to loss of an H
atom. The peak at m/z 117 in the mass spectra of two
compounds is assigned to the 4-CH3-C6H4CN

+ radical-

cation which was formed by the removing of amidophos-

phoric acid from the parent ion, as was reported for

analogous [C6H5C(O)NH]P(O)[OR]2 phosphoramides by
the removing of the esters of phosphoric acid (Mizrahi and

Modro 1982). The observation of this fragment indicates

that the parent radical-cation rapidly undergoes a migration

of phosphorous from nitrogen to oxygen. From this

resulting isomer a McLafferty fragmentation would pro-

duce the C8H7N
+ radical cation and neutral

amidophosphoric acid. Typical for the McLafferty frag-

mentation is the fact that the charge could appear

alternatively on either fragment, i.e. the amidophosphoric

acid part could also be charged and hence observed. Typ-

ically, the signal related to amidophosphoric acid radical-

cation was detected in the mass spectrum of 2 (m/z 304,
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(HO)P(O)[NHC6H3-3,4-(CH3)2]2
+) after loss of 4-CH3-

C6H4CN. It is concluded that the pathway involving

elimination of amidophosphoric acid molecule is preferred

in 2, due to a considerable lower intensity of the ami-
dophosphoric acid radical-cation compared to the

4-methyl-phenyl cyanide radical-cation in compound 2.
For compound 2, the peaks at m/z of 303 (assigned to the

ion (O)P(O)[NHC6H3-3,4-(CH3)2]2
+) and at 286 ([M

−C8H9NO]
+) are also revealed. The base peaks for com-

pounds 1 and 2 are observed, respectively, at m/z of 135
(related to the 4-CH3-C6H4C(O)NH2

+ ion) which results

through a classical onium reaction (Bauerschmidt et al.

1992) and 121 (attributed to the 3,4-(CH3)2-C6H3NH2
+

fragment ion).

The other important peak in these compounds appears at

m/z 119, which is evidence for a bond scission of the amide
bond in the NH–C(O) section generating the CH3-C6H4C

(O)+ fragment, as reported for analogous compounds

(Gholivand et al. 2008).

IR and NMR study

Stretching frequencies of the N–H units occur at 3156 and

3318 cm−1 for 1 and 3097 and 3280 cm−1 for 2. In both
compounds, the lower stretching frequencies are related to

NCP–H, engaged in hydrogen bonding interactions with the

P=O group (with greater hydrogen bond strengths with

respect to the NP–H···O=C hydrogen bond), as demonstrated

by a comparison of IR spectra in various compounds and

supported by quantum chemical calculations (Pourayoubi

et al. 2013). The reason for the higher NP–H stretching fre-

quency of 1 with respect to that of 2 is related to the
involvement ofNP–Hunits inweaker hydrogen bonds aswill

be discussed in the X-ray crystallography section.

The phosphorus chemical shifts for 1 and 2 are observed
at 3.52 and −4.48 ppm, respectively. The negative value for
2 may be attributed to the magnetic anisotropy of aromatic
rings (of two NHC6H3-3,4-(CH3)2 groups) on the phos-

phorus atom existing in the cone-shaped shielding zone.

Such negative values of phosphorus chemical shifts were

also found in the 31P NMR of analogous compounds, which

typically include NHC6H4-4-CH3 group bonded to P atom,

for example: [4-F-C6H4C(O)NH]P(O)[NHC6H4-4-CH3]2
(−4.61 ppm) (Tarahhomi et al. 2011) and [CF3C(O)NH]P
(O)[NHC6H4-4-CH3]2 (−5.38 ppm) (Gholivand et al.

2009).

Table 1 lists the 1H and 13C NMR assignments of both

compounds, with the assignments achieved by 2D experi-

ments. In the 1HNMR spectrum of 1 the broad signal at
9.10 ppm is related to the corresponding C(O)NHP

(O) proton. For 2, a similar proton is revealed as a doublet
signal at 9.73 ppm with 2JPNH = 8.3 Hz. Compound 2 also
shows a set of minor signals attributed to the other rotamer

in solution, whereby we bring here the minor signal for NH

at 9.54 ppm with 2JPNH = 8.7 Hz. The two rotameric forms

interconvert slowly on the NMR time scale.

The multiplet signal at 4.49 ppm for 1 corresponds to
two chemically equivalent NP–H protons in the P(O)

[NH]2(CH2)3 segment. For 2, the fluxionality would

explain why not only two signals at 7.41 ppm and 7.55 ppm

are observed for the NP–H protons of the P(O)[NHC6H3-

3,4-(CH3)2]2 segment, but also why the first signal is so

broad. The full assignments of major rotamer are also

represented in Table 1.

The aromatic protons of the 4-CH3-C6H4C(O) segment

are revealed as two doublet signals in 1 and as two sets of
two doublets in 2, in the range of 7.23–7.87 ppm.
In the 13C NMR spectrum of 1, the doublet signal at

131.01 ppm (3JPC = 7.4 Hz) is related to the C1 atom of

4-CH3-C6H4 segment. For the major and minor rotameric

forms of 2, the signal of similar C atom is also split as

doublets at 130.41 (3JPC = 8.8 Hz) and 130.68 ppm (3-

JPC = 8.6 Hz), respectively.

Furthermore, the carbon atoms of [NH]2(CH2)3 part in 1
show both 2JPC (at 41.76 ppm) and

3JPC (at 26.02 ppm) in
the observed doublet signals. For 2, the signals of NHC6-
H3(3,4-CH3)2 part include only doublets at 119.02 and

115.14 ppm for major rotamer and at 118.61 and

114.75 ppm for minor rotamer related to three-bond sep-

aration phosphorus-carbon coupling (3JPC), besides the
singlets for the other carbon atoms.

Moreover, the data of 2D 1H–13C HMQC and 1H–13C

HMBC techniques were gathered in Table 1 in order to

provide information about the interaction between the

protons and the carbon atoms, which are directly attached

to each other (via HMQC) and also for assignment of the

carbon atoms not-bonded to the hydrogen atom (via

HMBC) in compounds 1 and 2. The latter spectrum shows

the connectivities between proton and carbon atoms with
2J and 3J relations.
Additionally, in the 1H–15N HSQC NMR spectra of 1

and 2 the following cross-peaks could be found: 4.52/–
283.16 ppm for NP–H of 1 and 7.64/−248.80 ppm and 7.61/
−249.55 ppm for NP–H in two rotameric forms of 2. The
cross-peak of NCP–H in is absent 1, while two rotameric
forms of 2 manifest the peaks at 9.78/−258.09 ppm and

9.77/−258.60 ppm. The disappearance of cross-peak noted
for 1 may be due to the hydrogen bond formation in

solution.

X-ray crystallography investigation

General structural features

Both compounds 1 and 2 crystallize in the monoclinic

crystal system, within the P21/c space group. The
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crystallographic data and refinement parameters are pre-

sented in Table 2. The asymmetric units of the two

compounds contain one molecule each (Figs. 1, 2). The

bond angles at the P atoms are in agreement with a distorted

tetrahedral configuration with calculated τ4 geometry index
values (Yang et al. 2007) of 0.94 (for 1) and 0.92 (for 2). In
both structures, the O=P–NCP angles are smaller than the

two O=P–NP angles, Table 3 (in our discussion, the NCP is

used for the nitrogen atom within the C(O)NHP(O) segment

and the NP is representation of two other nitrogen atoms

attached to the phosphorous atom). The P=O and C=O bond

lengths [respectively, 1.464(3) Å and 1.235(6) Å for 1 and
1.4734(11) Å and 1.228(2) Å for 2] are in the standard range
for phosphoric triamides (Toghraee et al. 2011). The six-

membered P1/N1/C3/C2/C1/N2 ring of 1 adopts a nearly
half-boat conformation on the basis of puckering parameters

calculated according to Cremer and Pople (1975)

[Q = 0.500(6), θ = 155.1(6)°, Φ = 13.9(14)°]. The out of
plane displacements calculated for the atoms of the ring are

as follows: P1, −0.066(2); N1, 0.100(5); C3, −0.219(6); C2,
0.304(6); C1, −0.270(6) and N2, 0.151(5).
With respect to thenitrogen atoms, themain differences in 1

and 2 are related to the geometries at the N atoms bound to P,

calculatedby thebond-angle sums at theNatoms (Σ). Structure
1 includes two NP atoms which are located in the non-planar
environment [Σ = 343(3)° and 350(3)°]. The criteria for dis-
tinguishing between planar and non-planar geometries are the

Table 2 Crystal data and structure refinement for 1 and 2

1 2

Empirical formula C11H16N3O2P C24H28N3O2P

Formula weight 253.24 421.46

Temperature (K) 200(2) 200(2)

Wavelength (Å) 0.71073 1.54186

Crystal system Monoclinic Monoclinic

Space group P21/c P21/c

Unit cell dimensions a = 13.5749(5) Å a = 9.9002(6) Å

b = 10.2937(4) Å b = 19.0319(11) Å

c = 9.3410(8) Å c = 12.1900(8) Å

β (°) 107.846(5) 95.531(5)

Volume (Å3) 1242.47(13) 2286.1(2)

Z 4 4

Density (calculated) (g/cm3) 1.354 1.225

Absorption coefficient (mm−1) 0.216 1.257

F(000) 536 896

Index ranges −16 ≤ h ≤ 15, −12 ≤ k ≤ 12, −10 ≤ l ≤ 11 −11 ≤ h ≤ 11, −20 ≤ k ≤ 22, −14 ≤ l ≤ 14

Reflections collected 15,290 16,550

Independent reflections 2161 [R(int) = 0.0875] 3780 [R(int) = 0.0844]

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 2161/0/165 3780/0/285

Goodness-of-fit on F2 1.062 1.018

Final R indices [I[ 2σ(I)] R1 = 0.0796, wR2 = 0.2100 R1 = 0.0450, wR2 = 0.1232

R indices (all data) R1 = 0.0947, wR2 = 0.2211 R1 = 0.0479, wR2 = 0.1250

Largest diff. peak and hole (e Å−3) 0.681 and −0.984 0.333 and −0.346

Fig. 1 Displacement ellipsoid plot (50% probability) is shown for 1
with atom numbering scheme. H atoms are drawn as spheres of

arbitrary radii
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same as previously proposed: N(planar) and N(pyramidal)

refer to the cases with Σ ≥ 352.5° and Σ ≤ 339.0°, respectively,
and the intermediate entries are the cases with Σ in the range
339.0°–352.5° (Allen andBruno, 2010). In 2, oneNP atom is in
a non-planar environment [Σ= 350(2)°] and the other NP atom
indicates the planar environment [Σ = 360(2)°]. In both
structures, the NCP atom is practically planar.

The nitrogen atom in a planar environment shows low

Lewis base characteristic and does not take part in

hydrogen bonding as an acceptor, while there is a possi-

bility (however small) that a nitrogen atom with a tendency

to pyramidality acts in hydrogen bonding pattern as an

acceptor. This knowledge is based on a survey on the

Cambridge Structural Database (CSD, Groom et al. 2016)

for the structures with a P(O)NXY segment. There is no

structure with an N atom as an acceptor in the C(O)NHP

(O)-based phosphoric triamides in the CSD, and a few

examples are related to the other families of phosphorus–

nitrogen compounds (Pourayoubi et al. 2014).

As will be discussed in the section of hydrogen bonding

patterns, the number of H-acceptor sites in 1 develops to
four and the structure of 2 only includes two acceptors in
its hydrogen bonding pattern (Fig. 3). On the other hand, in

1 the number of H-acceptor sites is higher than the number
of H-donor sites, leading to a bifurcated hydrogen bond

(N–H)(···O)(···N). In 2, with a larger number of H-donor
sites than H-acceptor sites, a double-acceptor site in the

(N–H···)(N–H···)O=C entity is found.

Other differences between the two structures are related

to the directions of N–H bond vectors which are illus-

trated in Fig. 4. With respect to the plane crossing the

three N atoms in 1 and 2, two NP–H units in the cyclic

compound 1 are located nearly in the same side of the
P=O group (one NP–H units has the syn-orientation and
the other unit has a gauche-orientation) and in the acyclic
compound 2, two NP–H units adopt an anti-orientation
relative to the P=O group. The direction of NCP–H bond

vector versus P=O is different from what was noted for

NP–H bond vector with respect to the P=O (i.e. anti in 1
and syn in 2). The results of such different conformations
are reflected in the various H-bonding patterns and

diversity of graph-sets created which will be explained in

more detail in the next section.

Hydrogen bonding pattern

In the crystal structure of 1, the N3–H3C unit takes part in
a normal two-centred hydrogen bond, while surprisingly

both N1–H1C and N2–H2C units are involved in the

bifurcated intermolecular N–H(···O)(···N) entities. This is

a novel feature of this structure and there are no C(O)

NHP(O)(NH)2-based phosphoric triamides in the CSD

including such three-centred hydrogen bonds. The reasons

for the existence of such interactions are due to the

presence of nitrogen atoms in a non-planar environment

and also their role as an H-acceptor. Within these two N–

H units noted, N2–H2C is near to three acceptors, but as

will be discussed in the section of Hirshfeld analysis the

third neighbour separation (H2C···O1) is a week inter-
molecular contact.

The sites involving in the hydrogen bonds of 1 are three
N–H units as donors (N1–H1C, N2–H2C and N3–H3C)

Fig. 2 Displacement ellipsoid plot (50% probability) is shown for 2
with atom numbering scheme. H atoms are drawn as spheres of

arbitrary radii

Table 3 Selected bond distances (Å) and angles (°) for 1 and 2

1

P1=O1 1.464 (3) P1–N1 1.627 (4)

C4=O2 1.235 (6) P1–N2 1.632 (4)

C4–N3 1.360 (6) P1–N3 1.685 (4)

O1=P1–N1 114.9 (2) N1–P1–N2 106.6 (2)

O1=P1–N2 113.2 (2) N1–P1–N3 104.8 (2)

O1=P1–N3 109.89 (19) N2–P1–N3 106.7 (2)

O1=P1–N3–C4 −45.8 (4) C4–N3–P1–N1 −169.9 (4)

P1–N3–C4=O2 −13.9 (6) C4–N3–P1–N2 77.2 (4)

2

P1=O2 1.4734 (11) P1–N1 1.6824 (12)

C1=O1 1.228 (2) P1–N2 1.6392 (14)

C1–N1 1.3659 (18) P1–N3 1.6410 (13)

O2=P1–N1 108.08 (6) N1–P1–N2 104.29 (7)

O2=P1–N2 116.11 (7) N1–P1–N3 108.66 (7)

O2=P1–N3 113.90 (7) N2–P1–N3 105.21 (7)

O2=P1–N1–C1 −177.11 (12) C1–N1–P1–N2 −52.99 (13)

P1–N1–C1=O1 11.7 (2) C1–N1–P1–N3 58.83 (14)
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and four sites as acceptors including two O atoms (P1=O1

and C4=O2) as well as two N atoms with relatively high

deviation from planarity (N1 and N2). Considering the

contacts involving these sites, a 2D grid network is built

parallel to the bc plane (Fig. 5). The basic framework of
two-dimensional arrangement is a result of cooperation

between three types of hydrogen bonds (N1–H1C···N2i,
N2–H2C···O2ii and N3–H3C···O1iii; symmetry codes:

(i) −x + 1, y + 1/2, −z + 3/2, (ii) –x + 1, −y, −z + 2 and

(iii) x, −y + 1/2, z − 1/2, Table 4). The other N1–H1C···O2i,
N2–H2C···O1ii and N2–H2C···N2ii hydrogen bonds do not
extend the dimensionality of the hydrogen bond pattern;

however, the 3D superstructure is a result of some weak

interactions which will be discussed in the section of Hir-

shfeld surface analysis.

The important ring motifs, based on the hydrogen bonds

noted, are shown in Fig. 6 which include R21 6ð Þ, R22 8ð Þ,
R22 10ð Þ and R22 12ð Þ. Moreover, some high-order cyclic
motifs can be distinguished in the structure as well as

different linear hydrogen-bonded paths.

For an example of a bigger ring motif, we bring here the

R44 16ð Þ graph-set which is the basic building unit of the 2D
arrangement. This motif is built from hydrogen bonding

interactions between four adjacent molecules via N1–

H1C···N2i and N3–H3C···O1iii hydrogen bonds (Fig. 7).

The N2–H2C···O2ii hydrogen bond then connects the

adjacent tetramers to each other.

An example of a hydrogen-bond chain graph-set in the

structure 1 is shown in Fig. 8, which includes an

assembly of five molecules through the N2–H2C···O1 and
N3–H3C···O1 hydrogen bonds forming a zigzag C34 14ð Þ
chain.

In addition to the hydrogen bonds discussed, the struc-

ture of 1 may be rationalized by the weak cohesion from
the C–H···O (C3–H3A···O2, C···O = 3.265 Å) and C–H···π-
electron ring (C2–H2A···π, H···Cg1 = 2.651 Å,

Cg1 = centroid of C5/C6/C7/C8/C9/C10 ring) interactions.

The hydrogen bond pattern of 2 is relatively simple, as
the nitrogen atoms do not participate as acceptors. So, the

Fig. 3 A general representation

for cyclic phosphoric triamide 1
(a) and phosphoric triamide 2
(b) showing the acceptor sites as
specified with “A”. The

hydrocarbon segments attached

to the carbonyl group and

secondary N atoms are shown

with R′, R1 and R2. The
CH2CH2CH2 linker (R

2) is

given as curved dashed line

Fig. 4 The directionality of the NP–H and NCP–H bond vectors

versus P=O group relative to the plane involving three N atoms (a) for
structure 1 and (b) for structure 2. Only the C–C(O)NHP(O)(NH)2
segment in both structures are shown for clarity. The mean planes are

shown as red and orange colours

Fig. 5 A view of the two-dimensional array of 1 built from NCP–

H···O=P, NP–H···O=C and NP–H···NP hydrogen bonds. The hydrogen

bonds are shown as dotted lines and H atoms not involved in hydrogen
bonds have been omitted for clarity
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structure of 2 is a model of “two-acceptor–three-donor”
systems. In the solid state, the molecules of 2 are hydrogen-
bonded to each other making a 1D arrangement along the a
axis, through the NCP–H···O=P and NP–H···O=C hydrogen

bonds, Fig. 9, forming alternative R22ð8Þ and R22ð12Þ graph-
sets arranged through a chain path. This arrangement also

includes S11ð6Þ graph-set motif made by NP–H···O=C

intramolecular hydrogen bond.

By considering intermolecular C–H···π-electron ring
interactions (C8–H8B···π, H···Cg1 = 3.421 Å, Cg1 = cen-

troid of C17/C18/C19/C20/C21/C22 ring and C23–

H23C···π, H···Cg2 = 3.412 Å, Cg2 = centroid of C2/C3/

C4/C5/C6/C7 ring), a 2D network parallel to (011) plane

is formed by the connection of 1D hydrogen-bonded

chains.

Study of intermolecular interactions by Hirshfeld
surface analysis

For a better understanding of the packing maps and variety

of interactions, it was decided to use a graphical tool for

identification and understanding of intermolecular inter-

actions. For this purpose, we used Hirshfeld surface (HS)

analysis which is a useful method for discerning the close

contacts around a component (molecule/ion).

Molecular Hirshfeld surfaces (dnorm and shape index)

and 2D fingerprint plots of structures 1 and 2 were gen-
erated by the CrystalExplorer 3.1 computer program

(Wolff et al. 2012). The HSs of 1 and 2 with the numerical
labels for different contacts are given in Fig. 10a, b.

Table 5 lists all of the contacts including the classical

Table 4 Hydrogen bond

geometries for 1 and 2
D–H···A d(D–H) d(H···A) d(D···A) ∠(DHA) Symmetry code

1

N1–H1C···N2i 0.90(5) 2.67(5) 3.531(6) 159(4) (i) −x + 1, y + 1/2, −z + 3/2

N1–H1C···O2i 0.90(5) 2.56(5) 3.114(5) 120(4) (i) −x + 1, y + 1/2, −z + 3/2

N2–H2C···O2ii 0.77(6) 2.47(6) 3.223(6) 165(5) (ii) −x + 1, −y, −z + 2

N2–H2C···N2ii 0.77(6) 2.93(5) 3.333(9) 116(5) (ii) −x + 1, −y, −z + 2

N3–H3C···O1iii 0.79(6) 2.02(6) 2.791(5) 163(5) (iii) x, −y + 1/2, z − 1/2

2

N1–H1···O2i 0.79(3) 2.00(3) 2.7803(17) 171(3) (i) −x + 1, −y + 1, −z + 1

N2–H2···O1 0.82(3) 2.17(3) 2.8468(17) 139(3)

N3–H3B···O1ii 0.84(4) 2.01(4) 2.8359(17) 170(3) (ii) −x, −y + 1, −z + 1

Fig. 6 Different graph-set

motifs in structure 1; H atoms
bonded to the C atoms have

been omitted for the sake of

clarity
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hydrogen bonds and the weak interactions, with the bold

text used for the classical hydrogen bond.

The label 1 is devoted to the most important interaction

in both structures (Fig. 10a, b), namely between NCP–H

unit and the oxygen atom of P=O group, appearing as the

large red spots. The NCP–H···O=P interactions have the

shortest N···O distances in two structures, as was noted

earlier (Table 4). In the crystal structures of 1 and 2, there
are two other NP–H units which take part in some

additional weak intermolecular interactions, especially NP–

H···O=C in both structures and NP–H···NP in 1.
As mentioned in the section of X-ray crystallography,

the N2–H2C unit of the NH(CH2)3NH segment in 1 is near
to three H-acceptor atoms proposing the existence of N2–

H2C···O2=C4, N2–H2C···N2 and N2–H2C···O1=P1 con-
tacts. The two former interactions are seen as relatively

large and small red spots, respectively (labels 2 and 7 in

Fig. 10a). The possible N2–H2C···O1=P1 interaction has
the H···O distance near the corresponding sum of the van

der Waals radii and thus appears as white area. The N1–

H1C unit of the NH(CH2)3NH segment also behaves as a

double H-atom donor and takes part in N1–H1C···N2 (label
5, Fig. 10a) and N1–H1C···O2=C4 (label 6, Fig. 10a) weak
intermolecular interactions. In contrast to 1, only one of the
NP–H units in 2 participates in intermolecular hydrogen
bonding (with C=O group) and revealed as a large red area

in Fig. 10b (labelled 2).

There are also two kinds of weak C–H···O intermolec-

ular interactions in compound 1: CAr–H···O=P (label 3 in
Fig. 10a), and CAliph–H···O=C (label 4 in Fig. 10a). The

CAr–H···O=P contact also exists in structure 2 (label 3 in
Fig. 10b). All discussed C–H···O close contacts are viewed

as small red areas in the related Hirshfeld surface maps.

Figure 11a, b displays the Hirshfeld surfaces mapped

with shape index functions for 1 and 2. Shape index is a
feature of Hirshfeld surface analysis that allows for iden-

tification of complementarity between molecules in the

crystal packing so that features on the shape index surface

that have an identical pattern but opposite colours indicate

areas of intermolecular complementarity such as aromatic

stacking interactions, e.g. C–H···π and π···π interactions.
The red π-hole in Fig. 11a is related to the electron-rich
aromatic system and indicates the presence of C–H···π

Fig. 7 Cyclic R44ð16Þ tetramer motif in the crystal structure of 1,
formed via N1–H1C···N2i and N3–H3C···O1iii hydrogen bonds. H
atoms not involved in hydrogen bonding have been omitted for

clarity. The symmetry-related molecules are shown with different
colours [symmetry codes: (i) –x + 1, y + 1/2, –z + 3/2, (iii) x, –y + 1/

2, z − 1/2]

Fig. 8 The C34ð14Þ chain graph-set in the crystal structure of 1,
formed via N2–H2C···O1ii (red dashed line) and N3–H3C···O1iii (blue
dashed line) hydrogen bonds. H atoms bonded to the C atoms have

been omitted for the sake of clarity [symmetry codes: (ii) –x+ 1, –y, –
z + 2, (iii) x, –y + 1/2, z − 1/2]

Fig. 9 A crystal packing diagram for structure 2, formed via N1–
H1···O2i and N3–H3B···O1ii hydrogen bonds (dashed lines). The H
atoms bonded to the C atoms have been omitted for clarity [symmetry

codes: (i) –x + 1, –y + 1, –z + 1, (ii) –x, –y + 1, –z + 1]
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interaction, with the C–H from the CH2 part. The three

electron-rich π systems are present in the structure 2 and
two different C–H···π interactions (as red π-holes) marked
(A) and (B) are found in the crystal, as shown in Fig. 11b.

In (A), one of the 3,4-(CH3)2-C6H3 aromatic rings acts as a

source of π-electrons and in (B), 4-CH3-C6H4 ring provides
such electrons for aforementioned interactions. For the

interactions (A) and (B), the C–H units of methyl groups in

4-CH3-C6H4 and 3,4-(CH3)2-C6H3 groups behave as a

donor, respectively.

The full fingerprint plots (FPs) of compounds 1 and 2
are illustrated in Figs. 12a and 13a, respectively. These

plots represent the total interactions which can be divided

into the different interactions to show contribution portions

of each contact in the total Hirshfeld surfaces. For two

Fig. 10 Front and back views

of the Hirshfeld surfaces for

molecules 1 and 2 are shown in
a and b, respectively. Labels on
HSs are explained in Table 5

Table 5 Classical hydrogen bonds (as bold text) and other inter-

molecular interactions with distances shorter than the sum of van der

Waals radii for 1 and 2

Structure D–H···A Label Figures

1 N3–H3C···O1=P1 1 10a (large red spot)

N2–H2C···O2=C4 2 10a (large red spot)

C6–H6···O1=P1 3 10a

C3–H3A···O2=C4 4 10a

N1–H1C···N2 5 10a

N1–H1C···O2=C4 6 10a

N2–H2C···N2 7 10a

2 N1–H1···O2=P1 1 10b (large red spot)

N3–H3B···O1=C1 2 10b (large red spot)

C3–H3A···O2=P1 3 10b
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structures, the H···H interactions (manifested in the middle

area of the scattered points in the 2D fingerprint plots)

make up the majority of the Hirshfeld surfaces (54.3 and

59.9%, Figs. 12b, 13b) relative to other contacts, as a

consequence of the higher number of hydrogen atoms in

these structures.

Fingerprint plots of Figs. 12c and 13c show the O···H

interactions in structures 1 and 2, with two sharp H-bond
spikes in the regions of bottom right (de\ di, O···H) and

Fig. 11 Hirshfeld surfaces

mapped with shape index

function: a for 1 and b for 2

Fig. 12 Fingerprint plots for 1. Close contacts are as follows: a all, b H···H, c O···H/H···O, d C···H/H···C and e N···H/H···N
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top left (de[ di, H···O) of the related plots, providing the
closest contacts with minimum di + de values of ≈1.8 Å for
both structures. The O···H interactions (23.1% for 1 and

9.7% for 2) include both N–H···O and C–H···O contacts. As
would be expected greater of O···H/H···O interactions are

observed for 1, with all of N–H units involved in the

superstructure. The fewer number of unsaturated carbon

atoms in 1 is also reflected in smaller C···H/H···C contacts
in 1 (17.9%), as compared to 2 (25.5%), Figs. 12d and 13d.
The N···H contacts, showed in Figs. 12e and 13e, only

make up 4.5% for 1 and 3% for 2, but are significant because
the nitrogen atom bonded to phosphorus has a low Lewis

base characteristic and the existence of N···H interactions is

a highlight of these structures, with significantly more value

for the structure 1 which includes two N atoms with

remarkable deviance from planarity. A comparison of

Figs. 12e and 13e (for N···H contacts) indicates that the

shortest de+ di (shown as blue points on related FPs) for 1 is
near 2.6 Å and for 2 is near 2.8 Å, in which the shortest
N···H contact in 1 is related to the weak intermolecular NP–
H···NP

i interaction (N1–H1C···N2i, Tables 4, 5).
In addition to the interactions discussed above, there are

additional short contacts such as C···C and O···C that

comprise only a small fraction of the Hirshfeld surfaces

(Fig. 14) and are not shown in related fingerprint plots.

Finally, a visual inspection of FPs in Figs. 12 and 13

shows that the upper de and di values on the full FP of 1 are

Fig. 13 Fingerprint plots for 2. Close contacts are as follows: a all, b H···H, c O···H/H···O, d C···H/H···C and e N···H/H···N

Fig. 14 Relative contributions of various intermolecular contacts for

structures 1 (inside circle) and 2 (outside circle)
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more compact than those in the full FP of 2 (de\2.5 Å and

di\ 2.5 Å in 1, de\ 2.7 Å and di\ 2.7 Å in 2), which
indicates more efficient packing in 1.

Conclusions

Different molecular assemblies were compared in two new

structures belonging to the families of “cyclic phosphoric

triamide” (1) and “phosphoric triamide” (2). Both struc-
tures include similar C(O)NHP(O)(NH)2 skeleton and the

differences observed in the hydrogen bond maps are driven

by the following factors: (1) differences in the geometries

of the nitrogen atoms bonded to the P=O group, where the

N atoms with the non-planar environment in cyclic phos-

phoric triamide cooperate as an H-bond acceptor, but none

of the N atoms in the acyclic phosphoric triamide do not

take part as an acceptor; (2) different orientations of P=O

versus C=O; and (3) different orientations of N–H units

bond vectors. So, structures 1 and 2 are considered as
models of “four-acceptor– three-donor” and “two-accep-

tor– three-donor”. The more complicated hydrogen bond

pattern of 1 and the simple hydrogen bond pattern of 2
were discussed. The details of intermolecular interactions

of 1 and 2 were studied by the Hirshfeld surface analysis.
The main discrepancies monitored by such analysis are

related to the contribution portions of O···H/H···O contacts,

in which the compound 1 not only involves the greater
existence of classical hydrogen bonds but also contains the

further C–H···O weak interactions. In the structure of 2, the
shortage of O···H/H···O contacts has been partially com-

pensated by the C···H/H···C interactions, due to the greater

presence of unsaturated carbon acceptors. In summary, the

N atoms of diazaphosphorinane with non-planar environ-

ment lead to the engaging of more acceptors in the

hydrogen bonding pattern, which results in the created

diverse hydrogen-bonded motifs as well as more com-

pacted and higher density of 1 with respect to 2 that these
observations were evidenced by fingerprint plot analysis.
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