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Silver Complexes of Cyclic Hexachlorotriphosphazene

Marcin Gonsior,”™ Sasa Antonijevic,*™ and Ingo Krossing*"!

Abstract: The first solid-state struc-
tures of complexed P;N;X; (X=halo-
gen) are reported for X=Cl. The com-
pounds were obtained from P;N;Clg
and Ag[AI(OR),] salts in CH,Cl,/CS,
solution. The very weakly coordinating
anion with R=C(CF;); led to the salt
Ag(P;N;Cly), " [AI(OR),]” (1), but the
more strongly coordinating anion with
R’'=C(CH;)(CF;), gave the molecular
adduct (P;N;Clg)AgAI(OR’), (3). Crys-
tals of [Ag(CH,CL)(PsN;Clg),] ™
[AI(OR),]™ (2), in which Ag* is coordi-
nated by two phosphazene and one
CH,CIl, ligands, were isolated from
CH,(I, solution. The three compounds
were characterized by their X-ray
structures, and 1 and 3 also by NMR

and solid-state *'P NMR investigations
in combination with quantum chemi-
cally calculated chemical shifts show
that the *P NMR shifts of free and
silver-coordinated P;N;Cl¢ differ by less
than 3 ppm and indicate a very weakly
bound P;N;Cl; ligand in 1. The experi-
mental silver ion affinity (SIA) of the
phosphazene ligand was derived from
the solid-state structure of 3. The SIA
shows that (PNCL,); is only a slightly
stronger Lewis base than P, and
CH,Cl,, while other ligands such as Sg,
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P,S;, toluene, and 1,2-CL,C,H, are far
stronger ligands towards the silver
cation. The energetics of the complexes
were assessed with inclusion of entrop-
ic, thermal, and solvation contributions
(MP2/TZVPP, COSMO). The forma-
tion of the cations in 1, 2, and 3
was calculated to be exergonic by
A,G°(CH,CL,) =-97, —107, and
—27kJmol™, respectively. All pre-
pared complexes are thermally stable;
formation of P;N;Cl;t and AgCl was
not observed, even at 60°C in an ultra-
sonic bath. Therefore, the formation of
P;N,Cl;™ was investigated by quantum
chemical calculations. Other possible
reaction pathways that could lead to
the successful preparation of P;N;Xs*

and vibrational spectroscopy. Solution

Introduction

Cyclic phosphazenes of the general formula (PNY,), (n=3-
7) are prominent examples of inorganic ring systems!"! with
applications in polymer chemistry.>* It is known that the
P;N;Y, molecules (Y =alkoxy, alkyl, NH,, NHR, NR,, etc.)
are versatile ligands for transition metals, for example, P;N;-
(NMe,),(NHCH,CH,NH)-PdCL, P;N;(OPh),(Pz), PdCL,®
and P;N;(OPh),(Pz),Mo(CO);!! (Pz=dimethylpyrazolyl).
Some covalently bound complexes in which a transition-
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salts were defined.

metal fragment substitutes one or two halogen atoms in
P;N;X, (X=halogen), are also known, for example,
[(CO),CpFe]P;N,F,,” N,P,Cl5[Cr(CO),Cp] ¥ and
N;P,CL,(Cp)[Mo(CO);Cp].®! Cyclic phosphazenes such as
P;N;(OC¢H,CF;),(OC4H,F),! are used as additives to lubri-
cants.'"”? Simple (PNX,); phosphazenes (X=H, F, Cl, NH,)
were studied by DFT and ab initio calculations,*™'! as well
as normal coordinate analyses.'"?!! These investigations
were also sparked by the special electronic structure of the
phosphazene rings.!"!+116:22%]

In the halogen-substituted P;N;X, cyclophosphazenes the
basicity of the ring nitrogen atom is very low. Therefore,
little is known about the complexing abilities of the P;N;X,
halophosphazenes. A few complexes with AlX; (X=Cl, Br)
have been prepared, that is, P;N;CleAIBr;® and
P;N;BrsAlBr;,l in which it was suggested that the Al atom
is N-coordinated by the phosphazene. Complexes of P;N;F¢
with PFs, SbF; (but not BF;) were also prepared.”?! How-
ever, at least for SbFs, the phosphazene ring appeared to be
coordinated to the Lewis acid through the F atoms rather
than through the N atoms of the ring.”® While P;N;Me;
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complexes with MCl, (M=Ti, Sn) are readily formed,
P;N;Cl; did not react with these Lewis acids.?” Also
P;N;ClsCr(CO); ! supposedly with an arene-like coordina-
tion, NiCl,-(P;N;Cl,),” and recently VOCL,-P;N;CI P were
prepared. For none of the P;N;X; complexes is a crystal
structure known. Nevertheless, Lewis acid-base complexes
of hexachlorotriphosphazene are relevant, since they are
thought to play a key role in the polymerization to poly(di-
chlorophosphazene)>111431 with intermediate formation of
the P;N;Cls* ion.

In this work we focused on the reaction of Ag* with
P;N;Clg. Of particular interest was whether P;N;Clg could
form a stable complex with the silver cation or would ionize
and form the P;N;Cl;* cation and AgCl. In related systems
in which one PCl, moiety in P;N;Clg was exchanged by
SCIP? or S(O)CL"! such ionization was successful. Here we
present the crystal structures and full characterization of the
silver ~ hexachlorotriphosphazene complexes  Ag(N-
P;N;Cly),", Ag(CH,CL)(N-P;N;Cly),* and Ag(N-P;N;Clg)™.
They are stabilized by weakly coordinating fluorinated alk-
oxyaluminates of type [Al(ORF),]” (RF=fluorinated alkyl
group). These are the first structurally characterized com-
plexes of any halogen-substituted triphosphazene.

Results

Syntheses and NMR characterization: The complexes Ag-
(P:N;Cly),*[AI(OR),] @), Ag(CH,CL)(P:N;Clg),*
[AI(OR),]” (2), and Ag(P;N;Cl)*[AI(OR),]” (3) were
readily prepared from commercially available hexachlorotri-
phosphazene and the respective Ag[AI(OR)],Y or Ag-
[AI(OR)]Y  salts [R=C(CF;);, R’'=C(CH;)(CF;);
Eq. (1)]. No AgCl precipitation was observed under these
conditions.

CH,Cl,
Ag[AI(OR),] + P3N;Clg —%— P3;N;Cls [AIORF), | + AgClL
—=78°C to +60°C
CH,Cl, or ultrasonic
CH,CL/CSy enhancement

o e}

Ag(P3N5Cle), TAKORD), ™ RF=R@m=2):R'(n=1)

Similar to the synthesis of the Ag(P,),* salts (n=1,
2),7>3 very small amounts of a black solid precipitated (not
analyzed). Complexes 1-3 are stable at RT in solution and
in the solid state under inert conditions. No ionization to
AgCl and P;N;Cls* was observed when the solutions were
exposed to ultrasound at 60°C (12 h). The silver complexes
are very soluble in CH,Cl, even at low temperature. Lower-
ing the polarity of the solution by addition of CS, decreased
the solubility of the salts and thus facilitated crystallization.
However, the presence of CS, influenced the constitution of
the complexes present in solution: Complex 1 was obtained
from Ag[AI(OR),] and one or two equivalents of (PNCl,),,
regardless of which stoichiometry of the reagents was used,
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but only in a CH,CL,/CS, solvent mixture. By contrast, com-
plex 2 crystallized from CH,CI, at room temperature with-
out addition of CS,. To study the strengths of the complexa-
tion we performed a liquid- and solid-state NMR study. It
has been already reported that the N NMR resonances of
P;N;Cl; in solution as well as the solid state are broad and
hard to observe,®! so our discussion is limited to the >'P
NMR results. In the P NMR spectra the signals of com-
plexes 1-3 (J,,5.c=22.1) are almost unchanged with respect
to free (PNCL); (0,,5:¢c=21.7). Lowering the temperature
to —95°C (m.p. of CH,Cl,) did not change the chemical
shifts, and only one *'P NMR resonance was observed. We
failed to obtain *N NMR spectra of 1 or 2 between —95°C
and RT and with all concentrations tried.””! The changes in
the P NMR chemical shifts on complexation are even less
pronounced than those observed for the Ag(P,),™ (n=1, 2)
and Ag(P,S;),t (k=1, 2, 3) complexes, in which the signals
of the ligands were slightly changed by +2-10 (P,S;) and
+25 ppm (P,) in comparison to the free ligands. This implies
that the interactions in the Ag(P;N;Cl),* complexes are
very weak, perhaps even weaker than those in the Ag(L),*
complexes (L=P,, S5, CH,, C,H,, P,S;; n=1-4) 3563584
However, in the latter set of compounds the silver atom is
directly bound to the NMR-active ligand. By contrast, the
interaction with the P atom in 1 and 2 is mitigated by a N
atom, and therefore the influence on the chemical shift is
expected to be weaker. Thus, the almost unchanged
P NMR signals of 1 and 2 may suggest: 1) Either the
3P NMR shifts of all P atoms of coordinated P;N;Cl, are
almost unchanged in comparison to the free ligand, or
2) Dynamic and exchanging species with all permutations of
Ag(CH,CL),(P;N;Clg),* (x=0-3, y=0-2) are likely to be
present in CH,Cl, solution.

To illuminate this point, we optimized the structures of
likely Ag(CH,Cl,),(P;N;Clg),* ions with x=0, 1, 2 and y=1,
2 with the BP86 (DFT) and MPW1PW91 (HF-DFT) func-
tionals and calculated the chemical shifts of the phosphorus
and nitrogen atoms with reference to the isolated P;N;Clg
molecule (Table 1).

The calculated chemical shifts for the Ag(CH,Cl,),-
(PsN;Clg),* ions in Table 1 show that the influence of the
Ag™ ion on the chemical shift of the '“N and *'P atoms is as-
tonishingly small. The chemical shifts of coordinated and
noncoordinated P;N;Clg differ by a maximum of —1.2/+
2.4 ppm (*'P) and +4.9 to +13.3 ppm (“N), respectively.

An important question to answer now is, if there is any
difference in the chemical shifts of P and N NMR reso-
nances in the solid state where the complex should not be
subject to dynamic of different exchanging species as sug-
gested above and where the existence of a complex is
proven by X-ray analysis (see below). Figure 1 shows *'P
magic angle spinning (MAS) NMR spectra of 1 recorded at
different sample temperatures and different static magnetic
fields. Before analyzing the spectra it is valuable to com-
ment upon the P MAS NMR spectrum of P;N;Cl,, which
has been studied extensively in the literature.™ It is shown
that the *'P resonance is subject to residual dipolar splitting
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Table 1. Computed *'P and “N NMR shifts of the Ag(CH,Cl,),(P;N;Clg),* ions with x=0, 1, 2 and y=1, 2,

referenced to the isolated P;N;Clg molecule.
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the *¥Cl nuclei (which are di-

rectly bonded to the phospho-

Compound Atom MPW1PW91 BP86"! Tus atoms) tilts the axis of
31 14 (31 14 ) . .
0°'P(calcd) 0'*N(calcd) 0°'P(calcd) 0'*N(calcd) quantization of the 35370 spins
P;N;Cl, . 2174 106.01 21.7¢ 106.0° away from the direction of the
Ag(CH,CL)(N-P;N,Cl,) N1; P2,6 24.0 94.4 223 927 . e ]
N3.5: P4 29 1000 213 o011 static magnetic field, so th.e an
Ag(CH,CL),(N-P,N,Cl)* N1: P2,6 242 97.1 234 96.1 gular dependence of the inter-
N3,5; P4 228 99.2 214 99.3 action cannot be averaged out
Ag(CH,CL,)(N-P;N;Cly),* N1; P2,6 24.4 98.4 234 97.1 by spinning at the magic angle.
ALNPNCIY. NP6 21 o7 2 s As @ relt TP spectra reveal
gUN-F3IN;L6), ;P2 . . X . .
N3.5: P4 75 95.6 205 973 complicated broadened powder
X - 5 patterns that change at differ-
[a] 6-311G(2df) basis set for C, Cl, H, P, N; SDB-cc-pVTZ basis set with 28-VE [o]] t stati tic fields. Thi
small-core ECP for Ag. [b] TZVPP basis set for C, Cl, H, P, N; TZVPPalls2 spe- C'\| ent staic magnetic helds. - 1his
cial all-electron NMR basis set for Ag (triple-zeta quality with two d and one f P——N broadening is more pronounced
polarization functions). [c] Experimental®! chemical shifts of the uncomplexed 6 5\ /CI for a large quadrupolar interac-
free molecules. The chemical shift calculations on Ag(CH,Cl,),(P;N;Clg),* were  Ag----N 1 4 P\ tion and at lower static magnet-
referenced to this value. The reference points for =0 ppm are: 298.5 and \2 3// [o] IR
i 4 . 4 ic fields. Here the appearance
225.1 ppm (*'P and “N, MPW1PW91) and 262.2 and 190.2 ppm (*'P and “N, P N

BP86) for the isotropic shielding tensor. Labeling of the atoms according to:

(RDS), also known as the second-order quadrupole-dipole
cross term.”! This dipolar splitting is not completely elimi-
nated by MAS because the large quadrupolar interaction of

a) 70T J‘ 311 K
BN . a2
T T T T T
100 50 0 -50 -100
b) 70T J 331K
X o
T T T T T
100 50 0 =50 -100
c) 94T j\:m K
RARARY ARAARAAA RAAMAARARS SRMMA
30 20 10
T T T T T
100 50 0 -50 -100

3 (ppm)

Figure 1. *'P MAS NMR spectra of solid 1 recorded at the static magnetic
fields of 7.0 T (a, b) and 9.4 T (c) and at the sample temperatures of a)
311K, b) 331K, and c) 301 K. Spinning sidebands are indicated by *.
The spectra result from averaging 8 (a, b) and 64 transients (c) with a re-
cycle interval of 600 s. No line broadening was applied.
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| of RDS with the neighboring
cr g “N nuclei is neglected as it is

orders of magnitude smaller.
Figure 1a shows the *'P MAS
NMR spectrum that appears to be constituted of two reso-
nances with chemical shifts of 6=22.2 and 18.8 ppm and
with the relative intensity ratio of 2:1. In fact it is not clear
at this point if these are two individual resonances or just
features of a single resonance subjected to RDS due to
dipole—dipole coupling with the chlorine atoms. First, it is
evident that the broadening of the resonances is much smaller
than in the spectrum of P;N;Cly in reference [44]. This could
be due to an inherently smaller quadrupolar coupling con-
stant Cq of **'Cl in this complex (which is less likely), or
due to motional averaging of the quadrupolar interaction.
Large thermal ellipsoids for the [AI(OR),]~ ion ligand
atoms observed by X-ray diffraction suggest that the ligand
is also subjected to a motional disorder. In addition, it is cal-
culated that the barrier for the reorientation of the phospha-
zene rings along the N(1)-P(4) vector is associated with the
fairly low-energy barrier that allows this motional reorienta-
tion to occur at the room temperature. Both, the motion of
the ligand and the motion of the phosphazene ring, if they
occur on the right time scale, can result in a time-dependent
electric field gradient at the **’Cl nuclei that leads to aver-
aging of the quadrupolar interaction. An increase in the
temperature is anticipated to change the motional freedom,
which in turn would then result in greater averaging of the
quadrupolar interaction, and subsequently lead to narrower
3P resonances. This is observed in the spectrum in Figure 1b
recorded at 331 K, in which two *'P resonances are found to
be narrower and at unchanged positions compared to the
spectra in Figure 1a. This observation leads to the conclu-
sion that these are really two individual resonances, each of
which is subjected to RDS. Evidence to additionally support
this conclusion is also found in the *'P MAS NMR spectrum
recorded at higher magnetic field (see Figure 1c), in which
two resonances are observed at unchanged position but with
different line broadening. The difference in line broadening
of individual resonances is the result of the combined effect
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of different broadening mechanisms, which are not of great
importance for this study. More importantly, two *'P reso-
nances are found at the unchanged chemical shift.

The intensity ratio of the *'P resonances at 6=22.2 and
18.8 ppm is 2:1 and from the crystal structure it is known
that one molecule of phosphazene is contained in the asym-
metric unit. Thus, we can assign the *'P resonances to phos-
phorus sites 2,6 and 4, respectively. The small difference in
3P chemical shifts predicted from the quantum-chemical
calculations in Table 1 is confirmed here for the complex ex-
isting in the solid state. The changes in the chemical shift be-
tween P2,6 and P4 are so small that even very slow solution
exchange processes, in which the phosphazene ligands
remain coordinated to the silver ion, and which are faster
than about 1 ms would lead to a collapse of the two individ-
ual resonances giving only one line in the center of mass,
that is at =21.1 ppm in the MAS NMR experiment. There-
fore one may argue that the P;N;Clg ligands should remain
coordinated in solution. However, exchange cannot be ruled
out as the reason for the unchanged *'P NMR signals of 1-3
(see Discussion).

Crystal structures

Compounds 1 and 2: The almost ideally D,,-symmetric Ag-
(P5N;Clg),* complex in 1 consists of the Ag*t cation cen-
tered between two coplanar P;N;Clg rings (Figure 2). In 2
the silver cation is additionally coordinated by a CH,Cl,
molecule so that the silver atom exhibits a distorted tetrahe-
dral coordination environment of two Cl and two N atoms
(Figure 3).

ClI5

1.968(4)

1.968(3
¢ )CI4

&3

121.4(4)7

ci3 116.0(4)°

Figure 2. The planar centrosymmetric Ag(n'-P;N;Cl¢),* cation in salt 1.
Thermal ellipsoids are drawn at 25 % probability level.

The two phosphazene rings in 2 are twisted by about 59°
with respect to each other and in comparison to the copla-
nar complex in 1. The P—Cl (on average: 1 1.969(4); 2
1.979(1) A) and P—N (on average: 1 1.562(8); 2: 1.570(2) A)
bond lengths of the phosphazene rings in 1 and 2 are com-
parable to those of free P;N;Cl (on average: P-N 1.573; P—
Cl 1.985).4 The (Ag)N—P distances around the coordina-
tion site are elongated by about 0.042 A (1) and 0.030 A (2).
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Cl10 Cl6

Figure 3. The almost C,-symmetric Ag(CH,Cl,)(n'-P;N;Clg),™ cation in 2.
Thermal ellipsoids are drawn at 25 % probability level.

The dative Ag—N bonds are about 0.11 A shorter and there-
fore stronger in 1 (2.115(7) A) than in 2 (2.227(2) A). The
average Ag—Cl distance in 2 (2.837 A) is slightly longer than
that in the Ag(CH,CL);* complex (2.752 A).*°! These
trends were also confirmed by ab initio calculations (see
Table 1). However, the differences between the calculated
and experimental Ag—N and Ag"CI(CH,Cl,) distances of
—0.108 A and +0.137 A are larger than the usual discrepan-
cy between experiment and theory of 0.03 to 0.05 A. The
reason for this discrepancy is attributed to the weak bonds
and hence the shallow potential-energy wells of the calcula-
tion. The interactions of the chlorine atoms of the hexa-
chlorotriphosphazene ligand and the silver cation are insig-
nificant, since all Ag—Cl contacts are longer than the sum of
the van der Waals radii of Cl and Ag (3.5 A).

The cations in 1 and 2 are isolated molecular ions with
only minor interactions with the [Al(OR),]” anions. Com-
plex 1 forms a distorted CsCl structure, and complex 2 a dis-
torted NaCl structure.*”! The fluorine contacts to the cations
are weak and only approach the chlorine atoms, apart from
two very weak contacts to the silver cation (see Supporting
Information).

Compound 3: The complex consists of a P;N;Clg ring coordi-
nated through an N atom to the silver cation (Figure 4).
Since the [AlI(OC(CHj;)(CF;),),]” ion is more strongly coor-
dinating than [AlI(OC(CF;);]", the Ag* ion exhibits two
stronger Ag—O contacts at 2.442(3) A and 2.345(4) A (av
2.394(4) A), on average slightly longer than those in Ag-
(CH,CL)[AI(OR'),]?! (Ag—O 2.377(5) and 2.386(4) A, av
2.382(5) A).

The dative Ag—N bond (2.227(4) A) is longer than that in
1 (2.115(7) A) but similar to that in 2 (av 2.227(2) A). The
similarity of these Ag—N distances in 2 and 3 suggests that
one CH,Cl, and one (PNCl,); molecule in 2 are similar
donors towards the Ag* ion as the two oxygen atoms of the
OR’ groups in 3. The P-N and P—Cl distances are compara-
ble with those in the (PNCl,); rings in 2 (see Table 2). The
(Ag)N1—P bonds of, on average, 1.604(5) A are elongated
by 0.03 A in comparison to the free ligand. The silver cation
is eight-coordinate and exhibits, apart from the Ag—O and
Ag—N interactions, five Ag—F contacts, three of which are
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Figure 4. Section of the solid-state structure of 3. Thermal ellipsoids are
drawn at 25 % probability level.

stronger (2.815, 2.880, and 2.894 A) and two weaker (3.057
and 3.108 A).1*

Vibrational spectroscopy: The IR spectra of 1 and 3 and a
low-temperature Raman spectrum of 1 were recorded
(Figure 5); crystals of 3 gave no Raman spectrum. Based on
the IR and Raman spectra of free (PNCI,),l"%2% and fre-
quency calculations on Ag(P;N;Cly),", Ag(P;N;Clg)*, and
P;N;Clg at the BP86/SVP level, we tentatively assigned the
vibrations of each complex (Table 3).

The spectra of 1 and 3 (Supporting Information, Fig-
ure M), apart from the anion vibrations, are similar to the
spectrum of free (PNCl,);, but some bands split due to the
reduction of the local symmetry on coordination. The
almost unchanged frequencies of the coordinated versus
free phosphazene molecules further underline the weak co-
ordination that is only stable in the presence of a very
weakly coordinating anion. All observed and calculated vi-
brations are listed in Table 3 and are grouped with the cal-
culated frequencies so that similar vibrations in 1 (IR and
Raman), 3 (IR), and free (PNCL,); (IR and Raman) are in

FULL PAPER

+- [AI(OR),]
+- Ag(P;N;Cly),*

T T USRISUNN
1000 1100 1200 1300

T 1 T 1 T 1T 77717

T
100 200 300 400 500 600 700 800 900

Figure 5. Overlay of the FTIR (top) and FT Raman (bottom) spectra of
1.

the same row. For a more detailed discussion, see the Sup-
porting Information.

Discussion

Considering that several studies on the preparation of hexa-
halotriphosphazene complexes have appeared,’:-20.28-30.32]
it is astonishing that the solid-state X-ray structure of any
type of adduct of (PNX,); (X=halogen) was hitherto un-
known. The crystal structures of 1-3 clearly assign the pre-
ferred phosphazene coordination site versus Ag* to the ni-
trogen atoms.

Experimental silver ion affinity (SIA): In earlier investiga-
tions we assessed the SIA of several ligands towards the
silver ion. Based on experimental results, we established a
comparative scale of the donor strengths of the ligands
C,HsCH; (Tol), 1,2-dichloroethane, CH,Cl,, P,S;, Ss, and

Table 2. Important experimental and calculated bond lengths of the silver-coordinated phosphazene rings in complexes 1-3.

Distance 1 1 2 (av) 2 P;N;Clq P;N;Clg 3 3
(MP21¥) (MP21)) (MP212)) (MP212))

Agl-N1 2.115(7) 2.070 2.227(2) 2.118 2.227(4) 2.120

P1-N1 1.611(7) 1.635 1.602(2) 1.627 1.608(4) 1.634

P3—N1 1.619(7) 1.635 1.605(2) 1.630 1.600(5) 1.634

P3—N3 1.540(7) 1.572 1.559(2) 1.574 1.564(4) 1.569

P1-N2 1.559(8) 1.572 1.559(2) 1.574 1.581(4) 1.569

P2-N3 1.583(7) 1.601 1.581(2) 1.600 1.573 1.595 1.579(5) 1.603

P2-N2 1.564(7) 1.601 1.579(2) 1.600 1.581(5) 1.603

pP-Cr 1.959(3)-1.982(3) 1.996 av 1.970(1)-1.986(1) 1.999 av 1.965(2)-1.988(2) 1.995
1.969(4) av 1.979(1) av 1.981(2) av

P—Cl" 1.967(3) av 1.984 av 1.965(1)-1.984(2) 1.985 av 1.983-1.988 2.006 1.979(2) av 1.979

1.975(2) av

Ag-CI(P) 3.640-3.688 3.663-3.670 3.509-3.939 3.569-3.958 3.638-3.854 3.693
3.662 av 3.667 av 3.735 av 3.708 av 3.758 av

Ag—CI(C) 2.837(1)" 2.974

[a] TZVPP basis set. [b] Compare to the six Ag—Cl distances in Ag(CH,CL),*[(RO);AIFAI(OR);]~ of 2.661(2) to 2.836(2), av 2.752(2) A’
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Table 3. Experimental and calculated IR and Raman (RA) vibrations of 1 and 3.

11R 1 caled and assignment 1RA (PNCL,); exptl (PNCL,); caled! TR 3IR 3 caled/assignment IR
v [kmmol ']t v (int. [%]) v [kmmol™'] [AI(OR),]™ [AI(OR"),]~
63(0) 8,,(ring) 86(10)'Y  RA: 59(25) 32(0)
158(0) PCl, rocking 160(75) RA:163(45) 157(0)
185(0) 0,,(ring) 176(60)  RA:179(45) 185(0)
200(0) PCl, wagging 207(40)  IR: 208(vw) 199(4)
RA: 206(40)
213(vw) [AI(OR),]~ IR: 215(w)
RA: 216(5)
221(0) PCl, twisting IR: 220(w) 199(4)
RA: 220(5)
252(vw)  237(14) PCI, bending
[AI(OR),]- 232(5) RA: 232(5)
RA: 245(5)
287(w)  [Al(OR),]~ 284(w)
287(0) (N-PCL,-N) rocking 290(5) 328(w)  [AI(OR)),]" 328(w)
314(w)  [AI(OR),]” 314(w)
327(w)  296(10) (CLP-N,) rocking  329(20)  IR: 335(w) 305(5)
RA: 338(20)
332w)  [AI(OR),]” 321(sh) RA: 318(sh)
IR: 330(vw)
367(w)  [AI(OR),]- 367(w) 336(w)  [AL(OR'),]" 338(w)
334(10); 335(0) »(PCL)  367(100) RA: 364(100) 330(0) 371(w)  335(7)
380(w)  [AL(OR),]- 377(w) 385(sh)  [AI(OR),]" 385(w)
417(w)  IR: 356(6) RA: 351(0) 414(3)  IR: 404(vw) 346(1) 398(m)  351(7)
Op(ring) RA: 406(5)
446(m)  [AL(OR),]- 445(m) 439(w)  [AI(OR'),]” 434(w)
456(w)  [AL(OR’),]" 455(vw)
536(s)  503(384) 0,(ring) IR: 528(s) 504(298) 528(s)  498(218)
[AI(OR),]- 537(10) RA:537(38) 544(m)  528(240)
555(s)  526(614) O, (ring) IR: 550(sh) 554(m)  ?
[AI(OR),]- 560(5) RA: 562(24)
[AI(OR),] 570(5) RA:572(18) 569(m) [AI(OR')] 565(w)
S7T1(w)  [AI(OR),]" 571(w)
590(vw)  560(0) v,((PCL) 590(sh)  IR: 583(w)
608(0) d,(ring) 601(10) RA: 578(15), 597(5) 555(0)
612(m)  581(48) J,,(ring) 612(vs)  580(90)
626(sh)  [AL(OR'),]" 622(w)
635(vs)  614(828) O, (ring) IR: 612(vs) 593(524) 633(m)  616(392)
689(w)  IR:639(6) RA: 642(0) 689(40)  IR: 670(vw) 616(0)
N-P-N bending RA: 667(70)
728(s)  [AI(OR),] 728(s) 702(m)  [AL(OR')] 701(m)
[AI(OR),]- 745(25) RA:745(20) 735(w) [AI(OR'),]” 724(m), 737(m)
755(w)  [AL(OR),]- 755(w) 772(w)  [AL(OR'),]" 773(sh)
789(m)  IR: 745(186) 791(30)  IR: 783(vw) 754(0)
RA: 749(0) RA: 783(40)
ring breathing mode
780(sh)  [AL(OR’),]- 780(w)
[AI(OR),]- 795(30) RA:797(20) 796(m) [AI(OR'),]” 793(w)
832(w)  [AI(OR),]- 832(m) 818(sh)  [AL(OR'),]” 817(sh)
859(sh)  836(52) v,(P-N,,-P) 838(1) 846(w)  829(3)
872(m)  841(5) (PN,) twisting IR: 874(w) 838(1)
RA: 875(1)
866(w)  [AI(OR'),]” 866(w)
974(vs)  [AI(OR),]” 973(vs) 978(w)  [AI(OR'),]" 979(sh)
991(w)  [AI(OR'),]" 992(w)
1002(w) [AI(OR),]- 1004(w)
1014(w) [AI(OR'),]”
1080(s)  1005(680) v,,(P-N,-P) 1083(s)  985(435)
1123(w) [AI(OR),]~ 1087(s)  [AI(OR'),]” 1087(vs)
1133(w)  [AI(OR),]" 1133(sh) 1115(s)  [AI(OR),]- 1114(s)
1168(m) [AI(OR),]~ 1169(ms) 1141(sh) [AI(OR'),]”
1192(sh)  1176(954) v,,(PN,) IR: 1197(s) 1176(1034) 1197(s)  1176(507)
RA: 1221(1)
1218(vs) IR: 1232(2705) 1218(5)  IR: 1217(vs) 1176(1034) 1218(vs)  1244(1129)
RA: 1241(0),
v(PN,)
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Table 3. (Continued)
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11IR 1 calcd and assignment 1RA (PNCl,), exptl (PNCL,); caled?  IRF 3IR 3 calcd/assignment IR
v [kmmol ]! v (int. [%]) v [kmmol '] [AI(OR),]™ [AI(OR"),]™
1242(s)  [AI(OR),]” 1239(5) 1242(vs) 1241(s)  [AI(OR),] 1243(s)
IR: 1251(m) 1258(s)  [AI(OR'),]" -
RA: 1251(25)
1261(s)  [AI(OR),]” 1268(10) 1264(s) 1311(m) [AI(OR),]- 1310(m)
1277(s)  [AI(OR),]” 1274(10) 1276(vs)
1301(s)  [AI(OR),]” 1297(5) 1301(s)
IR: 1314(w)
RE , P, The structural basis for with further lattice-energy and Born-Haber cycle calcula-
\O /R} this assessment is shown in tions to establish the quality of the ab initio energetics.
(L), Ag«:""‘ \Al/o Figure 6. An ordering according Thus, by using the calculated® Jattice potential enthalpies
g o to the average Ag—O bond of the salts and the published sublimation/evaporation en-
_F }{y lengths would imply a linear re- thalpy of P;N;CIP/CH,CLF" in a deposited Born-Haber

lation between the bond energy
and the bond lengths. However,
it is known that the relation be-
tween bond energy and bond
lengths is better described by
an exponential decrease of the
bond energy with increasing
bond length, as included in I.D. Brown’s bond-valence
method." Thus, the SIA is the sum of the bond valences
(in v.u.) of the two Ag—O contacts, as in Figure 6. The
higher the SIA value, the stronger the interaction between
the silver ion and the oxygen atoms of the anion, but the
weaker the interaction of the ligand L with the silver ion
(Table 4).142

Figure 6. Silver coordination in
the Lewis acid—base complexes
(L),AgAl(OR"), (x=1, 2;
R7=C(H)(CF;),, C(CH;)-
(CF5),).

Table 4. Ag—O bond valences s [v.u.] and SIA of several Lewis acid—base
complexes.[*!

Complex! s ¥(s)=SIA Ref.
(Tol),Ag[AI(OR"),] 0.119 0118 0236 4]
(C,H,CL),Ag[AI(OR"),] 0160  0.126  0.286 4]
(Ss)Ag[AI(OR"),] 0252 0080 0332 4]
(P,S;)Ag[AI(OR"),] 0190 0170 0370 4]
(P;N;Clo) Ag[AI(OR"),] 0186 0252 0438 this work
(CH,C1,)Ag[AI(OR"),] 0228 0221  0.449 4]
(P,)Ag[AI(OR'),] 0236 0220  0.456 2

[a] R'=C(CH;)(CF3),; R"=C(H)(CF}),.

According to its SIA value (0.438), P;N;Cls is a rather
weak ligand for Ag™*, a bit better than CH,Cl, (0.449 v.u.) or
P, (0.456 v.u.), but much weaker than Sg (0.332 v.u.) or tolu-
ene (0.236 v.u.). This finding is also in agreement with the
average Ag—Cl distance in 2, which is 0.089 A longer than
that in the homoleptic Ag(CH,CL,);* ion. Thus (PNCL,); is a
slightly stronger ligand than CH,CL.

Dynamics of the Ag*/P;N;Cl/CH,Cl, mixture: Since we

could only present indirect evidence for the presence of Ag-
(P;N;Clg),* complexes in solution, we analyzed the system
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cycle (BHC), AH(g) for the formation of Ag(P;N;Cly),-
(CH,CL)*, from Ag(CH,CL);* ) and 2P;N;Cly,, was esti-
mated to be less than —126 kJmol™ [cf. Eq. (2h) in Table 5].
This BHC-derived upper limit of —126 kJmol ™ is in excel-
lent agreement with the MP2 calculated value of
—126.1 kJmol™" and thereby supports the validity of the
quantum-chemical MP2 calculations.

We now turn to a detailed analysis of the dynamics in
CH,(Cl, solution [Egs. (2a)—(2i) in Table 5]. All calculations
were done at the MP2/TZVPP level with inclusion of zero-
point energies and entropic, thermal, and solvation contribu-
tions at 298 K (COSMO in CH,Cl,). For comparison the
BP86 and MPW1PWO1 results are also included.

Comparison to the BHC data for Equation (2h) (AH <
—126 kJmol™!) suggests that the DFT (—51kJmol™!) and
HF-DFT (—58 kJmol™") calculations underestimate the Ag—
N bond enthalpies. In contrast to the MP2 calculations
(AH[Eq. (2h)]=—126 kImol™"), the DFT and HF-DFT cal-
culations do not account for dispersive interactions and
therefore likely give consistently lower complexation ener-
gies. However, the latter calculations also suggest that
P;N;Cl, should be bound to Ag* in solution with the two
major players being Ag(P;N;Cl),"™ and Ag(CH,CL,)-
(P;N,Clg),*. With the DFT and HF-DFT calculations, ex-
change according to Equations (2e), (2f), (2i) is likely, while
MP2 indicates that exchange should only occur for the
CH,Cl, molecule [Eq. (2f)], but likely not for the phospha-
zene ligands [Egs. (2e) and (2i)]."

Ground state of complex 1: The D,,-symmetric structure of
1 found in the solid state is a transition state in the gas
phase (one imaginary frequency at 3i cm™'). A D,-symmetric
structure in which the two phosphazene rings are twisted by
about 54.4° was calculated to be the ground state (see
Figure 7); AH, for such a transformation amounts to only
+1kJmol ™.

Thus, in the solid state this distortion can easily be in-
duced by packing effects. A similar situation was observed
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Table 5. Thermodynamic data of the dynamics of the Ag*/P;N;Cl/CH,Cl, mixture in the gas phase and solution (COSMO model, ¢,=8.93) calculated
with ab initio and hybrid HF-DFT methods. Values in bold indicate the three most likely exchange reactions at the respective level.

Reaction (L =P;N;Cls, D = CH,CL,) Equation (RI-)MP2/TZVPP (RI-)BP86/SVP MPW1PW91!
AH, AG, AGgy,q, AH, AG, AGgy q, AH, AG, AGgy q,

Ag(D),* +L=Ag(D),L* +D (2a) —61 —46 31 -27 -13 +4 —-31 —-16 +1
Ag(D),L*=Ag(L),D* +D (2b) —66 —88 -77 —24 —47 —34 —28 —51 -38
Ag(D),L*=Ag(D)L*+D (2¢) 56 9 -10 +50 +2 -16 33 -15 -33
2Ag(D),L*=Ag(L),D* +Ag(D);* (2d) -5 —42 —46 +3 —34 —38 +3 —34 -39
Ag(D)L* +L=Ag(L),D* (2e) —122 —97 —67 —74 —49 —-18 —61 -36 -5
Ag(L),D*=Ag(L)," +D 2f) +46 +19 +11 +21 -8 -15 16 -13 -20
Ag(D);*+2L=Ag(L),* +3D (2g) -79 —-115 —97 -31 —68 —45 —43 —-79 -57
Ag(D),* +2L=Ag(L),D* +2D (2h) —126 —134 —-107 —51 -59 -30 -59 —67 —37
AgLD*+L=Ag(L)," +D (2i) -75 —-78 -57 -53 -57 -33 —45 —48 —24

[a] 6-311G(2df) basis set except for Ag, for which a SDB-cc-pVTZ basis with relativistically adjusted 28 VE effective-core potential was used.

D, isomer of Ag(P;N,Cl,),"

D,,, isomer of Ag(P;N,Cl,),"

Figure 7. Calculated D,- and D,,-symmetric structures of Ag(P;N;Cly),"™
(MP2/TZVPP).

for the ground-state structure of the Ag(P,),* complex: The
experimental structure(®3¢3! is dependent on temperature
and counterion. Weak solid-state contacts to the fluorine
atoms of the anion distort the almost D,,-symmetric struc-
ture with [Al(OR),]” from that calculated to be the global
minimum in the gas phase (D,).”***! We suppose that a simi-
lar situation occurs in the solid-state structure of 1. In the
calculated D,,-symmetric Ag(N-P;N;Cl),* structure the
shortest Cl---Cl contact was found to be 4.424 A, and that in
the D, structure 5.142 A, that is, a slight weakening of the
Cl---Cl Coulombic repulsion may be the reason for the low-
ering of the gas-phase symmetry from D,;, to D,.

Other Ag(P;N;Cly),* isomers: The linear twofold coordina-
tion in complex 1 is typical for the Ag* ion and observed in
many Ag(L),* complexes with soft ligands.”? However, we
also calculated other possible coordination modes for com-
plexes 1 and 3, that is, coordina-
tion through the Cl atoms.
Ag:Cl coordination represents

Similar and isostructural coordination elements (Ag--CLE)
were found within the Ag(CH,Cl,);* complex (E =CH,).’”!

The formation of complexes with Cl coordination is un-
favorable by 37-140 kImol™" (AGy, ). The next most fa-
vorable structure is a Ag(n’-Cl,Cl,CI-P;N;Cly)* isomer with
1 coordination of three Cl atoms (Figure 8). This isomer,

Cl
Ag(CLCI-P3N;Clg)" (Cs,) Ag(*-P3N;Cl) " (Cy)

Figure 8. Examples for other coordination modes of Ag*—(P;N;Clg) com-
plexes: Ag(n’-CI,CI-P;N;Cly) (C,,) and Ag(n*-CLCLCI-P;N;Cly) (Cs,) at
the MP2/TZVPP level.

calculated to be a true minimum in this conformation, is un-
favorable by +27 to 437 kImol ™ with respect to Ag(N-
P;N;Cl)*. These low-lying higher energy isomers may also
serve as an additional pathway in the possible exchange of
the Ag(CH,CL,),(P;N;Cl,),* ions in solution.!*"}

On the existence of the P;N;Cl;* ion: Since the Ag*/
P;N;Cl; mixture is stable at room temperature in solution,
and even treatment at about 50-60°C in an ultrasonic bath
did not lead to ionization of the P—Cl bond, we were inter-
ested whether the P;N;Cls* cation could be obtained on the
basis of the underlying thermodynamics and whether the

Table 6. AHg), AG'('g), AGLHEC12 for the isomerization of the silver hexachlorotriphosphazene complexes.

the HOMO-LUMO interaction

(the HOMO of P;N;Cly is Cl-
centered). m-CLCI and n-
CIl,CL,Cl interactions were as-
sessed (see Table 6 and Figure 8
and Supporting Information).

Isomerization AH, AG'('Q) AGgy o,
Ag(N-PN,Clo) ¥ — Ag(n-CLCI-PN,Clo) + +70 61 +51
Ag(N-PN,Clo) ¥ — Ag(n’-CLCLCI-PNCly) * +27 +27 +37
Ag(N-PN,Cl), * — Ag(17-CLCI-PN;Cle) (N-PN;Cl) +85 +77 +71
Ag(17-CLCI-PNCly) (N-P,N:Clo) * — Ag(17-CLCI-PNACl), +73 +80 +69
Ag(N-PN,Cl ), * — Ag(-CLCLCI-PN,Cl ) (N-PsN,Clo )+ +58 +47 +45
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stability of the complexes is only kinetic (Only the most ac-
curate MP2 calculations were used). According to the calcu-
lated energetics in Table 5, the true “starting material”
should be the (exchanging?) complex cation in 1 (or 2). We
calculated the Gibbs reaction energy for formation of the
P;N;Cls* cation via the likely Ag(N-P;N;Cl)(w’-CLCLCI-
P;N;Cl,) " intermediate. This lowest energy species with a
direct Ag—Cl bond must be reached prior to ionization of
the P—Cl bond with formation of P;N;Cls™ and AgCl
(Figure 9).

The reaction starting from complex 1 has a barrier of at
least +226 kJmol™' for the ionization (45+ 181 kJmol™).
Thus, although the entire reaction is exergonic by 5 kJmol™
(226-231=—5 kI mol™"), the silver salt clearly is not a suit-
able agent to generate the P;N;Cl;™ cation. However,
AGy, o, for the formation of the P;N;Xs* cations (X=Br,
1) from Ag(CH,CL),* and (PNX,), is more favorable by up
to 80 kImol~! than that of P;N;Cls* and may therefore pro-
ceed (see Supporting Information).

Figure 9 shows that to obtain the P;N;Cls* cation, an ion-
izing agent is required that will not preferably form a com-
plex and which reacts at low temperatures. A likely candi-
date would be AsBr,*[AI(OR),]”, which we have shown to
react with CS, to give CS,Br;*.1°" Since the ionization ener-
gies—as a measure of the HOMO energies—of CS,
(10.08 e V) and (PNCL,); (10.05 e V)"l are very similar, the
use of AsBr,™ as an ionizing agent is promising (e.g.,
AsBr,t +P;N;X;—P;N; X T +BrX + AsBr;).

Conclusion and Outlook

The first complexes of any hexahalophosphazene molecule
that were characterized by their crystal structure have been
presented, that is, Ag(PsN;Clg),*, Ag(CH,CL)(P;N;Cly),*,
and Ag(P;N;Cl,)*, stabilized in the environment of weakly
coordinating [AI(ORF),]” ions. N-coordinated structures of
coordinated hexachlorotriphosphazene were found and also

Coordination Isomerization

AG® = +181 k}mol™ |

A$X

Ager M =PsNsCloh o
+ 3CH,Clygory

Ag(CHLCL) o
+ 2P;N;Clyigom

AG® =-97 kJmol ' /

N\ AZIV-PaNSCle)s’ oy ,./AG“ =+45 kJ'mol™!
\ + 3CH,Clygony /.
e 22N

lonization

G P3N Cls" ooy PaNaClgsorny
+ 3CH,Clyany+ Al

FULL PAPER

calculated to be the most favorable; an nW-CI,CI,CI-P;N;Clg
complex is the next most accessible isomer.

According to the SIA scale of Ag(L)* complexes (L=
ligand) with ligands like P,, S5, CH,Cl,, and P;N;Cl,, the
donor strength of P;N;Cly is much lower than that of Sg but
comparable to that of a very weak base like P, or CH,Cl,.
In agreement with this, the competitive coordination of
CH,CI, and (PNCl,); was observed. MAS *P NMR spectra
clearly proved that the chemical shift of the P atoms in
P;N;Cl4 is almost unchanged upon complexation, and AJd-
(*'P) is as small as 2 ppm. This conclusion is further under-
lined by quantum-chemical calculations of the chemical
shifts of several Ag(P;N;Cly),(CH,CL,),* isomers and high-
lights the weak coordination of the P;N;Clg ligand. There-
fore, weakly coordinating anions were necessary to stabilize
these complexes.

The formation of P;N;Cls* was never observed, even at
4 60°C in an ultrasonic bath. Accordingly, we calculated the
minimum barrier for P;N;Cl;* formation from Ag-
(P;N;Clg),* to be 4226 kImol™!. Other reagents to which
the phosphazene does not coordinate as a ligand are likely
better suited to achieve this goal, for example, AsBr,™.

Experimental Section

General: All manipulations were performed using standard Schlenk or
dry box techniques and a dinitrogen or argon atmosphere (<1 ppm H,O
and O,). Apparatus was closed by J. Young valves with a glass stem
(leaktight at —80°C). All solvents were rigorously dried over P,O5 and
degassed prior to use and stored under N,. P;N;Clg was purchased from
Merck KGaA and stored under inert atmosphere. Ag[Al(OR),]® and
Ag[AI(OR'),]*" were prepared according to the literature. Raman and
IR spectra were recorded using a 1064 nm laser on a Bruker IFS 66v
spectrometer equipped with the Raman module FRA106. IR spectra
were recorded on Nujol mulls between Csl plates. NMR spectra of
sealed samples were run on a Bruker AC250 spectrometer in CD,Cl, and
were referenced to the solvent (‘H, C) or external H;PO, (*'P) and
aqueous AICl; (PAl).

NMR spectroscopy: Liquid-state NMR spectra of samples dissolved in
CD,Cl, and packed in sealed NMR tubes were recorded on a Bruker
AC250 spectrometer equipped with a
5.9 T narrow bore magnet. The '"H and
3C chemical shifts are reported in ppm
relative to an internal standard of
TMS, while the Al and *'P chemical
shifts are reported in ppm relative to
an external standard of 1m Al-
(NO;);(aq) and 85% H;PO,(aq), re-
spectively.

Solid-state NMR spectra were record-
ed on a Bruker DRX 300 and Avance
400 NMR spectrometers equipped
with 7.0 and 9.4 T widebore magnets,
respectively, and utilizing 4-mm
CPMAS and 2.5-mm CPMAS probe-
heads, respectively. Nicely powdered
samples are packed under an N, at-

|AG® =-231 klmol !

| PsNSCIS g1+ PaNsClyeonyy
11 3CH,Clygony + AgCly?

T T

T
I il 1 v

Figure 9. Calculated 298 K Gibbs energies in CH,Cl, solution for the reaction between Ag(CH,Cl,);* and

2P,N;Cl, leading to P;N,Cls* (MP2/TZVPP).
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angle sample spinning was used at the
rate of 14 kHz. The sample tempera-
ture was calibrated by using Pb(NO),
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under spinning conditions, while the absolute temperature was calculated
from the chemical shift difference of the two proton resonances in liquid
methanol.!”! Chemical shifts of *'P are reported in ppm relative to an ex-
ternal 85% H;PO,(aq) standard.

Synthesis of Ag(P;N;Cly), " [AI(OR),]- (R=C(CF3);)

Stoichiometry 1:1: (CH,Cl,)Ag[AI(OR),] (1.453 g, 1.253 mmol) and
(PNCL); (0.436 g, 1.253 mmol) were loaded into a two-bulbed vessel
closed by Young valves. The solids were dissolved in CH,Cl, (10 mL) at
—78°C. The solution immediately became slightly dark and an opalescent
suspension formed. The flask was left at —80°C overnight. Only small
quantities of a fine brown to nearly black precipitate were formed. The
flask was stored at —30°C (1d) and finally at ambient temperature
(three days), but no solid AgCl was formed. The solution was filtered
and CS, (3 mL) was added to the solution. Colorless plate-shaped single
crystals of 1 were obtained at —80°C over one week (yield 0.859 g, 74 %
based on (PNCL,);).

SPNMR (101 MHz, CD,Cl,, —40°C): §=22.1ppm (s, v;,=169 Hz);
BCNMR (63 MHz, CD,Cl,, +25°C): 6=120.7 ppm (q, Jcr=291.5 Hz,
CF,, anion); Al NMR (78 MHz, CD,Cl,, +25°C): 6=37.6 ppm (s, v;,=
45.5 Hz).

Stoichiometry 1:2: (CH,Cl,)Ag[Al(OR),] (1.473 g, 1270 mmol) and
(PNCl,); (0.884 g, 2.540 mmol) were loaded into a two-bulbed vessel
closed by Young valves. The solids were dissolved in CH,Cl, (10 mL) and
CS, (3 mL) at ambient temperature. The solution immediately became
slightly dark and an opalescent suspension formed. The mixture was left
for 30 min, during which time a colorless solution over a fine nearly
black precipitate formed. The solution was filtered, concentrated to
about one-half, and crystallized. Colorless plate-shaped single crystals
were obtained at —80°C (yield 2.020 g of crystals, 86 % ). Analytical data
were as above.

Synthesis of Ag(CH,CL)(P;N;Cl)," [AI(OR),]- (R=C(CF;);): Ag-
[AI(OR),] (0.830 g, 0.716 mmol) and (PNCl,); (0.498 g, 1.430 mmol) were
loaded into a two-bulbed vessel closed by Young valves. The solids were
dissolved in CH,Cl, (10 mL) at ambient temperature. The solution imme-
diately became slightly dark and an opalescent suspension formed. The
mixture was left for about 15 min, after which time a colorless solution
over a fine, nearly black precipitate formed. The solution was filtered
and concentrated to about one-half. No crystals were obtained at —28°C,
and the reaction mixture was further slowly concentrated at room tem-
perature to an oily residue, from which colorless plate-shaped single crys-
tals of 2 were grown. After selection of a suitable crystal of 2 for X-ray
diffraction, the crystals (yield 1.050 g, 83 %) were isolated by decantation
and pumped dry under dynamic vacuum until the weight of the flask was
constant (coordinated CH,Cl, was removed). The NMR spectra were
identical with that of 1. IR and Raman (low-temperature) spectra were
recorded (see Vibrational Spectroscopy section).

Synthesis of Ag(P;N;Cl)*[AI(OR),]" (R=C(CH;)(CF;),): (CH,Cl,)Ag-
[AI(OR’),] (0.841 g, 0.709 mmol) and (PNCL); (0.247 g, 0.709 mmol)
were loaded into a two-bulbed vessel closed by Young valves. The solids
were dissolved in CH,Cl, (15mL) and CS, (3 mL) at ambient tempera-
ture. The solution immediately became slightly dark and an opalescent
suspension formed. The mixture was left for two days at ambient temper-
ature, after which time a colorless solution over a fine brown to nearly
black precipitate formed. The solution was filtered, concentrated to
about one-half, and left for crystallization at —28°C. After 2 d single crys-
tals had grown as very fine colorless plates (yield 0.750 g, 77 %).

P NMR (101 MHz, CD,Cl,, +25°C): =22.1 ppm (s, v,,=160.6 Hz);
BCNMR (63 MHz, CD,Cl,, +25°C): 6=124.2 (q, Jor=288.3 Hz, CF;),
76.2 (septet), Jep=29.8 Hz, C(CF;),), 18.0ppm (s, CH;); ""FNMR
(235 MHz, +25°C): 0=-79.2ppm (s); Al NMR (78 MHz, CD,Cl,,
+25°C): 6=48.0 ppm (s, v,,=370.5 Hz).

X-ray crystal structure determination: Data for X-ray structure determi-
nations were collected on a STOE IPDS II diffractometer using graphite-
monochromated Moy, radiation (0.71073 A). Single crystals were mount-
ed in perfluoroether oil on top of a glass fiber and then brought into the
cold stream of a low-temperature device so that the oil solidified. All cal-
culations were performed on PCs using the SHELX97 software package.
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The structures were solved by direct methods and successive interpreta-
tion of the difference Fourier maps, followed by least-squares refinement
(see Table 7). Due to disorder of the [AI(OR),]” ion in 1 the refinement
of the structure only converged at R1=0.0937. Several data sets of differ-
ent batches and at different temperatures showed that this disorder is in-
herent to all crystals of 1. However, only the structural parameters of the

Table 7. Crystallographic details for Ag(P;N;Cls),*[AI(OR),]- (1),
(CH,CL)Ag(P:N;Cly)," [AI(OR),]” (2), and Ag(P;N;Cly)*[AIl(OR"),]~
(3) (R=C(CF3);, R"=C(CH;)(CF5),).

1 2 3
0.15%x0.2x0.25 0.8x0.6x0.5 1.0x1.4x0.2

crystal size [mm]

crystal system monoclinic orthorhombic monoclinic

space group C2/c P2,2.2, P2,/c

a[A] 17.536(4) 16.904(3) 20.889(4)

b [A] 15.877(3) 17.099(3) 10.396(2)

c[A] 19.606(4) 20.057(3) 20.566(4)

a [°] 90.000 90 90

B 1°] 105.79(3) 90 117.53(3)

v [°] 90.000 90 90

volume [A’] 5252.8(18) 5797.3(2) 3960.3(2)

V4 4 4 4

Peatcd [Mgm 3] 2.239 2223 2.088

u [mm™] 1.361 1.422 1.257

max./min. trans. 0.8485/0.9157  0.3002/0.4274  0.7071/0.9269

index range —19<h<19 —21<h<21 —22<h<22
—17<k<17  -21<k<21 -11<k<10
-21<1<21 —-25<1<24 -20<1<20

completeness (%)/ 260 [°]  97.2/46.5 99.3/54.2 92.4/45.2

temp, [K] 120 120 120

refl. collected 15516 45988 18097

refl. unique 3664 12676 4842

refl. observed (20) 2639 12255 3849

R (int.) 0.0805 0.0867 0.1328

GOOF/GOOF restrained 1.039/1.030 1.037/1.037 1.046/1.046

final R/wR2 (20) 0.0937/0.2465  0.0377/0.0932  0.0746/0.1925
final R/wR2 (all data) 0.1228/0.2708  0.0392/0.0946  0.0859/0.2052
larg. res. peak [e A%] 0.466 0.960 1.086

anion are afflicted by the disorder. The cation is well behaved, as judged
by comparison to the calculated data and the thermal ellipsoid plot. All
CF; groups in the asymmetric unit of 1 had to be split over two positions,
and the disordered atoms were included in the refinement anisotropically
to give occupations of about 25 % for the disordered atoms (see Support-
ing Information). The positions of all CF; groups were fixed with SADI,
DFIX, and DANG restraints. The four C atoms of one of the C(CF;);
groups in the anion of 2 had to be split over two positions giving an occu-
pation number of 20% for the disordered atoms (all atoms were refined
anisotropically). The hydrogen atoms of the CH; groups in the anion of 3
were included in the refinement in calculated positions by a riding model
using fixed isotropic parameters. All other atoms in 3 were refined aniso-
tropically. CCDC-259935, CCDC-259936, and CCDC-259934 contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Computational details: Most computations were done with the program
TURBOMOLE.! The geometries of all species were optimized at the
(RI))MP2 level® with triple-¢ valence polarization (two d and one f
functions) TZVPP basis set.[”-%! The 28- and 46-electron cores of Ag and
I were replaced by a quasirelativistic effective core potential.l”! All spe-
cies were also fully optimized at the BP86/SV(P) DFT level.™*™ Ap-
proximate solvation energies (CH,Cl, solution with &, =8.93) were calcu-
lated with the COSMO model™ at the BP86/SV(P) DFT level using the
MP2/TZVPP geometries. Frequency calculations were performed for all
species and structures, which represent true minima without imaginary
frequencies on the respective hypersurface if not explicitly stated other-
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wise. For thermodynamic calculations the zero-point energy and thermal
contributions to the enthalpy and the free energy at 298 K were included.
The thermal contributions to the enthalpy and entropic contributions to
the free energy were calculated with the program FreeH included in
TURBOMOLE. NMR shifts at the BP86/TZVPP level (Ag: TZVPPalls2
all-electron basis set optimized for NMR calculations) were calculated as
single points on the BP86/SVP optimized geometries. The MPW1PW91/
6-311G(2df) calculations (Ag: SDB-cc-pVTZ valence basis with 28 VE
small-core ECP) were done with Gaussian03, and NMR shifts were com-
puted from fully optimized structures obtained at the same level.’® The
MPW1PW91/6-311G(2df) level was selected, since it also reproduced
quantum-chemical problem cases such as the S,* and Sg** ions,”*" as
well as giving reliable *'P chemical shifts and P,P coupling constants of
ternary PSX cations (X=Br, I).’” All calculated chemical shifts are de-
posited together with machine-readable xyz orientations of the calculated
structures and the calculated vibrational frequencies in the Supporting
Information.
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