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Abstract: The silver aluminates AgAl-
[OC(CF;),(R)], (R=H, CHj, CF;) react
with solutions of white phosphorus P, to
give complexes that bind one
or two almost undistorted tetrahedral
P, molecules in an #* fashion:
[Ag(P,),] [AI(OC(CF3)5),]~ (1) contain-
ing the first homoleptic metal—phos-
phorus cation, the molecular species
(P)AgAI[OC(CH;)(CF3),)s  (2), and
the dimeric Ag(u,n>-P,)Ag bridged
{(P)AAI[OC(H)(CF3).]s), (3). Com-
pounds 1-3 were characterized by var-
iable-temperature (VT) 3'P NMR spec-
troscopy (1 also by VT 3'P MAS-NMR
spectroscopy), Raman spectroscopy, and
single-crystal X-ray crystallography.

species, and this observation was ration-
alized on thermodynamic grounds. The
Ag(P,)," ion has an almost planar coor-
dination environment around the Ag"
ion due to d._,(Ag)— o*(P—P) back-
bonding. Calculations (HF-DFT) on six
Ag(P,)," isomers 4a—f showed that the
planar 5? form 4a is only slightly favored
by 5.2 kJmol~! over the tetrahedral #?
species 4b; 5'-P, and #*-P, complexes
are less favorable (27-76 kI mol~!). The
bonding of the P, moiety in [RhCI-
(7*-P,)(PPhy),], the only compound in

Keywords: density functional calcu-
lations - phosphorus - silver
weakly coordinating anions

which an #? bonding mode of a tetrahe-
dral P, molecule has been claimed, must
be regarded as a tetraphosphabicyclo-
butane, and not as a tetrahedro-P, com-
plex, on the basis of the published NMR
and vibrational spectra, the calculated
geometry of [RhCl(P,)(PH;),] (10), the
highly endothermic (385 kJmol™!) cal-
culated dissociation enthalpy of 10 into
P, and RhCI(PH;), (11), as well as atoms
in molecules (AIM) and natural bond
orbital (NBO) population analyses of 10
and the Ag(P,)," ion. Therefore, 1-3
are the first examples of species con-
taining #?-coordinated tetrahedral P,
molecules.

Other Ag:P, ratios did not lead to new

Introduction

Owing to the unique structure and unusual bonding of the
tetrahedral tetraphosphorus molecule, its chemistry has
attracted much attention over the past decades. However,
knowledge on species containing tetrahedro-P, is still very
limited. Recently complexes of P, with H* [l Li* I or Ag*l!
were investigated by mass spectrometry, and on the basis of
quantum-chemical investigations it was concluded that the P,
molecule retains its structural integrity when complexed with
Li* but forms a P-H-P three-center, two-electron bond in
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HP,". Few structures in which tetrahedral P, molecules are
coordinated to transition metal fragments are known,* >l and
the question whether #?> complexes are derived from neutral
tetrahedro-P, or from P>~ in a tetraphosphabicyclobutane
structure is still disputed. For example, [Rh!Cl(*-P,)-
(PPh;),]*] can formally be viewed as a Rh'"((P,?~) complex.[*]
In fact, upon reaction with transition metal fragments,
decomposition of the tetrahedral P, molecule is usually
observed, and phosphidic degradation appears to be the
normal reaction pathway of P,.[% This led to the question
whether very weak and simple complexes between a univalent
metal cation such as Ag*ll and the P, molecule could also be
accessible in condensed phases. Such compounds can be
regarded as initial steps on the usual pathway leading to
phosphidic degradation of P,.[7]

Here we report on the preparation and structural character-
ization of three silver—P, complexes containing one or two
almost undistorted tetrahedral P, moieties: [Ag(P,),]"-
[AI(OC(CF;);),]~ (1) containing the first homoleptic metal —
P, cation, the molecular species (P;)AgAl[OC(CH,)(CF;),],
(2) and the dimeric Ag(u,n*-P,)Ag bridged [{(P,)AgAl-
[OC(H)(CF3),]4},] (3). A preliminary account on the Ag(P,),"
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ion has been given.l®l For the stabilization of these superweak
silver—phosphorus complexes weakly coordinating anions
(WCAs) of the type AI(ORg),~ (ORg=polyfluoroalkoxy)
had to be used as spectator anions.’! Moreover we reinterpret
the bonding of the Rh(P,) moiety in [RhCI(P,)(PPh;),] as a
tetraphosphabicyclobutane P, unit, and not as a molecular
tetrahedro-P, complex, on the basis of the published NMR and
vibrational spectra, the calculated geometry and thermo-
chemistry of [RhCI(P,)(PHs),] (10), as well as AIM and NBO
population analyses of 10 and the Ag(P,)," ion.

Results and Discussion

Syntheses and NMR spectroscopic characterization: Initial
attempts to prepare M*(P,) complexes were performed by
treating LiAl(ORg), with white phosphorus alone or in
solvents such as CH,Cl, and 1,2-Cl,C,H,. However, NMR
spectroscopy indicated the failure of these reactions, and we
therefore replaced the hard Lewis acid Li* by the soft Ag* (P,
is a soft Lewis base). Analogously, the weak but soft Lewis
bases Se, and Sg formed stable complexes with Ag[Sb-
(OTeF;)e] 1" Several Ag*:P, ratios between 1:1 and 1:4 were
used, but for each anion a preferred product 1, 2, or 3 always
crystallized from the mixture (see Scheme 1).

ORr ZOUCRl . Ag(Pa)I'IAIOR ], 1
ORe| = OC(CHs)(CFa)z

Ag[AORE)g] + n Py P

(P4)AgAI(ORE)a, 2

ORg| = OC(H 1CF3 2

e 1 0.5 [{(P4)AgAI(ORF)4}2], 3

Scheme 1. Reactions leading to the Ag—P, adducts 1-3.

The nature of 1-3 was established by Raman and NMR
spectroscopy and by single-crystal X-ray crystallography. All
three compounds are colorless, highly soluble in CH,Cl,,
CHCl;, and 1,2-Cl,C,H,, and ignite spontaneously in air. The
molecular species 2 and 3 are also soluble in CS, and n-
pentane, and therefore dissociation into discrete Ag(P,)" ions
and AI(ORg), ions in solution appears unlikely. In the room-
temperature 3P NMR spectra of 1-3 the chemical shift of the
P, molecule is only very slightly shifted to lower field and
occurs as a sharp singlet (0(3'P) = — 522 (P,), —497 (1), — 515
(2), —514 (3) in CD,Cl,). The room-temperature solid-state
3IP MAS-NMR spectrum of 1 showed essentially the same
shift (0(*'P) = —511 at 298 and — 507 at 154 K;; Figure 1).

The VT 3P MAS-NMR spectra presented in Figure 1
clearly reflect the motion of the P, tetrahedron. The very
small overall linewidth of the room-temperature spectrum is
consistent with a rotation of the P, tetrahedron about all C;
axes, achieved by intermediate #' coordination as in Equa-
tion (1a). Upon lowering the temperature, the characteristic
frequency is reduced until it matches the MAS frequency at
180 K. Here the interference of the macroscopic rotation
(MAS) and the microscopic internal P, reorientation leads to
disappearance of the NMR signal. Further decrease of the
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Figure 1. Solid-state *'P MAS-NMR spectrum of 1 with 3 kHz spinning
frequency at 298 (top), 270, 240, 210, 180, 170, 160, and 154 K (bottom).

temperature freezes the rotation of P, about the C; axes, and
the spectra exhibit the full chemical shift anisotropy (CSA)
pattern, as indicated by the numerous spinning side bands.
The isotropic chemical shift remains virtually constant at 6 =
—511 at room temperature and —507 at 154 K. This is in
agreement with the order—disorder phase transition observed
by X-ray crystallography (see below). The chemical shift of
0 =—>511 for 1in the solid state at room temperature suggests
that the 3P NMR chemical shift of 1 is due to a fast
equilibrium between several Ag(P,)," isomers and only to a
small extent, if at all, to a fast equilibrium between Ag(P,),",
P,, and Ag".["l By analogy the same holds for 2 and 3. A
similar conclusion was drawn from the calculated 3P NMR
shifts of Ag(P,)," and Ag(P,)* below. We note that available
3P NMR signals of species containing coordinated P, moieties
are usually shifted considerably to lower field; for example,
0=-282 (av) in [RhCI(7?-P,)(PPhs),],** —391 (1P) and
—489 (3P) in [Re(CO),(n'-P,)(triphos)]*,[*) and —422 (1P)
and —473 (3P) in [W(CO);(5'-P,){P(CsH;,)5}] . Recording
the 3'P NMR spectra of 1 and 3 at low temperature led to a
small shift to lower field (A6 =10-11 at —100°C) and to line
broadening, but no evidence for an AB; or A,B, spin system
was found, in agreement with a fluxional system. Ab initio
calculations (see below) showed that the calculated gauge
invariant atomic orbitals (GIAQ) 3P NMR shifts of the two
nonequivalent phosphorus atoms in four Ag(P,)," isomers
4a—d only differ by A0=11-16 (see Table 1). Experimen-
tally, the two lines are indistinguishable on the NMR time-
scale, and prevents assignment of a unique solution structure
of the Ag(P,)," ion. Probably a mixture of 4a—d will be
present in solution [Eq. (1a)].

Ag(r-Py)," (4ab) = (7'-P)Ag(r-P)" = Ag(y'-P,)," (4ed)  (la)
In the 7' mode, rotation around the Ag—P axis is
presumably very fast and thus equilibrium (1la) makes all

phosphorus atoms equivalent on the timescale of solution and
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Table 1. Calculated GIAO 3P NMR shifts and relative energies of several
Ag(P,)," and Ag(P,)" isomers in the gas phase and in CH,Cl, solution (in

parentheses).
Species 0('P)(coord.)  O('P)(non coord.)  E

[ppm] [ppm] [kJmol-1]
Ag(P,)," 4a (n*; D,,)  —507 —518 0
Ag(P)," 4b (1 Dyy)  — 501 —517 +5
Ag(Py)," de (n': Dy)  —499 -512 +27
Ag(P,)," 4d (n'; Dsy) —500 —512 127
Ag(P,)," de (7°; Dy) —550 —632 +72
Ag(Py),* 4f (% Dy))  —551 —632 +75
Ag(P)* 5 (% Cy) —504 —508 0 (0)l
Ag(P) 5a(y'; Cy)  —461 ~516 +24 (+0.6)
Ag(P)*5b (7% Cy) =570 — 664 £30 (=)

[a] COSMO-model. [b] Calculation did not converge.

MAS-NMR spectroscopy. However, 77° coordination as in 4e,f
can be excluded on the basis of the calculated shifts and the
high relative energies (Table 1). Owing to the similarity of
calculated and observed *'P NMR chemical shifts we conclude
that the majority of the Ag(P,)," and (anion)Ag(P,) com-
plexes in 1 and 3 remain as 7> and 7' complexes in solution and
dissociate only slightly into Ag™ and P,. However, in none of
the spectra at all temperatures and with all Ag:P, ratios tested
the signal of free P, was visible.['”l In 3 the exchange of the
coordinated P, molecules may occur via a dimeric structure
like that observed in the solid state (see below and Eq. (1b),
R = C(H)(CF5),).

2(P,)Ag[AI(OR),] = {(P)Ag[AI(OR),]}, = 2(P,)Ag[AI(OR),] (1b)

However, these exchange processes are faster than the
NMR timescale even at —100°C and therefore lead to the
relatively simple one-line spectra. Equations (1a) and (1b)
were supported by a systematic VT 3P NMR spectroscopic
investigation of the properties of CD,Cl, solutions with
Ag":P, ratios of 1.0:1.0-2.5 for R=C(H)(CF;), and
1.0:2.0-4.0 for R = C(CF;);."™

A different situation was encountered for 2, which contains
the most basic anion of this AI(ORp),  series.) The P,
molecule of 2 is the most weakly bound amongst 1-3.[13
Upon cooling a sample of 2 in CD,Cl,, two broad lines in a
ratio of 1:7 at 6(*'P) = — 466 and — 518, as well as a sharp line
attributable to Ag(P,),", appeared at —80°C and were the
dominant signals at —90°C (Figure 2).

-487 Ag(P@ﬂ

A
“ ! "\
\
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|
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-3

Figure 2. 3P NMR spectrum of 2 in CD,Cl, at —90°C.

Comparison with the calculated GIAO 3P NMR shifts of
three Ag(P,)" isomers 5, 5a, and 5b (Table 1) that served as
models for (anion)Ag(P,), which is presumably a molecular
compound in solution, shows that this is best understood as a
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1:1 mixture of Ag(n'-P,) and Ag(#*-P,) moieties within the
(anion)Ag(P,) structure [Eq. (2a), R = C(CH;)(CF;),], with a
small amount of Ag[Al(OR),] and Ag(P,),[Al(OR),] (sharp
line at 0=—487, cf. OC'P) (1, —90°C)=—488 and O('P)
(P,, —80°C) = —516['?) also present [Eq. (2b)].

(7-P,)Ag[AI(OR),] = (7'-P,)Ag[AI(OR),] (2a)

2(P)Ag[AI(OR),] = Ag(Py),[AI(OR),]+ Ag[AI(OR),] (2b)

The broad signal at 0(*'P)=—466 is due to the only
coordinated P atom of the ' species (caled: d = —461) and
the more intense signal at d = — 518 is due to a superposition
of the signals for the three basal P atoms of the #' species and
all the phosphorus atoms of the #? form (see Table 1). In the
gas phase the %' form in the Ag(P,)* model is 24 kJ mol~! less
stable than the #? form, which is compensated in CH,Cl,
solution by the 23.4 kI mol~! higher solvation energy of the #'
isomer (COSMO model: AG,,,=—171.4 kJmol™! for 5,
—194.8 kJmol~! for 5a). This accounts for the 1:1 mixture
observed by NMR spectroscopy. Based on the calculated
NMR shifts, the #* isomer is ruled out and certainly plays no
role in solution.

Reactions of 1 with the Lewis bases C;Dg, 1,5-cycloctadiene,
and Sg: When 1 was dissolved in C¢Dg, the room-temperature
3P NMR spectrum showed one sharp signal at 6 = — 520, that
is, the chemical shift of free P, in this solvent. Therefore, we
conclude that the Ag(P,)," complex is destroyed in C¢Dy, and
an Ag(C¢Dy)," (n=2) complex and 2P, are formed. This is
consistent with the many known stable crystalline Ag* arene
complexes.” 14l Similarly, we also observed destruction of the
Ag(P,)," complex when two equivalents of 1,5-cycloctadiene
(COD) were added to a solution of 1 in CDCl; (6*'P = —521
(free P,); an [Ag(cod),]"BF,~ (cod =1,5-cyclooctadiene) salt
is known!"*l). However, octasulfur S is an even weaker donor
than P,; an NMR-scale reaction between 1 and two equiv-
alents of Sy in CDCl; with ultrasonic enhancement for 30 min
left the sulfur unconverted at the bottom of the NMR tube.
The 3P NMR spectrum of this mixture showed only one line
at 03P = — 496, that is, exactly the position of 1 in this solvent.
Under the same conditions, Ag[Al(OC(CF;);),] reacted
quantitatively with two equivalents of Sy to give Ag(Sg),-
[AI(OC(CF5)s),] ")

Crystal structures: Crystallographic and refinement data of
1-3 are collected in Table 5.

Overall structure: The solid-state structures of 1-3 contain
side-on-bonded Ag(#?-P,) moieties with comparable struc-
tural parameters (Table 2). However, 1, which contains the
least basic anion,” is a salt, and the Ag atom binds two
tetrahedral P, molecules so that the local coordination sphere
of the Ag atom is nearly planar and the two AgP, planes are
tilted by only 10.6° (Figure 3).

When the data for 1 were collected at 200 K, an order—
disorder phase transition occurred, and the Ag(P,)," ion
became perfectly D,,-symmetric, while all OC(CF;); groups
of the AI(OC(CFs;);),~ ion were disordered and freely rotating
(Figure 4).') Therefore, the D,, conformation should be the
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Table 2. Structural parameters of the Ag(y?-P,) moieties in 1-3.

Parameterl? 1 2 3
d(Ag—P) range [A] 2.536(1)-2.548(1) 2.5262(8)-2.5274(9) 2.512(2)-2.523(2)
d(Ag—P) av[A]  2.541(1) 2.5268(9) 2.519(2)
d(a) range [A] 2.328(2)-2.330(2) 2.3076(12) 2.317(2)-2.334(2)
d(a) av [A] 2.329(2) - 2.326(2)
d(b) range [A] 2.145(2)-2.163(2) 2.152(1)-2.174(1)  2.151(2)-2.174(2)
d(b) av [A] 2.154(2) 2.159(1) 2.160(2)
d(c) range [A] 2.172(2)-2.174(2) 2.188(2) 2.161(2)-2.177(2)
d(c) av [A] 2.173(2) - 2.169(2)

P-P-Prange [7]  56.89(7)—65.53(7) 57.29(4)-64.48(4)  56.92(7)—65.26(6)

[a] a, b, c refer to the distances shown in A.

/ P\P «C
Ag\a(P/%\Qp

b

Figure 3. The solid-state structure of the Ag(P,),” ion in 1 at 150 K.
Thermal ellipsoids are drawn at the 25% probability level; for clarity the
AI(OC(CF;);),” ion is omitted.

S
P4

Figure 4. The solid-state structure of the Ag(P,)," ion in 1 at 200 K.
Thermal ellipsoids are drawn at the 25 % probability level; for clarity the
disordered Al(OC(CFs;);), ion is omitted. The bond lengths and angles are
similar to those in the low-temperature modification.!'”!

ground state and is not induced by cation —anion contacts. At
150 K, the rotation of the CF; groups is hindered by the
formation of eleven weak P—F contacts at 3.12-3.36 A

Figure 5. Stabilizing P—F contacts in the low-temperature modification of 1.

(Figure 5, sum of van der Waals radii for P and F: 3.40 A), and
these weak interactions slightly distort the D,, conformation.

There is only one family of ions with an isolobal topology to
1, namely, [M{M'(tppme)(P3)},]PFs (M =Cu, Au; M’'=Co,
Rh, Ir; tppme = 1,1,1-tris(diphenylphosphanylmethyl)ethane),
in which the local coordination of the M atom is between
planar and tetrahedral [the two MP, planes form an angle of
about 51° (Au) or 57° (Cu); in 1: 10.6° (150K) or 0°
(200 K)].['®! In contrast to 1, the Ag* ions in 2 and 3 are
additionally ligated by the AI[OC(R)(CF;),],” ions (R=H,
CHj;), and Ag* can therefore only bind one P, molecule. The
oxygen atoms of these anions are sterically more accessible
and more basic than those in Al[OC(CF;);], ! and thus also
coordinate in a bidentate fashion to the Ag atom to give the
molecular species 2 (Ag—O 2.365(2), 2.388(2) A; Figure 6)
and the dimeric species 3 (Ag—O 2.353(3)-2.401(3) A; Fig-
ure 7). The latter distances are comparable to those of other

Figure 6. The solid-state structure of 2. Thermal ellipsoids are drawn at the
25% probability level; for clarity all hydrogen atoms are omitted, and
carbon and fluorine (gray) atoms are shown as small circles on an arbitrary
scale.

weak Ag—O interactions, for example, in (OC)Ag[B(OTeFs),
(Ag—O 2.324(6), 2.436(6) A).Y Interestingly, the local
AgO,P, coordination sphere in 2 is tetrahedral, while that in
3 is planar. However, the two (P,)AgAl[OC(H)(CF;),], units
in 3 dimerize by weak Ag—P contacts of 3.352(2)-3.429(2) A,
and if one weak Ag—F interaction per Ag atom (3.250(3) and
3.282(3) A) is included, the local coordination environment of
the silver atoms is elongated octahedral (Figure 8). In contrast
to 3, no Ag—F contact below 4.269 A is found in 2. The
phosphorus atoms in 2 (3) exhibit
three (five) weak stabilizing con-
tacts to fluorine atoms below the
sum of the respective van der
Waals radii of 3.40 A: 3.302(1) to
P3,3.350(1) to P2, and 3.400(1) A
to P1 (3: 3.230(3) to P4, 3.301(3)
to P1, 3.328(3) to P2, 3.331(3) to
P7, and 3.340(3) A to P6).

The Ag(n?*-P,) moieties: All three
solid-state  structures contain
Ag(n?*-P,) moieties with local C,,
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Figure 7. The dimeric solid-state structure of 3. Thermal ellipsoids are
drawn at the 25% probability level; for clarity all hydrogen atoms are
omitted, and carbon and fluorine atoms (apart from F123A and F224A) are
shown as small circles on an arbitrary scale.

DF123A

l13.282(3)

022
B '(Ag2 Po6

[ o1 |
3.3520)! P5 " P8 ®
3.4292)  O11

P3\ I 1 ( ): &

i 4

T, AL on
P4 13.250(3)
& F224A

Figure 8. The local octahedral coordination of the Ag atoms in 3, including
one weak Ag—F contact each. All hydrogen, carbon, and fluorine atoms
except for F123A and F224A are omitted for clarity.

symmetry. The Ag—P [P—P] distances vary only slightly and
range from 2.519 (3) to 2.541 A (1) (2.145 (1) to 2.334 A (3)).
The coordinated edge of the P, tetrahedron is elongated by
about 0.10—0.12 A, but all other P—P distances are shortened
by 0.02 to 0.07 A relative to the free P, molecule (2.21 A; see
Table 2). There are three sets of distinctly different P—P bond
lengths: the coordinated edge (av 2.323 A, denoted a), the
four adjacent bonds (av 2.158 A, b) and the opposite edge (av
2.177 A, ¢), but the overall geometry of the P, molecule is only
slightly distorted, as seen by the small range of P-P-P bond
angles of 56.9-65.5°. In contrast, the coordinated edge in
[RhCI(72-P,)(PPh;),]*! is elongated to 2.462(2) A, that is,
025 A longer than in P,. The Rh—P, bonds in the complex are
short (av2.293 A, cf. av 2.529 A in 1-3), even shorter than the

strong dative Rh—PPh; bonds in the same molecule (av
2.333 A). This is surprising given the low nucleophilicity of the
neutral P, molecule, and one would expect a difference of
about 0.1 A between Ag—P and Rh—P bonds, since the atomic
and ionic radii of silver and rhodium differ by this amount,
whereas the difference between 1-3 and [RhCI(n*
P,)(PPh;),] is about 0.23 A I This again underlines the weak
coordination of the tetrahedral P, molecule in 1-3 and raises
the question whether the P, moiety in [RhCl(%?-P,)(PPh;),]*!
should better be formulated as being formally derived from
|

Raman spectra: The FT-Raman spectra of 1-3 also show the
weak coordination to the Ag* ion. Upon coordination of P,
the local symmetry of the Ag(P,) moieties is lowered from T},
(in P,) to C,,, and therefore the three A;, T,, and E Raman
bands of P, split into six Raman active A; (3), A, (1), B, (1),
and B, (1) modes. All observed frequencies of 1-3 are
collected in Table 3, and a typical spectrum (of 1) is shown in
Figure 9.

0.38

374 (A,) 458(B,)

\

0.34
0.30
0.26
300 400 500 600 700
Figure 9. FT-Raman spectrum of 1 between 300 and 700 cm™".

The Raman frequencies of 1-3 are very similar and only
slightly shifted relative to those of P,; this indicates nearly
undistorted and therefore weak coordination of the P,
molecule. In contrast, the P—P Raman frequencies of
[RhCI(7*-P,)(PPh;),] are shifted to lower energy by 27-
72 cm~!, in agreement with considerable weakening of the
P—P bonds and strong coordination to the rhodium center.
Moreover, the symmetric A; breathing mode of P,, which in
free P, and 1-3 is the most intense band, is weak in [RhCI(#?-
P,)(PPh,),].*®! This again raises the question of whether this
n*>-P, moiety should be regarded as neutral P, or P,>".

Calculations: To understand the bonding situation in the
Ag(n?*-P,) moieties in 1-3 and to establish the thermody-
namics of 1-3 we fully optimized the structures of six isomers
of Ag(Py)," (7°-Dyy (4a), 77>-Day (4b), n'-D3, (4¢), 7'-D3q (4d),

Table 3. Experimental Raman spectra of 1-3, calculated scaled®! frequencies Veygeq Of Ag(Py),* (Dyy), (4a), and (P,) AgAl(OCF;),F, (C,) (6a), experimental

frequencies V,y, of P, and [RhCl(#>-P,)(PPh;),]*"! [incm™'].

1 2 3 Ag(P.),"

Vexp (I%) Vexp (IO/") Vexp (I%) Vealed (1%) Sym.
601 (100) 598 (100) 598 (100) 595 (100) A,
473 (18) 469 (sh) 471 (26) 468 (21). B,
458 (16) 457 (29) 459 (sh) 465 (13). B,
413 (5) 414 (7) 414 (8) 413 (15), A,
381 (sh) 371 (6) 374 (12) 366 (7). By,
374 (9) 358 (6) - 361 (12), A,

6a Rh(P,)t! P,

Vealed (I%) sym. chp (1%) chp (I%) Sym.
596 (100) A, 571 (w) 598 (100) A,
470 (28) B, 438 (m)

469 (19) B, 386 (m) 457 37) T,
414 21) A, 374 (sh)

367 (13) A, 344 (w) 360 (9) E

362 (20) A,

[a] Rh =Rh(PPh;),(Cl). [b] In the solid state on our spectrometer.
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7>-Dy, (4e), 1>-Dsq (41)), Ag(P,)" (Cy, 5), two isomers of
(P,)AgAl(OCF,),F, (C, tetrahedral (6a), C,, planar (6b)),
AgAl(OCF,),F, (C,, 7), AI(OCF;),F,” (C,, 8), and P, (T, 9)
at the hybrid HF-DFT MPW1PWO91 level. The OCF; and F
ligands served as models for the fluorinated alkoxy ligands in
the aluminate anions of 2 and 3. All optimized geometries of
4a, 5-8 (Figure 10) are in very good agreement with the
structural parameters of 1—3 or other comparable species and
are therefore not discussed in detail.

The optimized geometry of P, has a P—P bond length of
2.209 A (exp: 2.21 A) and a total energy of —1365.48801 a.u.
The tetrahedrally coordinated compound 6a is a true mini-
mum, but the planar species 6b is a fifth-order saddle point
with small imaginary frequencies of 7i—28i cm~'. However,
the fact that 6a is only favored by 15kJmol™! over 6b
indicates the presence of a very shallow hypersurface for
compound 6. A similar situation to that in 6a,b is encountered
for the Ag(P,)," cation (4): The tetrahedrally coordinated
cation 4b is a second-order saddle point but is only
5.2 kJmol! less favorable than the planar global minimum
4a. All other 5'- and #73-bonded species 4¢—f are also saddle
points and are about 27 (') to 76 kImol~' (%°) less favorable
than 4a (for geometries and total energies of 4b—f, see Sup-
porting Information). All calculated imaginary frequencies of
4b-f are very small (<44icm™') and therefore indicate
shallow potential energy wells on the hypersurface of 4.

To compare the 7> bonding of the P, molecules of 1-3 to
that of [RhCl(%?-P,)(PPh,),]*®! and to answer the question
whether the Rh atom in this species should be regarded as Rh!
or Rh'" (formally with a P/~ ligand), we fully optimized
the model compounds [RhCl(%*-P,)(PH;),] (10) and

- \' -
Pass
C?\(m?nggoo 70 61
Tt

P i .
® f 3
I 1.375 6a, (C,) -7809.96173 a.u.

\F/,

7,(Cy)

[RhCI(PH;),] (11) at the same level of theory as 4—9. The
structural features of [RhCl(3%-P,)(PPh,),]*! are reproduced
in the optimized structure of 10 (Figure 11) within 0.034 A
and thus lend credibility to the results of the calculation
(calculated structural features of 11 are given in the Support-
ing Information).

0.06
4 008 DHi
0.08 ¢ .
HI2 ')\w\w 0.06

2.480 2.462) 201
| P5 i

001
043023 - 2.189
c Rl : (2.188)

. -
2.416 (2.410)] ’Mm N

2.299 (2.333)

(2.293) 2.213\P4)

(2.213)
VAN

IeTaal. P6 |

/ \Ci{w

H9“

10 (C)); -7176.97176 a.u.

Figure 11. Optimized geometry and structural parameters of [RhCl(?*-
P,)(PH;),] (10). The corresponding bond lengths of the structurally
characterized [RhCl(*P,)(PPh;),]*! are given in parentheses, and calcu-
lated Mulliken charges in italics.

Thermodynamics of the tetraphosphorus complexes: We
quantified the weak coordination behavior in complexes 1-
3 with the help of model reactions in comparison with
[RhCI(#*-P,)(PH;),] (10) and rationalized the exclusive
formation of the molecules 2 and 3 and the salt 1. Suitable
Born - Fajans — Haber cycles were constructed to approximate

-1268.18714 a.u.

4a, (D) -7907.15092 a.u.

Figure 10. Optimized geometries of 4a, 5-8 at the MPW1PWOI1 level; selected calculated Mulliken charges are given in italics.
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the solid-state behavior. The lattice potential enthalpies of
salts were estimated by the modified Kapustinskii equation of
Jenkins and Passmore,?!l and the sublimation enthalpies of
molecules by a recently employed formula.’! All estimated
lattice potential enthalpies and sublimation enthalpies can be
found in the Supporting Information. Estimated solid-state
enthalpies of reaction should be accurate to within
30 kI mol 1?2 while the gas-phase values calculated by hybrid
HF-DFT methods should be correct to within 20 kJ mol~.[

The strength of coordination of the tetraphosphorus molecule:
The dissociation of the model complex (P,)AgAl(OCF;),F,
(6a) into P, and AgAl(OCF;),F, (7) [Eq. (3)] was calculated
to be endothermic (endergonic) only by 91 (14) kImol~".
Similarly the first step of the dissociation of Ag(P,)," (4a) into
5 and P, is endothermic (endergonic) by only 112
(61) kJmol! [Eq. (4)].?4 In contrast, the P, molecule in the
model compound [RhCI(%?-P,)(PH,),] (10), calculated at the
same level, is bonded much more strongly, and dissociation of
10 is highly endothermic (endergonic) by 385 (334) kJmol ™!

[Eq. (5)]-

(Py)AgAI(OCF;),F, (g) — Py(g) + AgAl(OCF;),F, (g) (3)
Ag(Py)," (g) — Pu(g) +Ag(P) (g) “
[RhCI(P,)(PH;),] (g) — P4(g) + Rh(PH;),Cl(g) (5)

Taking the calculated gas-phase reaction enthalpy of
Equation (3) as a rough approximation of the expected gas-
phase enthalpies of dissociation of 2 and 3 and modeling the
solid-state enthalpies of dissociation of 2 and 3 by incluing the
respective sublimation enthalpies, we estimate that the
dissociation into the solid silver compound and solid neutral
P, is only endothermic by 68 kJmol! [Eq.(6); R=H,
CH;].

(P)AgAI[OC(R)(CF3)]s(s) — Py(s) + AgAI[OCR)(CFy)L; (s) (©)

Equations (3), (4), and (5) clearly demonstrate the weak
coordination of the P, molecule to the Ag" ion in 1-3, while
Equation (5) indicates that the P, moiety in 10 is strongly
bonded to the rhodium center, so that dissociation into
neutral P, and Rh(PHj;),Cl is very unfavorable.

Should species other than 1 -3 be accessible? The experiment
showed that, regardless of the Ag:P, ratio, only one P,
containing species crystallized from the reaction mixture for
each silver salt. This raised the question whether the Ag(P,),*
ion is stable with a A[[OC(R)(CF;)], ion (R =H, Me) in the
solid state (as observed in low concentration in solution; see
Figure 2). Two possible pathways were investigated on the
grounds of thermodynamics:?? The addition of an extra
molecule of P, to the known compounds 2 and 3 [Eq. (7)] and
the internal disproportionation of two molecules 2-3

[Eq. (8)].

(P)AZAI[OC(R)(CF3)](s) + Py (5) —

[Ag(P), JATOCR)(CF)L ) 5) )

AH =215 (R =H) and 236 kJmol"! (R = CH,)
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(Py)AgAI[OC(R)(CF3),)u(s) —

[Ag(P.), JHAITOC(R)(CF).1, ) 5) + AlAIIOCR)(CE)L) ) )

AH =273 (R =H) and 304 kTmol~' (R = CH,)

Both reactions are highly unfavorable, and this accounts for
the exclusive formation of 2 and 3. Analysis of the Born—
Fajans — Haber cycles for Equations (7) and (8) shows that the
most unfavorable contribution for a reaction as delineated
is the heterolytic gas-phase dissociation of the (P,)AgAl-
[OC(R)(CF;)2l4 (2, 3) into Ag(Py)* and AI[OC(R)(CF3),],",
which is endothermic by 415 kI mol~.! The gain in lattice
potential enthalpy does not compensate for this reaction
enthalpy. This shows that only the most weakly coordinating
anion, that is, the perfluorinated Al{OC(CF;);],~ ion, which in
all silver compounds structurally characterized so far does not
form Ag—O contacts, is able to stabilize the Ag(P,)," cation
in the solid state.

The silver— P, bonding in 1-3: In general, linear twofold
coordination is the electronically and electrostatically pre-
ferred coordination mode of the Ag* ion towards a variety of
soft C-, N-, P-, and S-donor ligands (e.g., CN-, SCN-, NH;).*!
The coordination of Ag" by strongly electronegative O and F
ligands is unfavorable and, if enforced, results in higher
coordination numbers (CN) of 4-9 with many weak electro-
static Ag—O and Ag—F contacts that adopt positions on a
sphere around the silver ions.”] Between these two extremes
lies the bonding situation in 1-3. In contrast to NH;,
tetrahedral white phosphorus is a very weak base (the proton
affinity is only 748 kJmol~!; cf. 847 kJmol~! for NH;?")), and
only if the counterion is sufficiently less basic than P, a Lewis
acid—base complex is formed. However, as seen for the Li*
cation above, this electrostatic criterion is not sufficient to
allow the isolation of an M*(P,) complex when M* is a hard
univalent metal like lithium. Only the use of the soft Ag* ion
allowed for the electronic stabilization of the initial electro-
static Lewis acid—base complex. This may be seen from the
similar energies of the LUMO of the Ag" ion at —0.206 a.u.
(5¢" orbital) and the HOMO of the P, molecule
(—0.370 a.u.?®). In this respect the bonding in the Ag(y>-P,)
moieties is similar to that of Ag(n*-C,H,)* units, and the
Ag(P,)," cation may be viewed as a mainly electrostatic
complex of an Ag' ion with linear coordination of two
electron pairs of the two-coordinate P—P bonds. However, if
electrostatic interactions were the only contribution to the
bonding, one would expect a tetrahedral arrangement of the
two coordinated P—P edges (i.e., structure 4b), as was
observed in D,g-symmetric Pd(5*-H,), with the isolectronic
neutral 4d'° Pd® atom.”) The observed planar conformation of
Ag(P,)," (4a) suggested additional d-orbital contributions to
the Ag(»*-P,) bonding (backbonding), and indeed, inspection
of the calculated molecular orbitals of 4a suggested that the
planar conformation may be induced by d.._,.(Ag) — o*(P—P)
back bonding. The filled d,._,. orbital of the Ag* ion donates
electron density into the empty o* orbital of the coordinated
P—P bond of the P, tetrahedron (Figure 12).

The three orbitals [1d,. ,» and 20%(P—P)] transform into
one bonding (b.), one nonbonding (n.b.), and one antibonding
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F(a.u.)l

b

-0.197 4-ab. .*

-0,222

-0.574

Figure 12. d,._(Ag) — o*(P—P) interaction in Ag(P,),".

(a.b.) molecular orbital, only the bonding combination of
which is occupied. In principle a similar interaction should
also be feasible in a tetrahedral ligand field, given the small
energy difference between the planar (4a) and tetrahedral
(4b) conformations of only 5.2 kJ mol~L. The final preference
for the planar conformation may be induced by the ligand
field. In a planar ligand field the five degenerate atomic d
orbitals transform into four sets of orbitals, the d,._,. orbital of
which is shifted to highest energy (to +12.28 Dq),*"! that is, to
much higher energy than the three t, orbitals in a tetrahedral
ligand field (to +1.78 Dq).”" Therefore the d.. . orbital of
the Ag®ion of Ag(P,)," (4a) lies at sufficiently high energy to
interact with the empty o* orbital of the coordinated P—P
bond, as shown in Figure 12. Moreover, only one d orbital is at
high energy (the energetically closest d,, orbital lies at a much
lower energy of +2.28 DqPY), which thus explains the planar
arrangement. A natural bond orbital (NBO) analysis assigns a
stabilization energy of 41 kJ mol~' to this process. However, as
can be seen from the small energy difference between planar
4a and tetrahedral 4b of 5.2 kJ mol~, the additional electronic
stabilization achieved by a planar arrangement of the ligands
is small. However in both isomers 4a and 4b an unusual
polarization of the closed 4d' shell of the silver atom occurs.
This is due to backbonding from the silver atom to the
positively charged phosphorus atoms. With this process the
unfavorable positive charge residing on the coordinated
phosphorus atomsP! is removed, and the partial charges of
Pe.oorq are now —0.06 (Mulliken) or —0.10 (NBO).

Another unusual planar coordination environment of the
Ag atom was observed in the neutral D,, complex Ag’(C,H,),
(matrix-isolation ESRP?). Since a significant amount of the
positive charge of the Ag' ion in 1 was transferred to the
P oncoora atoms (see solid-state contacts and calculated charges
of +0.16 (NBO) to +0.17 (Mulliken)), the Ag atom in
Ag(P,)," presumably has a similar electronic situation as that
in the Ag’(C,H,), molecule, and therefore a similar planar
bonding situation resulted. Moreover, the complex of the
weak Lewis base dicyanogen with AgAsF; also exhibits planar
coordination of the Ag* atom.P In d'° Pd’(s*-H,), the
tetrahedral D,y arrangement of the two H, moieties is only
very slightly preferred over the planar D,, form.¥

Let us now examine the situation for compounds 2 and 3, in
which a tetrahedral (2) and a (to a first approximation) planar

Chem. Eur. J. 2002, 8, No. 3
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(3) coordination environment of the Ag atom are realized. As
shown above in the thermodynamics section, the more basic
anions interact more strongly with the silver atom than an
additional P, molecule. The nature of this Ag—O interaction is
more electrostatic and therefore the tetrahedral conforma-
tion, as in 2 (or 6a), is expected to be the most stable on
electrostatic grounds. This shows that the planar local AgO,P,
coordination environment in 3 is enforced by the head-to-tail
dimerization of the two (P,)AgAl[OC(H)(CF),], units that
finally leads to an elongated octahedral coordination sphere
around the Ag atoms in 3 if the weak Ag—P and Ag—F
contacts at 3.25 to 3.43 A are included. Consistently, the
planar species 6b lies only 15 kImol~! higher in energy than
the tetrahedral species 6a.

Atoms in molecules (AIM) and natural bond orbital (NBO)
analyses of Ag(P,)," and [RhCI(P,)(PHj;),]: To compare the
n*-P, bonding situation in 1-3 and [RhCI(P,)(PPh;),] and to
investigate the question whether the coordinated edge of the
P, moiety in 1-3 or the rhodium compound must be regarded
as a P-P bond or not, AIM and NBO population analyses?® 4!
were performed for Ag(P,)," and [RhCI(P,)(PH;),] with the
correlated MPW1PW91 electron density. For comparison the
Ag(C,H,)" ion was also analyzed.’" Table 4 summarizes the
results of the population analyses; the calculated bond paths
and bond critical points (BCPs) for both species are shown in
Figure 13.

Table 4. Electron densities p residing on the BCPs, calculated natural charges g
and Wiberg bond orders b.o. of P, Ag(P,),", [RhCl(P,)(PHs),], and Ag(C,H,)".

Property P, Ag(Py),* [RhCI(P,)(PH;),] Ag(CH,)*
P(P—P. o) [eA3] 0112 0.099-0.106  0.110-0.111 -
p(P—P. ) [eA]] - 0.078 - 0.3190
p(M—P_.) [eA’] - 0.046 0.096 0.058]
q(M) - +0.74 +0.08 +0.93
q(Peoora) - —-0.10 —0.04 +0.041
G(Proncoord) - +0.16 —-0.01 -
b.0.(P—P 00 - 0.90 0.48 1.83M
b.0.(P—P onco0ra) 0.99 0.95-0.99 -
b.o.(M—P_0.) - 0.18 0.60 0.20

[a] P(CCeoora)- [B] P(M~Cigora)- [€] §(Ceoora) With g(H) summed into ¢(C).
[d] b'o'(ciccoord)'

Figure 13 shows that the coordinated P—P edge incorpo-
rates a P-P BCP in Ag(P,)," (4a) but not in [RhCI(P,)(PHs),]
(10). This implies the breaking of one covalent P—P bond in 10
with formation of two new covalent Rh—P bonds in keeping
with the calculated electron density residing on the Rh—P
BCPs (0.096 e A3 versus only 0.046 ¢ A® on the Ag—P BCP and
about 0.10-0.11eA? on the P—P BCPs) and the highly
endothermic dissociation of 10 into 11 and P,. In contrast, the
coordination of the P, molecules in 1-3 is very weak, and the
presence of an AIM BCP on the coordinated P—P edge of 4a
(0.078 ¢ A3, cf. 0.099-0.106 on the other P—P bonds) shows
that this edge is a slightly weakened P—P bond. A similar
conclusion was drawn from the NBO analysis: The Wiberg
bond order of the uncoordinated P—P edges in both 4a and 10
ranges from 0.95 to 0.99. In 4a the coordinated P—P bond has
a bond order of 0.90, but in 10 this bond order is reduced to
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Figure 13. Calculated AIM bond paths and BCPs (e) of Ag(P,)," (4a) and
[RhCI(P,)(PH3),] (10).

only 0.48 while the M—P bond order increases from 0.18 (M =
Ag) to 0.60 (M =Rh). In contrast to 4a, the M—P bond order
in 10 is higher than the b.o. of the coordinated P—P edge. From
the NBO and AIM analyses it therefore follows that the P,
moiety in 10, and hence also that in [RhCI(P,)(PPh;),]*! is
best described as being formally derived from P,>~ in a
tetraphosphabicyclobutane structure rather than from a
neutral tetrahedral P, molecule, and neither 10 nor
[RhCI(P,)(PPh;),] contains intact tetrahedral P, molecules
and each has covalent Rh—P bonds. Compounds 1-3 are the
first compounds that contain a side-on coordinated tetrahe-
dral P, molecule. Strong support for this interpretation is
found in sections of the calculated total electron densitiesP” of
neutral P, (Figure 14a), Ag(P,),* (4a; Figure 14b), and
[RhCI(P,)(PH;),] (10; Figure 14c).

AL & 22
@\‘\\\\\ f\// \ =
o) (@) ) (@)
@//////; /:\< // NS
P, Ag(Py),* (PRh(PH;),Cl Ag(C,H)"

Figure 14. Sections of the calculated total electron densities” of neutral
P, through the P—P bond (a), Ag(P,)," 4a through the AgP, plane (b),
[RhCI(P,)(PH;),] (10) through the RhP, plane (c) and Ag(C,H,)* through
the AgC, plane (d).

The topology of the total electron density of the P—P bond
in free P, is only slightly distorted when coordinated to Ag"
(Figure 14 a, b), and the center of the AgP, plane contains an
electron-density minimum which can only be explained by
backbonding in addition to the electrostatic coordination of
the P—P bonds. The topology of the total electron density of
the RhP, plane in 10 is in sharp contrast to those of P, and
Ag(P,),", and the curvature of the RhP, electron density
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suggests the presence of covalent Rh—P bonds but only weak
interactions between the two P atoms of the coordinated P—P
edge.

A comparison of the bonding in Ag(P,)," and Ag(C,H,)"
reveals distinct differences: the AIM analysis of Ag(C,H,)"
(MP2 level) gave only two BCPs residing on the C—C bond
and on the line between the Ag atom and the center of the
C—C bond®! (no ring point was found, in contrast to 4a). This
curvature of the electron density was interpreted®! as arising
from an interaction of the m electrons of C,H, with the Ag"
ion to give a T-shaped, mainly electrostatic bonding with little
or no backbonding from the occupied 4d orbitals of Ag™.
Consequently, the topology of the total electron density of
Ag(C,H,)", calculated at the same level as those of P,
Ag(P,),", and [RhCI(P,)(PH;),],*” (Figure 14d) is very differ-
ent to those shown in Figure 14b and c. This is also seen in the
calculated natural charges (Table 4) residing on the silver
atom in 4a (+0.74) and Ag(C,H,)" (+0.93). In 4a the positive
charge is more highly delocalized by backbonding than
in Ag(C,H,)*, and therefore the positive partial charge
residing on the silver atom in 4a is smaller than in Ag(C,H,)*
by 0.19.

Conclusion

We have shown: 1) By employing very weakly coordinating
anions of the type AI[OC(CF;),(R)],~ (R=H, CHj, CF;)
superweak complexes of the Ag™ ion and the tetrahedral P,
molecule can be synthesized. The unusual D, -symmetric
Ag(P,)," ion is only stable with the most weakly coordinating
Al[OC(CF3);],~ spectator anion. Addition of weak bases like
benzene or COD decomposes the Ag(P,),” complex. 2) The
bonding of the Rh(#*-P,) moiety in [RhCIl(P,)(PPh;),] com-
pound™]l should be reassigned as formally being derived from
Rh™ and P,>~ in a tetraphosphabicyclobutane structure with
two covalent Rh—P bonds but very little P—P bonding in the
coordinated P—P edge of the Rh(#?-P,) substructure. There-
fore, 1-3 are the first unambiguously characterized com-
pounds with side-on 7?-coordinated tetrahedral P, molecules.

= 3) To a first approximation the Ag atom in Ag(P,)," is linearly

coordinated by the two electron pairs of the two coordinated

% P—P bonds to give a mainly electrostatic complex. The final
~ small preference for the planar coordination environment of

the Ag atom is mediated by an unusual backbonding
[d 2(Ag) — o*(P—P)] from the closed 4d' shell of silver,
which minimizes the unfavorable positive charge on the
phosphorus atoms. This shows that nonclassical and weak
bonding modes in weak cationic Lewis acid —base complexes
can be stabilized by minimizing the electrostatic cation—an-
ion interaction between the species. Similarly, large and
weakly basic anions such as AI[OC(CF;),], ¥ will be useful
for designing a variety of compounds in which cation—anion
interaction should be minimized, for example, in homogenous
catalysis, for highly electrophilic and/or oxidizing cations, and
elsewhere.

Currently we are investigating the reactivity of these Ag—P,
complexes towards oxidizing agents such as the halogens.* 4l
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Experimental Section

All manipulations were performed by using standard grease-free Schlenk
or dry-box techniques and a dinitrogen or argon atmosphere. Apparatus
were closed by Young valves. All solvents were rigorously dried and
degassed prior to use and stored under N,. Yellow phosphorus was
sublimed prior to use and dissolved in CH,Cl, or CS, to give stock solutions
which were manipulated by syringe techniques. The silver aluminates
Ag[AI(ORy),] were prepared according to the literature.l”’» Raman spectra
were obtained from solid samples sealed in a melting point capillary or a
5 mm NMR tube. NMR spectra of sealed samples were recorded in CD,Cl,
and were referenced to the solvent ('H, *C) or external H;PO, (*'P) and
aqueous AlCl; (YAl). Solid-state NMR experiments for 1 were performed
on a Bruker DSX 400 spectrometer operating at 9.4 T, corresponding to a
3P frequency of 162MHz. A 7mm MAS probe allowing variable
temperature measurements in the range of 150-573 K was used. MAS
was performed at 3 kHz.

[Ag(P,),1{AI[OC(CF5);]14} (1): A solution of P, in CS, (4.57 mL, 1.566M,
7152 mmol) was added to solid Ag(CH,CL)AI[OC(CF;);], (4.148¢g,
3.576 mmol) at room temperature. The resulting suspension was dissolved
by addition of CH,Cl, (10 mL) to give a clear colorless solution over a little
dark brown precipitate. After the dark material had settled (ca. 2 h), the
mixture was filtered through a fine glass frit, and all volatile matter
removed in vaccuo to leave a beige microcrystalline and pyrophoric
material (3.984 g, 84%). Crystals of 1 suitable for X-ray crystallography
were obtained by recrystallization of part of the highly soluble beige
material from CH,Cl, (ca. 0.5 mL). The crystals decompose above 100°C
with darkening; a Raman spectrum of this material after determination of
the decomposition point showed no bands. 3C NMR (63 MHz, CD,Cl,,
25°C): 0=121.6 (q, Jcr=293.1 Hz; CF;); Al NMR (78 MHz, CD,Cl,,
25°C): d=36.0 (s, v, =14 Hz), *P NMR (101 MHz, CD,Cl,, 25°C): =
—497 (s, Py, v, =25Hz); 3P NMR (101 MHz, CD,Cl,, —100°C): d =
—486 (s, Py, v,=220Hz); FT-Raman: #(%) =798 (7, Al-0O), 746 (7,
Al-0), 601 (100, P,-A,), 473 (18, P,-B,,), 458 (16, P,-B,,), 413 (5, P,-A,),
381 (sh, P,-Bs,), 374 (9, P,-A,), 322 cm™! (5, Al-O).

Ag(P)AI[OC(CH,)(CF,),]; (2): A solution of P, in CH,Cl, (38.8 mL,
0.06M, 2.330 mmol) was added to solid Ag(CH,Cl,)Al[OC(CH;)(CF;),],

Table 5. Crystallographic and refinement details of 1-3.

(2.200 g, 2.330 mmol) at room temperature. After 1 h the resulting solution
over a little dark brown precipitate was filtered through a fine glass frit, and
all volatile matter was removed in vaccuo to leave a beige microcrystalline
and pyrophoric material (1.786 g, 78 %). Crystals of 3 suitable for X-ray
crystallography were obtained by recrystallization of part of the highly
soluble beige material from CH,Cl, (ca. 0.5 mL) (m.p. 80-85°C, some
decomposition starting at about 70°C). 'H NMR (250 MHz, CD,Cl,,
25°C): 6=1.59 (s, CH;); *C NMR (63 MHz, CD,Cl,, 25°C): 6=18.0 (s,
CH,), 76.3 (sept, 2Jcr=29.8 Hz), 124.0 (q, Jcr=288.4 Hz; CF;); YAl
NMR (78 MHz, CD,Cl,, 25°C): 0=45.9 (s, v;,=310Hz); 3P NMR
(101 MHz, CD,Cl,, 25°C): 6=-515 (s, P,, v,=32Hz); 3P NMR
(101 MHz, CD,Cl,, —100°C): 6=—466 (br, 1P), —518 (br, 7P); FT-
Raman: 7(% ) =2964 (8, CH,), 772 (6, A1-0), 598 (100, P,-A,), 469 (sh, P,-
B,), 457 (29, P,-B,), 414 (7, P,-A,), 375 (6, P,-A,), 358 (6, P4-A,), 331 cm™!
(4, A1-0O); elemental analysis (%) caled for AgAlO,P,C,sH,,F,, (983.00):
Al2.74, P 12.60; found: Al 2.59, P 12.02.

[{Ag(P)AIOCH)(CF:),1;] (3): Solid AgAI[OC(H)(CEy)], (7483 g,
9.319 mmol) was suspended in 20 mL of pentane and a solution of P, in
CS, (5.95 mL, 1.566M, 9.319 mmol) was added at room temperature. The
resulting clear colorless solution over a little dark brown precipitate was
filtered through a fine glass frit, and all volatile matter was removed in
vacuo to leave a slightly brown clear oil which solidified on standing
overnight at 0°C as a beige microcrystalline material (7.386 g, 86%).
Crystals of 2 suitable for X-ray crystallography were obtained by
recrystallization of part of the beige material from pentane (ca. 5 mL)
(m.p. 46-51°C). '"H NMR (250 MHz, CD,Cl,, 25°C): 6 =4.54 (sept, 3/yr=
5.6 Hz); ®*C NMR (63 MHz, CD,Cl,, 25°C): 6 =70.9 (sept, 2/cr=33.1 Hz),
122.5 (q, CF;, Jcr=285.8 Hz); ¥ Al NMR (78 MHz, CD,Cl,, 25°C): 6 =
57.0 (s, v, =280 Hz), ¥P NMR (101 MHz, CD,Cl,, 25°C): 6 = —514 (s, Py,
v, =35 Hz); 3P NMR (101 MHz, CD,Cl,, —100°C): 6 = —504 (s, P,, v, =
9 Hz); FT-Raman: #(% ) =856 (6, Al-0), 765 (5, Al-0), 598 (100, P,-A,),
471 (26, P,-By, P,-B,), 414 (8, P,-A)), 374 (12, P,-A,, P-A,), 331 cm™! (4,
Al-0).

Reaction of 1 with 1,5-cyclooctadiene: Compound 1 (0.149 g, 0.113 mmol)
was weighed into an NMR tube and dissolved at room temperature in
CDCl; (1.0 mL). COD (0.028 mL, 0.226 mmol) was added to the solution
by syringe to give a clear, slightly brownish solution. 'H NMR (250 MHz,
CDCl;, 25°C): 6=2.59 (s, 8H; COD), 6.24 (s, 4H; COD); *C NMR

Compound 1 2 3

crystal size [mm] 0.5x0.5%x0.2 0.5x0.5%x0.4 0.4x0.3%x0.2
crystal system monoclinic monoclinic triclinic
space group P2,/n P2,/n P1

a[A] 14.455(3) 10.563(2) 10.353(2)

b [A] 17.385(4) 10.249(2) 17.202(3)
c[A] 15.693(3) 29.059(6) 17.857(4)

a [] 90 90 108.43(3)
AI°] 100.88(3) 95.16(3) 95.69(3)

v [°] 90 90 106.50(3)

vV [A3] 3872.8(13) 3284.6(11) 2829.8(10)

V4 4 4 2

Pearea [Mgm—] 2.269 2.084 2.176

u [mm™1] 1.078 1.045 1.150

abs. corr. numerical numerical numerical
Lo L. 0.752/0.861 0.602/0.731 0.694/0.762
F(000) 2528 1904 1776

index range —17<h<17,0<k<21,0<I<19 —12<h<12,0<k<12,0<1<35 —1l<h<12, -21<k<21,-19<I<21
26 [°] 51.76 51.80 51.86

T [K] 150 150 180

refl. unique 7202 5755 10213

refl. obs. (40) 4102 4911 7026

no. variables 697 454 829
weighting schemel® x 0.1053 0.0551 0.0555
GOOF 0.858 1.060 0.909

final R (40) 0.0569 0.0274 0.0369

final wR2 0.1572 0.0780 0.0935

larg. res. peak [e A3 1.161 0.540 0.676

[a] w'=0%F2 + (xP)* P=(F2+2F2)/3.
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(63 MHz, CDCl;, 25°C): =279 (COD), 121.3 (q, Jcr=292.9 Hz; CF;),
127.6 (COD); 3'P NMR (101 MHz, CDCl;, 25°C): 6 =—521 (s, Py, vip=
4 Hz).

Reaction of 1 with Sg: Compound 1 (0.151 g, 0.114 mmol) and Sg (0.058 g,
0.228 mmol) were weighed into a NMR tube and dissolved at room
temperature in CDCl; (1.0 mL) to give a clear, slightly brownish solution
over a yellowish solid material that appeared to be unconsumed sulfur. The
sealed NMR tube was exposed for 30 min to ultrasound which resulted in
no visible change of the reaction mixture. 3P NMR (101 MHz, CDCl;,
25°C): 0 =—496 (s, Ag(P,),", vi,=8 Hz).

X-ray crystal structure determinations: Data for X-ray structure determi-
nations were collected on a STOE IPDS diffractometer with graphite-
monochromated Moy, radiation (A=0.71073 A). Single crystals were
mounted 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 calculations were performed on PCs using the Siemens SHELX93
software package. The structures were solved by the Patterson heavy atom
method and successive interpretation of the difference Fourier maps,
followed by least-squares refinement. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were included in the refine-
ment in calculated positions by a riding model using fixed isotropic
parameters. Relevant data concerning crystallography, data collection, and
refinement details are compiled in Table 5. Crystallographic data (exclud-
ing structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-141492 (1), CCDC-158942 (2), and
CCDC-158943 (3). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Methods of calculation: All calculations were performed with the
Gaussian98WH! suite of programs. The geometries of 4-11 were
optimized at the hybrid HF-DFT MPW1PW91/TZV(df) level.l*> %] For
silver and rhodium we used the standard 3-21G(d) basis set augmented
with one set of diffuse and f-polarization functions each [3-21 + G(df)].
Isotropic NMR shielding tensors of 4 and § were calculated by the GIAO
method using MPW1PW91 and the same basis sets as above. P NMR
shifts were obtained by comparison to the calculated isotropic shielding
tensor of P, (6=3858.8) and its experimental shift at O(*'P)=—522.
Approximate solvation energies (CH,Cl, solution with & =8.92) were
calculated with the COSMO model at the BP86/3-21G* level. Frequency
calculations were performed for all species and, unless otherwise stated, the
structures represent true minima without imaginary frequencies on the
respective hypersurface. For thermodynamic calculations the zero-point
energy and thermal contributions to the enthalpy and the free energy at
298 K were included. For selected species an AIM* or NBO population
analysisP®! was performed with the MPW1PW91/TZV(df) electron density.
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