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~ ABSTRACT

The reaction mechanism of controlled hydrolysis of
the inorganic ring system (NPCl,),NSOCI in the pres-
ence of KCl and 18-crown-6 has been revised and is
explained from steric constraints rather than from
electronic considerations. The X-rav structure of
one of the hydrolysis products, [KC;,H,,0s]"-
[NHPO,NPCI,NSOCI]™, shows a dimeric structure of
two centrosymmetrically related formula units kept
together by hydrogen bridges and K ... O coordi-
nation. Crystals are monoclinic, space group C2/c
with a = 25.698(5), b = 8.223(2), ¢ = 23.665(4) A,
B =106.03(1)° V = 4806(2) A>, and Z = 8. The final
R and R, values are 0.048 and 0.044, respectively.

INTRODUCTION

In a previous article [1], we reported about the
controlled hvdrolysis of the inorganic ring systems
(NPCl);, (NPCI,),NSOX, and NPCl,(NSOX), (X =
Cl or Ph) in acetonitrile in the presence of AsPh,Cl
or KCl/18-crown-6. Saltlike compounds were ob-
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tained, derived from the hydroxy derivatives of
these ring systems. In addition to monosubstitu-
tion, disubstitution was also observed, which
appeared to proceed via a geminal [for (NPCl,);]
and via a nongeminal substitution pattern [for
(NPCI,),NSOCI (1)]. The first stage of hydrolysis
of 1 showed the formation of two isomers
[KC,;H,0,] '[NPCI,NPCIONSOCI]™ (2, 3) in a ra-
tio of 9:2. Based on the “substituent-solvating ef-
fect” [2], the anion of the most abundant isomer
was assumed to have a structure in which the ox-
ygen atoms are in the cis position with respect to
each other. The second substitution step led to an
anion with composition [NHPO,NPCLLNSOCI]". The
tentative structure assignment was based on *'P
NMR data (AX-type spectrum, 8-19 and —4.6, 2]p€
44.6 Hz) and on IR data (absorption at 3360 cm”~
in CDCIl; solution) [1,3].

Here, we present the crystal structure of
[KC12H2406]+[NHP02NPC12NSOC1]_ (4), Wthh
confirms the previous structure assignment. More-
over, a new mechanism is given to explain the
geminal substitution pathway during the hydro-
lysis of 1.

RESULTS AND DISCUSSION
Reaction Mechanism

The first step in the hydrolysis of 1 undoubtedly
leads to the formation of a cis and trans isomer of
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NPCIOHNPCL,NSOCI (Scheme 1). This intermedi-
ate can react with KCl/18-crown-6 to give the iso-
mers 2 and 3. Hydrolysis of 2 or 3 to disubstituted
products is not observed. The negative charge
probably retards further nucleophilic attack.
’ On the other hand, tautomerization of
NPCIOHNPCI,NSOCI to NHPCIONPCI,NSOCI ex-
plains the presence of a nitrogen-bonded hydro-
gen. Hydrolysis of the latter compound, followed
by a reaction with K", leads to salt formation. From
the structural data of [Me,N]"[NPCIO(NSOCI),]”
[4], the phosphorus-bonded oxygen ligands in
NHPOCINPCI,NSOC] can be assumed to adopt
equatorial positions. Therefore, the structure of the
most abundant isomer, viz., c¢is-NHPOCI-
NPCLLNSOCI probably resembles that of cis-
NPCIL,(NSOCI), {5]. It has been demonstrated for
the dimethylaminolysis of the latter compound that,
in the strongly polar solvent acetonitrile, the first
substitution step does not occur at the PCl, center
(Sn2-like) but at the SOCI center (Sy1-like) [6,7].
This phenomenon (“‘steric directive effect”) is a
consequence of the short intramolecular distances
of the chlorine atoms in the cis-position, thus pre-
venting the formation of an Sy2 transition state.
Analogously, we presume that nucleophilic attack
(Sx2) by water at the PCl, center of ¢is-NHPOCI-
NPCI,NSOCI is prohibited, leading to hydrolysis at
the POC] or SOCI center via an Syl-like mecha-
nism. As the electronegativity of phosphorus is
smaller than that of sulfur, the formation of a Cl™-
ion takes place at the POCI center rather than at
the SOCI center. Trans-NHPOCINPCI,NSOCI, pres-

ent in very small amounts, probably decomposes
during further hydrolysis. Hydrolysis of (NPCl,);
proceeds via a nongeminal pattern. The structure
of the intermediate NHPOCI(NPCI,), can be com-
pared with that of 1, in which no steric con-
straints, as described above, are present [8]. In
conformity with this observation, aminolysis of 1
with secondary amines in acetonitrile proceeds ac-
cording to a nongeminal (Sy2) pattern [9].

Structure of 4

The molecular structure of 4 can be described as
cation-anion aggregates, of which the members are
situated around a crystallographic inversion cen-
ter (Figure 1).

Two NPS ring systems form a dimer intercon-
nected via N-H ... N hydrogen bonds, viz., N(1)-
H(1) ... N(2a) and the symmemcally related N(1a)—
H(la) . N(2). The H(1) . .. N(2a) distance amounts
to 2. 27(5) A (sum of the van der Waals radii is 2.75
A). The angle N(1)-H(1) . . . N(2a) is 165(4)°. In two
related, but neutral, compounds NHP(O)Me-
NP(OMe)ZNPPh') and NHP(O)NEtzNPClzNP(NEtz)Z,
the dimers are kept together by N-H ... O = P
hydrogen bonding [10]. A second bondlng inter-
action is caused by the coordination of the potas-
sium cation towards six oxygen atoms of an 18-
crown-6 group [K(1) ... O varying from 2.851(3)
to 3.053(3) A; sum of the van der Waals radii 3.65
Al and towards O(1) and 0(2a) [K(1) ... O(1) =
2.783(3), K(1) ... O(2a) = 2.868 A], each belongmg
to two different ring systems. For symmetry rea-
sons, the aggregate is completed by a second 18-
crown-6 group with coordination of K(1a) towards
crown ether oxygens and toward O(2) and O(1a).
The potassium cation is located at 0.94(1) A from
the least-squares mean plane of the six crown ether
oxygens.

The 18-crown-6 molecular conformation has
approximate D;4 symmetry, which is found in most
complexes of the crown ether compound [11]. The
C-0 bond lengths are alternating short and long,
probably due to some disorder of the crown ring
(Table 1). The average C—C distance amounts to
1.469(6) A.

The conformation of the inorganic ring can be
described as an envelope [12]. Puckering parame-
ters are Q = 0.509 A, 6 = 127.7(3)° and ¢ = 305.7(4)°.
The atom P(1) is tllted by 0.71(3) A from the least-
squares plane through the atoms S(1), P(2), N(1),
N(2), and N(3). Comparison of the bond lengths and
angles of 4 with those of its precursor
(NPCL,),NSOC! (1) [8] reveals several interesting
features (Figure 2).

The presence of a hydrogen-substituted endo-
cyclic nitrogen, N(1), exerts a substantial influence
on the bonding properties of the PNS ring. In the
ring segment P(1)N(1)S(1), both the N-S and N-P
bond distances [mean value 1 .682(4) A] are consid-
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erably longer than those found in 1 [N-S = 1.557(2),
N-P = 1.606(2) A (mean values)]. This points to a
decrease of the d,-p.. character of the PN(H)S seg-
ment, resulting in a phosphazane moiety. In the
segment P(1)N(2)P(2), the bond lengths are equal
within the experimental error. This indicates that,
in the present anion, the electronegativity of the
phosphorus centers is of the same magnitude. Dif-
ferences in bond lengths in the segment S(1)N(3)P(2)
are larger, although hardly significant. The pres-
ence of two P-bonded oxygens results in a widen-
ing of the O-P-0 angle in comparison with the Cl-
P-Cl angle; the corresponding N-P-N angle is
smaller, 106.5(2) vs. 118.2(2)° (Figure 2). Only one
of the P-bonded oxygen ligands, viz., O(2), coor-
dinates to a potassium cation. Surprisingly, both
P-O bond lengths are equal. Coordination of the
S-bonded oxygen ligand O(1) towards potassium
results in lengthening of the S—O bond [1.464(3) A
vs. 1.422(3) A in 1]. The smaller distance of K . ..
0(1) [2.783(3) A] compared with K(1a) ... O(2)
[2.868(3) A] leads to the conclusion that a consid-
erable amount of the negative charge is trans-
ferred from the phosphorus to the sulfur center.
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PLUTO drawing of the cation-anion aggregate of 4 together with the adopted numbering scheme.

EXPERIMENTAL
Synthesis

Compound 4 was synthesized by hydrolysis of two
equivalents of water in the presence of KCl and 18-
crown-6, using acetonitrile as solvent. Details with
respect to purification and spectroscopic (NMR, IR)
identification are given in Ref. [1].

Structure Determination of 4

A suitable, colorless crystal (dimensions 0.08 x 0.31
x 0.33 mm) of 4 obtained by recrystallization from
a 1:3 mixture of CH,Cl, and Et,0 was glued on the
top of a glass fiber and mounted on an Enraf—Non-
ius CAD-4F diffractometer. Lattice constants and
their standard deviations were determined from the
setting angles of 22 reflections in the range 21 < 6
< 22°. The space group was derived from the ob-
served systematic absences as C2/c or Cc. The for-
mer was chosen and confirmed by a successful re-
finement in this space group. Intensity data for 7688
reflections were collected at 100 K in the range of
0.9 < § < 24.5°, using graphite-monochromated Mo
K, radiation and the «-26 technique, with @ scan
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TABLE 1 Selected Data on the Geometry of 4 with Esd’s in Parentheses

Bond Distances (A)

PNS Ring Anion

S(1)=-N(1) 1.685(3) P(2)—N(3) 1.564(3) P(1)-0(2) 1.427(3)
S(1)-N(3) 1.582(4) S(1)-CI(1) 2.032(2) P(1)-0O(3) 1.428(3)
P(1)-N(1) 1.677(4) P(2)-Cl(2) 1.988(2) N(1)-H(1) 0.78(5)
P(1)-N(2) 1.602(4) P(2)-CI(3) 2.024(2)

P(2)-N(2) 1.601(3) S(1)-0(1) 1.464(3)

18-crown-6

04)-C(1) 1.444(6) O(7)-C(6) 1.405(6) C(1)-C(2) 1.476(7)
0@)-C(12) 1.404(6) Oo(7)-C(7) 1.439(6) C(3)~C(4) 1.496(8)
O(5)-C(2) 1.387(7) 0(8)-C(8) 1.405(6) C(5)-C(6) 1.450(7)
0(5)-C(3) 1.451(6) 0O(8)-C(9) 1.434(6) C(7)-C(8) 1.466(7)
O(6)-C(4) 1.395(6) 0(9)-C(10) 1.399(6) C(9)~-C(10) 1.465(8)
O(6)-C(5) 1.438(6) 0(9)-C(11) 1.440(6) C(11)-C(12) 1.467(7)
Coordination Distances

K...O(1) 2.783(3) K...O®) 3.043(3)

K...0O2a) 2.868(3) K... O 2.851(3)

K...O@4) 2.909(3) K ... O(8) 3.053(3)

K...O(5) 2.912(3) K... 09 2.864(3)

Bond Angles (°)

PNS Ring Anion

N(1)-S(1)-N(3) 110.5(2) Ci(1)-S(1)-0(1) 108.6(1)

N(1)-P(1)-N(2) 106.5(2) 0(2)-P(1)-0(3) 119.3(2)

N(2)-P(2)-N(3) 118.2(2) Ci(2)-P(2)-Ci(3) 100.1(1)

S(1)-N(1)-P(1) 118.7(3)

P(1)-N(2)-P(2) 114.6(2)

S(1)-N(3)-P(2) 125.5(2)

18-crown-6

Mean value C-O-C 112.6(3) mean value O-C-C 109.4(2)

Hydrogen bond N(1)-H(1) ... N(2a)
N(1)-H(1) 0.75(5) A H(1) ... N(2a) 2.27(5) A N(1)-H(1) ... N(2a) 165(4)°

A, S e
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FIGURE 2 Comparison of the bond iengths and angles of 1 and 4.
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width = (0.80 + 0.35 tg 6). Three reference reflec-
tions measured every 2 hours showed a long-term
variation of less than 2% during the 56.4 hours of
X-ray exposure time. A 360° ¢-scan for the reflec-
tion 020 showed a variation in intensity of less than
7% of the mean value. The intensities were cor-
rected for scale variation and Lorentz and polar-
ization effects. Absorption correction was applied
with DIFABS [13]. The variance ¢*(I) was calcu-
lated based on counting statistics plus a term (PI)?,
where P (=0.0139) is the instability constant [14].
The data set was averaged to a set of 3852 unique
reflections satisfving the / = 2.5¢ criterion of ob-
servability. The structure was solved by direct
methods using GENTAN [15] and refined on F by
block-diagonal least-squares with anisotropic ther-
mal parameters for the nonhydrogen atoms. Hy-
drogen atoms located on a difference Fourier map
were included in the final refinement with one
overall isotropic temperature factor. Convergence
was reached at R = 0.048 and R,, = 0.044. Final
fractional atomic coordinates and isotropic ther-
mal parameters for the nonhydrogen atoms are
given in Table 2. Scattering factors were taken from
Cromer and Mann [16], and anomalous dispersion
factors were from Cromer and Liberman [17]. All
calculations were carried out on the Cyber 180—
855 of the University of Utrecht Computer Center,
with the programs XTAL [15], EUCLID [18], and
a locally modified version of PLUTO [19].
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SUPPLEMENTARY MATERIAL AVAILABLE

Summaries of the structure determination of 4, in-
cluding tables of crystal data, atomic coordinates
and equivalent isotropic thermal displacement pa-
rameters, (an)isotropic thermal displacement coef-
ficients, bond distances, bond angles, torsion an-
gles, and observed and calculated structure factors
are available. These data may be obtained by re-
quest to the authors.
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