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Metal Coordination to the Formal P=N Bond of an Iminophosphorane and
Charge-Density Evidence against Hypervalent Phosphorus(v)*

Nikolaus Kocher, Dirk Leusser, Alexander Murso, and Dietmar Stalke*!?!

Abstract:  The  iminophosphorane
Ph,P(CH,Py)(NSiMe,) (1) was treated
with deprotonating alkali metal re-
agents to give [(Et,O)Li{Ph,P(CH-
Py)(NSiMey)]] (2). [{Ph;P(CH,Py)(NSi-
Me;)}Li{Ph,P(CHPy)(NSiMe;)}] 3)
and [{Ph,P(CH,Py)(NSiMe;)}-
Na{Ph,P(CHPy)(NSiMe;)}] (4). We
report their coordination behaviour in

troscopic features in solution. Further-
more, we furnish experimental evi-
dence against hypervalency of the
phosphorus atom in iminophosphor-
anes from experimental charge-density
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studies and subsequent topological
analysis. The topological properties,
correlated to the results from NMR
spectroscopic investigations, illustrate
that the formal P=N double bond is
better written as a polar P*—N~ single
bond. Additionally, the effects of metal
coordination on the bonding parame-
ters of the iminophosphorane and the
related anion are discussed.

solid-state structures and NMR spec-

Introduction

Since the landmark work of Wittig and Geissler!!! and Stau-
dinger and Meyer? on phosphonium ylides and iminophos-
phoranes, respectively, these isoelectronic analogues of
phosphane oxides have been well established species in or-
ganometallic and organic syntheses.’! Particularly, the Wittig
reaction and its extensions play an outstanding role in the
(stereo)selective transformation of ketones and aldehydes
into olefins. The P=N bond in polyphosphazenes is known
to be thermally very robust and gives access to inert poly-
meric materials, but the Si—N bond in silylated iminophos-
phoranes of the general type R;P=NSiMe; can easily be
cleaved in reactions with main group!” or transition metal
halides® leading to phosphoraneiminato complexes contain-
ing the [R;PN]” building block. Recently, Stephan et al.
proved the high catalytic activity of these complexes to-
wards ethylene polymerization.!’ Consequently, P=E bond-
ing (E = C, N, O) is an issue of experimental and theoreti-
cal debate because of the chemical importance of ylides,
iminophosphoranes and phosphane oxides.”! The P=E bonds
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in iminophosphoranes are mostly described as a resonance
hybrid between a double-bonded ylene R;P=NR and a dipo-
lar ylidic form R;P*—N"R.®®! Calculations on main group
“hypervalent” compounds suggest that although the pres-
ence of d-orbitals is necessary to successfully model any of
the heavier main group elements, they do not play a signifi-
cant role in bonding. It has been proposed instead that neg-
ative hyperconjunction may be responsible for any m-charac-
ter in the P—O, P—C or P—N bonds.”*! These results have
been substantiated by recent calculations dealing with the
Wittig-type reactivity of phosphorus ylides!"” and imino-
phosphoranes!"!! and by the experimental determination of
the charge density in a phosphane ylide.!*?
Phosphorus-based ligand systems with one or more donat-
ing atoms in the periphery are gaining increasing impor-
tance in catalysis and in the design of self-assembling li-
gands.™™ The incorporation of heteroaromatic substituents
at the phosphorus centre instead of commonly employed
phenyl groups alters and augments the reactivity and coordi-
nation capability of the ligand system and leads to the
design of multidentate Janus head ligands.'"*!*! The concept
of side-arm donation, which has already proved to be useful
in various catalytic reactions involving chelating phosphanes
with selectivity for hard/soft coordination sites," can also
be achieved by means of ring heteroatoms (Scheme 1).
Similar to ketones, sulfones and hydrazones,'” P-alkyl-
substituted iminophosphoranes are moderately acidic and
can be deprotonated at the C,-position by lithium organyls.
Several alkali metal complexes of a-deprotonated imino-
phosphoranes have been obtained and structurally charac-
terised. The cations are C,N-chelated by the deprotonated
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Scheme 1. Reactions implying P=N bond cleavage.

carbon and imino nitrogen atoms. The steric demand of the
substituents and the nature of the donor solvents determine
the degree of aggregation, which ranges from monomers to
tetramers. 'l Hence, the introduction of alkyl bridges be-
tween the phosphorus atom and the donating heterocycle in
the ligand periphery of iminophosphoranes provides not
only the opportunity of greater geometrical adaptability due
to a wider bite but also to generate anionic species. Delocal-
isation of the carbanionic charge to the donating atoms
would enable the ligand to respond to the various require-
ments of metals differing in radius and polarisability.
Recently it was shown that
N-(trimethylsilyl)diisopropyl-2-

P
+ MeLi = 7N =
—_—

behaviour in solid-state struc-
5 tures and their NMR spectro-
scopic features in solution. Fur-
thermore, we furnish experi-
mental evidence against hyper-
valency of the phosphorus atom
in iminophosphoranes from
high-resolution X-ray data and
subsequent topological analysis
of the multipole refinement. The topological properties are
correlated to the results from NMR spectroscopic investiga-
tions.

w N N~
“Li

Results and Discussion

Syntheses of 1-4: N-(Trimethylsilyl)diphenyl-2-picolylimino-
phosphorane (1) is readily available by the Staudinger reac-
tion of diphenyl-2-picolylphosphane!® with trimethylsilyl-
azide (Scheme 2). Deprotonation at the methylene bridge of

picolyliminophosphorane Ph Ph. P';h——,, E
iPr,P(CH,Py)(NSiMe;) (Py=2- Phep ™ N psipto, %30 Ph\ﬁ/\‘ Ny +Mel ~p \@
pyridyl) is a valuable building @ TN N Q BLO/78C | N
block in the generation of 1,3- - MeaSt ~ Men ’ OEt,
dimetallacyclobutanes 2

[M{C(iPr,PNSiMe;)(Py)}], (M
= Ge", Sn", Pb") by single de-
protonation with lithium organ-
yls and subsequent reaction
with the corresponding
Group 14 chloride.'” Here we
report alkali metal complexes
derived from N-(trimethylsilyl)-
diphenyl-2-picolyliminophos-
phorane (1), their coordination

+ 0.5 MeLi + 0.5 NaNH,
Et,0 / \THF
MeH —NH;

Ph;"j/ S @ Ph\ﬁ/ L\\g
. N\ _/N P Me3Si/N‘ /N =
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Scheme 2. Synthesis of 1, deprotonation of 1 with MeLi to give 2 and preparation of 3 and 4.

Abstract in German: Das Iminophosphoran
Ph,P(CH,Py)(NSiMe;) (1), wurde mit Alkalimetallbasen
umgesetzt. Die Komplexe [(Et,O)Li{ Ph,P(CHPy)(NSiMe;)}]
(2), [{Ph,P(CH,Py)(NSiMe;)} Li{ Ph,P(CHPy)(NSiMe;)}]
(3), und  [{Ph,P(CH,Py)(NSiMe;)}Na{Ph,P(CHPy)(N-
SiMe;)}] (4) wurden auf ihr Koordinationsverhalten im Fes-
tkorper untersucht. Die NMR-spektroskopischen Eigenschaf-
ten in Losung wurden in Beziehung zum Koordinationsver-
halten gesetzt. Dariiber hinaus zeigt die experimentelle Elek-
tronendichtebestimmung und die anschlieflende topologische
Analyse, dass zur Beschreibung der Bindungssituation in
Iminophosphoranen keine Hypervalenz des Phosphoratoms
notig ist. Die topologischen Eigenschaften des anionischen
Liganden in Ubereinstimmung mit den NMR-spektroskopi-
schen Ergebnissen zeigen, dass die formale P=N Doppelbin-
dung besser als polare P*—N"-Einfachbindung zu beschrei-
ben ist. Weiterhin werden Effekte der Metallkoordination auf
die Bindungsparameter des Iminophosphorans und seines
Anions abgeleitet.
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1 with one equivalent of MeLi in diethyl ether at —78°C
gives the lithium complex [(Et,O)Li{Ph,P(CHPy)(NSiMe;)}]
(2) in high yield. The reaction of only 0.5 equiv of MeLi
gives the complex [{Ph,P(CH,Py)(NSiMe;)}Li{Ph,P(CH-
Py)(NSiMe;)}] (3), in which the neutral starting material 1
and the related anion both chelate the same lithium atom.
Formally, the diethyl ether donor molecule in 2 is replaced
by the iminophosphorane 1. To obtain insight into the reac-
tivity and coordination flexibility of the ligand, 1 was depro-
tonated with sodium amide in THF at room temperature.
As the neutral donor ligand already proved to be a good bi-
dentate donor in the lithiated complex 3, the reaction was
performed with only 0.5 equiv of NaNH,, so that 1 acted as
reagent and donor at the same time, akin to 3.

Structures: The solid-state structures of the iminophosphor-
ane 1 and the metalated derivatives 24 are shown in Fig-
ures 1-4, respectively. Selected bond lengths and angles are
listed in Table 1; crystallographic details are given in
Table 5.
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Table 1. Selected bond lengths [pm] and angles [°] of 1-4.

Anionic ligand

Neutral iminophosphorane

2, M=Li 3, M=Li 4, M=Na 1 3, M=Li 4, M=Na

P1-NI 159.04(2) 158.96(15) 157.79(14) P2-N3 154.13(12) 156.55(15) 156.28(13)
N1-Sil 170.67(2) 170.69(16) 168.69(14) N3-Si2 168.08(12) 172.17(15) 172.04(14)
P1-Cl 172.57(2) 172.95(19) 173.43(17) P2-C22 182.57(14) 181.46(19) 183.48(17)
c1-c2 140.13(3) 140.5(3) 141.1(2) C22-C23 150.39(19) 149.8(3) 150.6(2)
C2-N2 137.07(3) 137.5(2) 137.6(2) C23-N4 133.17(18) 134.3(2) 134.1(2)
M-N1 194.37(7) 206.9(3) 233.51(15) M-N3 - 216.5(3) 237.09(14)
M-N2 196.30(7) 209.1(4) 239.16(15) M-N4 - 2102(3) 240.00(15)
P1-C1-C2 127.114(19) 123.33(15) 125.42(13) P2-C22-C23 111.98(9) 119.06(14) 117.95(11)
P1-N1-Sil 130.469(14) 130.67(9) 140.06(9) P2-N3-Si2 143.91(8) 132.91(9) 130.47(8)
P1-Cy, av 182.24 av 183.15 av 182.85 P2—Cypy, av 181.67 av 181.91 av 181.63

As expected, the central phosphorus atom in ‘-.;% nated atoms. As expected from
Ph,P(CH,Py)(NSiMes) (1) is tetrahedrally coordinated by \ the coordination behaviour,” a
three carbon atoms and one nitrogen atom. The P2—Cy,, dis- L (ST six-membered metallacycle is

tances (av 181.67 pm) are on average 1 pm shorter than the
P2—C22 bond (182.57(14) pm) because of the smaller radius
of an sp> compared with an sp>-hybridised carbon atom.
The P2—N3 bond length of 154.13(12) pm is in the range
normally quoted for a formal P=N double bond in imino-
phosphoranes (147-162 pm).**?! As in all N-silyl-substitut-
ed iminophosphoranes, the N3—Si2 bond (168.08(12) pm) is
considerably shorter than a formal Si—N single bond
(174 pm).”? In the solid-state, 1 adopts a transoid conforma-
tion in which the two nitrogen atoms N3 of the imino group
and N4 of the pyridyl ring point in opposite directions due
to repulsion of the N lone pairs. N--H—C hydrogen bonding
is not observed (Figure 1).

Figure 1. Solid-state structure of 1; for clarity only the methylene hydro-
gen atoms are depicted.

Alkali metal complexes tend to form oligomeric aggre-
gates depending on the steric demand of the substituents,
the radius and polarisability of the metal atom and the
nature and amount of donor solvent.®! Nevertheless, the
above-mentioned reactions of the iminophosphorane 1 with
alkali metal deprotonation reagents yielded exclusively
monomeric complexes.

In [(Et,O)Li{Ph,P(CHPy)(NSiMe;)}] (2), the trigonal-
planar coordination sphere of the lithium cation is made up
of the imino nitrogen atom N1, the pyridyl ring nitrogen
atom N2 and the oxygen atom of the diethyl ether donor
molecule (Figure 2). The metal cation is displaced by only
22.6 pm from the best plane determined by the three coordi-
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formed. The conformation of
this ring is a distorted boat ar-
rangement with the deprotonat-

o 5 ed carbon atom and the metal
8 atom in the bow and stern posi-

L Es) '] . .
” ® tions. They lie 29 and 14 pm, re-

spectively, out of the best plane
defined by N1-P1-C2-N2.

The sum of the bond angles
at the imino nitrogen atom N1
is very close to 360° indicating
a planar environment. The
same is valid for the pyridyl ring nitrogen atom N2. In con-
trast to the chemically related monomeric bis(iminophos-
phorane)methanides [(Et,0)Li{HC(Cy,PNSiMe,),}],*
[(THF)Li{HC(Ph,PNSiMe;),}]?  and  the  dimeric
[Li{HC(Ph,PNSiMe;),}],,*"! the lithium cation in 2 shows no
contact to the deprotonated carbon atom C1 (Li--Cl
322.5 pm). The bond angles at C1 are close to 120° and thus
indicate sp’-hybridisation. In contrast to the parent imino-
phosphorane 1, N,N-chelation to the metal atom results in a
N1/N2 cisoid conformation. Remarkably, the Li—N1 distance
in 2 (194.37(7) pm) is only slightly shorter than the Li—N2
distance of 196.30(7) pm. Both contacts are at the short end
of the range reported for Li—N distances in lithium
amides,® lithium iminophosphoranates!'***! and lithium
aminidinates.” Metal coordination to N1 elongates the ele-
ment-nitrogen bonds. Although the P1-N1 bond length in 2
is lengthened by about 5 pm with respect to 1, it is still in
the range generally quoted for formal P=N double bonds in
iminophosphoranes.®>?!  Likewise, the N1-Sil bond
(170.67(2) pm) is elongated by 2.7 pm in comparison to the
N-Si bond in the iminophosphorane 1. Similar elongations
relative to the related starting materials®*?! are observed in
[(Et,0)Li{(0-C¢H,)Ph,PNSiMe;} ], and lithiated bis(imi-
nophosphorane)methanides.”***"!

Figure 3 shows  the  solid-state  structure  of
[{Ph,P(CH,Py)(NSiMe;)}Li{Ph,P(CHPy)(NSiMe;)}] 3).
One deprotonated equivalent of the starting material 1 con-
tributes the monoanionic [N-P-C(H)-Py]|~ chelating ligand
also present in 2, while the second equivalent acts as neutral
bidentate N,N’-donor base towards the lithium cation.

Figure 2. Solid-state  structure
of 2; for clarity only the hydro-
gen atom at the bridging
carbon atom is depicted.

www.chemeurj.org Chem. Eur. J. 2004, 10, 3622 —3631
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Figure 3. Solid-state structure of 3; for clarity only the hydrogen atoms at
the bridging carbon atoms are depicted.

In 3, the lithium cation is coordinated in a distorted tetra-
hedral fashion by the four nitrogen atoms (the N-Li-N
angles vary from 98.23(14) to 128.49(17)°). In the metalla-
spirocycle both six-membered LiN,C,P rings adopt a distort-
ed boat conformation. The lithium cation is displaced by
46 pm from the best plane of the anionic ligand, but only
12 pm from the plane of the neutral ligand. As expected, the
deprotonated sp® carbon atom Cl is closer to the plane than
the methylene carbon atom C22 (displacements of 45 and
61 pm, respectively). The Li--C1 distance in 3 is 324.3 pm,
that is, 2 pm longer than in 2. However, due to the more
pronounced boat conformation the lithium cation is 16 pm
closer to the deprotonated carbon atom C1 than to C22 of
the neutral ligand (Li--C22 340.4 pm). The P1-C1-C2 angle
of 123.33(15)° indicates sp’-hybridisation. In the neutral
donor ligand, the corresponding angle at C22 of 119.06(14)°
is only marginally smaller. The sum of the bond angles at
both imino nitrogen atoms N1 and N3 of close to 360° indi-
cates a planar environment. For the pyridyl ring nitrogen
atoms N2 and N4, the sum of the angles shows slight dis-
placement of the metal atom from the plane of the heteroar-
omatic ring (352.2 and 357.7°, respectively). The P1-N1 dis-
tances in the anionic ligand of 2 (159.04(2) pm) and 3
(158.96(15) pm) are identical within the ESDs and about
Spm longer than in the iminophosphorane 1
(154.13(12) pm). The P2—N3 bond length of 156.55(13) pm
in the neutral donor ligand in 3 is half-way between them.
Interestingly, the N1-Sil distance of 170.69(16) pm in the
anionic ligand of 3 is identical to that in 2. However, the
N2-Si2 distance (172.17(15) pm) is about 1.5 pm longer than
in 2 and even 4.1 pm longer than that in the iminophosphor-
ane 1. Thus, both P-N and N—Si bonds in the anionic and
neutral ligand are appreciably elongated on metal coordina-
tion at the imino nitrogen atom. As expected from the
higher coordination number of the lithium cation and the
greater steric bulk of the two ligands, both Li—N bonds in 3
are longer than in 2. The Li—Nj;,, bond distances in 3 vary
remarkably. Whereas the Li—N1 distance to the anion is
only 206.9(3) pm, the Li—N3 distance to the donor ligand is
9.6 pm longer. The imino N atom of the anion seems much
more attractive to the lithium cation. The Li—N,, distances
in 3 differ only by about 1pm and are in the normal
range.*>

The sodium  complex [{Ph,P(CH,Py)(NSiMe,)}-
Na{Ph,P(CHPy)(NSiMes)}] (4) crystallises as yellow blocks
from saturated THF solution. The solid-state structure of 4
is depicted in Figure 4. Compounds 3 and 4 are isomorphous
but not isostructural.

Chem. Eur. J. 2004, 10, 3622 —3631 www.chemeurj.org
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Figure 4. Solid-state structure of 4; for clarity reasons only the hydrogen
atoms at the bridging carbon atoms are depicted.

As in 3 the metal atom is displaced further from the best
plane of the anion than from that of the neutral ligand (20
vs 17 pm), and the deprotonated carbon atom is closer to
that plane than the methylene carbon atom (34 vs 75 pm).
The imino nitrogen atoms N1 and N3 in 4 show trigonal-
planar coordination. The same is valid for the pyridyl ring
nitrogen atom N4 of the neutral ligand. However, the sum
of the angles at the pyridyl ring nitrogen atom N2 in the
anionic ligand of 343.4° indicates a displacement of the
sodium atom towards the m-electron density of the ring.
This more pronounced haptotropic shift of the softer metal
atom was observed earlier™ and is emphasised by the grad-
ual increase in the ordering numbers of the alkali metals.*”)
The differences in the P—N bond lengths in the anionic and
neutral ligands in 4 are only half as much as in the lithium
complex 3, and the elongation of the formal P=N double
bond compared to the starting material 1 is less pronounced.
The same is valid for the N—Si distances. The Na—N distan-
ces in 4 span the range of 233.51(15) to 240.00(15) pm and
are comparable to those of the structurally related mono-
meric [(THF),Na{HC(Ph,PNSiMe;),}]*' (241.6 pm) and di-
meric ([Na{HC(Ph,PNSiMe;),}], (233.4-253.8 pm).?”" The
values correspond to those found in sodium amides rather
than those in complexes with coordinated amine donor
bases such as [(pmdeta)NaPh], (260.9-271.2 pm; pmdeta:
MeN(CH,CH,NMe,),).") However, the Na—Nj, distances
are similar to those in, for example, [(CsH;sN);NaCp*]®
(245.0-248.8 pm; Cp*=n’-CsMes), [(CsHsN)Na{OrBu(Si-
Me,)NSiMe;)J*? (239.1 pm) and [(THF);Na(PyCPh,)]*"
(241.4 pm). Figure 5 depicts a superposition plot of the core
structures of the 3 and 4.

In all compounds 1-4 the P—C,,, distances are very similar
and do not differ significantly from that of the iminophos-
phorane 1. In the iminophosphorane 1 and the neutral li-
gands in 3 and 4, the P2—C22 (av 182.5 pm) and C22—C23

si2
OO
c2 N3 g d
% NZ b P2
C22

05 2 M=o
i1 N4 ng

Figure 5. Superposition plot of the core structures of the lithium complex
3 (narrow lines) and the isomorphous sodium complex 4 (wide lines).
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(av 150.3 pm) bond lengths are almost equal and are invari-
ant to metal coordination. They are standard P—C (185 pm)
and C—C single bonds.” However, in the anionic ligands of
24, the average P1—C1 bonds of 173.0 pm are about 10 pm
shorter than the corresponding bond in the neutral mole-
cules. In phosphaalkenes, the formal P=C double-bond
lengths vary from 161 to 171 pm, and the average value is
167 pm.*! Ylidic P—C bond lengths lie between 163 and
173 pm,* and Gilheany quotes an average value of
169 pm.["! Thus, the P1-C1 bond lengths in the anionic li-
gands in this paper suggest partial double-bond character, as
depicted in resonance structure b of Scheme 3. At the same

H H
Ph, Ph.
Php- S | X Ph....Fl,/ ‘ N
I
N, @& N_ ~ N_® _N_ ~
E N 3 o
MesSi” M Messi” © MI”
a b
H H
Ph Ph
Ph Ph
SpT R ~p A
i e
N\ ®/N = N\ ®/N ~
Meesi” M © Mezsi” M
c d

Scheme 3. Resonance forms of [M{Ph,P(CHPy)(NSiMe;)}]: a indicates a
carbanionic ylidic contribution, b shows the amidic ylenic resonance
structure, ¢ emphasises the amidic olefinic resonance form and d visualis-
es the delocalisation of the negative charge.

time, the C1—C2 bonds (av 140.6 pm) are shortened by ap-
proximately 10 pm in the anionic versus the neutral ligands,
and this reflects a partial double-bond character, as depicted
in ¢ of Scheme 3.

Furthermore, the fact that the C,,—Np, bonds of the
anionic ligands (av 137.4 pm) are on average 3.5 pm longer
than the corresponding bonds in the neutral ligands indi-
cates a perturbation of the aromatic ring system. This might
be interpreted as the result of transfer of the negative
charge from the deprotonated carbon atom to the pyridyl
ring nitrogen atom.

The P—N bond lengths in all isolated compounds are short
and range from 154.13(12) pm in 1 to 159.04(2) pm in 2.
Even in the neutral donor ligands of 3 and 4 they are about
2.3 pm longer than in iminophosphorane 1. In accordance
with the harder Lewis-acidic character of the lithium cation
in comparison to sodium, the P1—-N1 bonds in the lithium
complexes 2 (159.04(2) pm) and 3 (158.96(15) pm) are
longer than in the sodium derivative 4 (157.79(14) pm).
Metal coordination at the imino nitrogen atom of the neu-
tral ligand shifts electron density from the P=N bonding
region to the metal, lengthening the P=N bond. Metal coor-
dination at N1 together with deprotonation at the methylene
bridge next to the phosphorus atom P1 leads to a further
elongation of the P=N bond, as the additional negative
carbon atom competes for the charge density of the electro-
positive phosphorus atom. Charge accumulation at N1 in
the anionic ligands furnishes a strong M—N1 interaction,
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while polarisation of the P2—N3 bond gives a weaker M—N3
bond.

This trend is also reflected in the N—Si bond lengths. In 1,
the shortest N—Si bond (168.08(12) pm) is present. In the
anionic ligands of the lithiated complexes 2 and 3, these
bonds are on average 2.6 pm longer than in the iminophos-
phorane 1. In 4, it is very similar to the distance in 1, that is,
the softer sodium atom is less polarising towards the anionic
ligand. In comparison with standard N—Si single bonds
(174 pm)?? they all are inherently short. Interestingly, the
N3-Si2 distances in the neutral ligands of 3 and 4 are about
4 pm longer than in the iminophosphorane 1 and are there-
fore almost in the range of standard N—Si single bonds. In
the iminophosphorane 1, the negatively polarised imino ni-
trogen atom N3 is bonded to the electropositive phosphorus
and silicon atoms. These interactions result in a short N3—
Si2 bond in 1. On metal coordination at N3, the negatively
polarised imino nitrogen atom has a further interaction with
the cationic centre. Thus, the N3—Si2 distances in 3 and 4
become longer. In the anionic ligands of 24 the NI1-Sil
bond lengths are half-way between that in 1 and those of
the neutral ligands in 3 and 4. The negatively polarised
imino nitrogen atom N1 interacts with the cation, the elec-
tropositive silicon atom and a less electropositive phospho-
rus centre, due to the neighbouring negatively polarised de-
protonated carbon atom C1. Thus, the N—Si distances are
longer than in iminophosphorane 1, but shorter than in the
neutral ligands of 3 and 4.

In conclusion, all the geometrical features of the anionic
ligands in the metalated complexes 24 suggest canonical
formulas as depicted in Scheme 3. However, all of them re-
quire valence expansion at the phosphorus atom, at variance
with the eight-electron rule, but chemical reactivity supports
neither P=N nor P=C double bonds, because both are easily
cleaved in various reactions.!']

NMR spectroscopic investigations: To elucidate the charge
distribution in 1-4, we performed several NMR experiments
in solution. The chemical shifts determined for the *'P and
N nuclei are summarised in Table 2.

Table 2. *'P and >N NMR shifts [ppm] of 1-4.

Anionic ligands Neutral ligands

3 Nimino Npy p Nimino Npy
1 - - - —0.32 —343 —61
2 18.03 —331 —145 - - -
3 15.36 —334 —139 8.46 —339 —68
4 11.30 —345 —137 —0.60 —332 —63

Deprotonation at the C,-atom in the iminophosphorane
Ph,P(CH,Py)(NSiMe;) (1) results in *'P NMR downfield
shifts relative to 1 and the neutral ligands in 3 and 4. This
shift seems to be counterintuitive to the idea of P=C bond
generation in the anions.

An interesting result was obtained in the 'H,""N HMBC
NMR experiments. In the starting material 1 and in the neu-
tral ligands of 3 and 4, the pyridyl nitrogen atoms resonate
at similar frequencies (6 =—61 to —68). The observed small
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differences arise from metal coordination at the ring nitro-
gen atom. Remarkably, they reflect the polarising abilities
of the metal, and hence the upfield shift due to sodium coor-
dination is less pronounced than the changes induced by the
lithium cation. However, the "N NMR signals for the pyrid-
yl ring nitrogen atoms in the anionic ligands are considera-
bly shifted to higher fields (6 =—137 to —145) with respect
to 1 (0=-61) and to the neutral ligands in 3 and 4. These
NMR spectroscopic shifts can be explained by a considera-
ble charge transfer from the
carbanionic atom Cl to the
heteroaromatic ring and accu-

presented in terms of the charge density p(r), the Laplacian
7°o(r) and the charges obtained from the integration over
the atomic basins according to Bader’s theory of atoms in
molecules (AIM).* All bond critical points (BCPs) at the
P—E bonds are displaced towards the electropositive phos-
phorus atom. A comparison of the densities p(rzcp), the al-
gebraic sum of the eigenvalues A; of the Hessian matrix
V°p(rscp) of these bonds and the integrated charges are pre-
sented in Table 4.

Table 4. Topology of the P-N and P—C bonds in 2.1

2
mulation at the pyridyl nitro- A-B d(A-B) d(A—BCP) d(BCP—B) o(rgcp) v’o(rscp) Charge at B
gen atom. Additionally, the PN 1.5903 0.6566 0.9337 1.508(10) 5.874(28) ~1.98
L s P—Cl1 17252 0.7753 0.9499 1.336(8) ~8325(22) ~0.54
almost invariant "N NMR  , 1.8294 0.8047 1.0248 1.134(6) —6.402(15) —031
shift of the imino nitrogen  p-ci3 1.8147 0.7784 1.0364 1.151(8) —6.145(16) —034
atom in all compounds indi- [a] d(A—B): distance [A] between atoms A and B along the bond path; d(A-BCP), d(BCP—B): distance be-

cates that the charge density
at this nitrogen atom is less af-

tween the BCP and atoms A and B, respectively; p(rgcp): charge density [e A=) at the BCP; v/ >0(rgcp): Lapla-
cian of p(r) at the BCP [eA~%]; Charges of B from integration over atomic basins in electrons, charge of the

fected by deprotonation. phosphorus atom A: +2.20.

Charge transfer to the pyr-
idyl substituent in the anionic
ligands of 2—4 is also evident from the 'H and “C NMR
spectroscopic experiments. In Table 3, these chemical shifts
are compared with those of the starting material 1 and the
neutral ligands in 3 and 4. Deprotonation at C, in imino-
phosphorane 1 results in a upfield shift for the pyridyl hy-
drogen atoms relative to the corresponding atoms in the
neutral ligands of 3 and 4 and the parent iminophosphorane
1. The charge density is accumulated in the pyridyl substitu-
ent. In the ®C NMR spectrum, the deprotonated C1 atoms
in the anionic ligands resonate at lower fields compared to
the neutral ligands. Additionally, the carbon atom atoms ad-
jacent to the ring nitrogen atoms are shifted downfield.

However, in quintessence neither the geometrical parame-
ters from the structure determination nor the NMR spectro-
scopic data provide a conclusive criterion to decide which
resonance form in Scheme 3, if any, contributes most to the
bonding in alkali metal complexes 1-4.

Charge-density distribution in [(Et,O)Li{Ph,P(CHPy)(N-
SiMe;)}] (2): To describe the charge-density distribution in
[(Et,O)Li{Ph,P(CHPy)(NSiMe;)}] (2), we performed a mul-
tipole refinement based on the formalism of Hansen and
Coppens™! with 100 K high-resolution data up to (sin6/
D)max=1.145 A~'. The results of the topological analysis are

Table 3. Selected 'H and *C NMR shifts [ppm] of 1-4.

The properties at the BCPs of the aromatic C—C bonds in
the phenyl rings and those in the SiMe; group are in the ex-
pected range. The two topologically analysed P—C,, bonds
in 2 are comparable to those in the triphenylphosphane
ligand of a transition metal complex.[! In contrast to the
P—C;, bonds in triphenylphosphonium benzylide Ph;P=
C(H)Ph, no variance in the topology between the two P—Cp,
bonds in 2 could be observed.? Compared to the latter, the
P—C1 bond displays higher charge density and a more nega-
tive Laplacian at the BCP. An inspection of the Laplacian
along the P—C bond paths (Figure 6) in 2 reveals an almost
equal charge distribution in the phosphorus basin, while the
main difference concerning the Laplacian in the basin of the
carbon atoms is related to the shorter distance between C1
and BCP;_¢,. This rather short P—C bond results from dis-
tinct electrostatic interactions between the negatively polar-
ised deprotonated C1 and the electropositive phosphorus
atom, as reflected in the charges of —0.52e for Cl1 and
+2.20e for P from integration over the atomic basins.[*’]

The properties of the exocyclic C1—C2 bond, which are
almost the same as those of an aromatic C—C bond, as well
as the aromatic character of the C2—N2 bond of the pyridine
ring fuels the idea of delocalisation of the negative charge in
the C1-C2-N2 residue. This exocyclic delocalisation slightly

lH 13C
1 3 4 5 6 1 2 3 4 5 6

1 3.56 7.18 7.07 6.55 8.28 432 152.3 125.6 129.5 121.6 149.6
2 3.58 6.42 6.71 5.77 7.12 55.8 167.8 118.9 134.8 106.9 147.5
3al 4.11 6.60 7.00 5.95 7.33 59.0 166.3 1184 1342 103.6 148.0
3pl! 3.78 6.85 7.00 6.42 8.46 39.7 150.7 126.6 1283 121.5 152.2
4al 3.39 6.18 6.64 5.51 7.15 58.2 168.0 117.9 1335 103.9 147.8
4pl! 3.85 7.15 7.44 6.98 8.31 2.5 155.3 125.8 131.1 122.1 149.8
[a] a: anionic ligand, b: neutral ligand.
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Figure 6. a) Laplacian along the bond paths of the P—C and P—N bonds; b) Laplacian in the P1-C2-Li plane (blue lines indicate charge concentrations,
red lines indicate charge depletions); c) Laplacian along the bond paths of the Li—N and Li—O bonds. The zero value of the x axis indicates the position

of the BCP.

perturbs the aromaticity of the heteroaromatic ring. The
bond lengths and electron densities in the pyridyl substitu-
ent differ from those in undisturbed rings."*”!

The Laplacian distribution v7%0(r) along the P—N1 bond is
completely different to that of the P—C;,,, bonds. The Lapla-
cian at the BCP is positive and charge density is exclusively
concentrated in the nitrogen basin (Figure 6a). This indi-
cates a severe contribution of electrostatic interaction to the
bonding energy, further substantiated by the integration of
the atomic basins.[*"! The two basins related to the nitrogen

a)

atoms give distinct negative values. The imino nitrogen

atom N1 is bonded to three electropositive neighbours, and
therefore the charge of —1.91e is higher than that of —1.11e
for the ring nitrogen atom N2. The charge of the deproto-
nated carbon atom Cl1 is about 0.2 e higher than those of the
two phosphorus bonded ipso carbon atoms (C7: —0.30e,
C13: —0.34¢). All these findings support an ylidic P*—C" si-
multaneous with a P*—N~ bond, not yet present in the reso-
nance forms of Scheme 3. The determination of the (3;—3)
critical points in the spatial distribution of —v/%0(r) and
quantification of the valence shell charge concentrations
(VSCCs) around the electronegative atoms (N1, N2, Ol,
C1) confirms this view. Isosurface presentations around N1
and a contour plot in the plane containing the (3;—3) critical
points are presented in Figure 7a. They indicate sp*-hybridi-
sation at N1 with two lone pairs, both oriented towards the
Li cation. The same is valid for O1 (Figure 7b). The angle
between the lone pairs LP1-N1-LP2 of approximately 71° is
much more acute than the expected 109°, but can be ration-
alised by the closer approach of the critical points by simul-
taneous interaction of both VSCCs with the lithium cation.
Clearly, the lone pairs at N1 and Ol act as a bifurcated
donor to the electropositive metal acceptor. We found the
same arrangement at S-bonded sp*-hybridised nitrogen
atoms in an intramolecular hydrogen bond.[*¥

Conclusion
The experimental charge-density distribution in [(Et,O)-

Li{Ph,P(CHPy)(NSiMe;)}] (2) clearly proves that the formal
P=N imino double bond and the potential ylenic P=C

3628
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LP1 Li

Figure 7. Isosurface maps at constant v7°o(r) values indicating bonding
and nonbonding charge concentrations around the displayed atoms, and
contour plots in a plane with the two lone pairs oriented towards Lil for
N1 (a) and O1 (b) in 2; a) N1, ?o(r)= —48 ¢ A~* (bonding VSCCs) and
—41eA~® (nonbonding VSCCs); b) O1, v2o(r)=-125e¢A~ (bonding
VSCCs) and —105 e A~ (nonbonding VSCCs). Blue contours indicate
charge concentration, and red contours charge depletion.

double bond must be written as polar P*—N~ and P*—C~
single bonds augmented by electrostatic contributions. As
predicted from calculations, a hypervalent central phospho-
rus atom is not required to describe the bonding. It is much
more appropriate to assign charges in the resonance formu-
la, even for the starting material Ph,P(CH,Py)(NSiMe;) (1).
The almost invariant imino nitrogen signals in the "N NMR
spectra of 1-4 further supplies credibility to these canonical
forms. The iminophosphorane 1 is better been written as a
zwitterionic phosphonium amide Ph,(PyCH,)P*—"NSiMe,.
This polar single bond corresponds best with the reactivi-
ty: metal organyls in polar solvents can more easily cleave
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this bond rather than the wrongly assigned P=N double
bond. Therefore, deimination or the retro-Staudinger reac-
tion of iminophosphoranes seems an unorthodox but suita-
ble synthetic route to phosphanes.

The isolation of the complexes [{Ph,P(CH,Py)(NSi-
Me;)}M{Ph,P(CHPy)(NSiMe;)}] (M=Li: 3, Na: 4), in which
both anionic and neutral iminophosphorane are bound to
the cation, allowed a detailed discussion of the geometrical
parameters in the ligands and we were able to deduce the
effects of metal coordination on the structural parameters of
the neutral iminophosphorane and its anionic derivative.
The electrostatic contributions to the P—N bonding and the
negatively charged imino nitrogen atom result in short P-N
and N—Si distances in iminophosphorane 1. The negative
charge at the imino nitrogen atom in 1 is stabilised by the
positive phosphorus centre and the electropositive silicon
atom, and this results in short PN and N—Si contacts. The
observed elongations of these bonds in the neutral metal-co-
ordinating ligands are a result of polarisation of the negative
charge by the cations. The elongation of the P—N distances
found in the anionic ligands are explained by the interaction
of the positively charged phosphorus centre with the nega-
tively polarised C, atom, which weakens the electrostatic
contribution to the P—N bonds.

Experimental Section

All reactions were performed under an inert atmosphere of dry N, with
Schlenk techniques or in an argon glove box. All solvents were dried
over Na/K alloy and distilled prior to use. NMR spectra were recorded at
room temperature on a Bruker DRX 300 spectrometer at 300.1 (‘H),
75.5 (*C), 121.5 (*'P), 59.6 (¥Si), 155.5 ('Li), 79.4 (*Na) and 30.4 MHz
(*H,”N HMBC). Chemical shifts ¢ are relative to the solvent for 'H, *C
and 'H,"N HMBC NMR, to H;PO, (85%) for *'P, to external saturated
LiCl solution for "Li, to 0.1M NaCl in D,O for »*Na and to SiMe, for *Si
NMR. Elemental analyses were performed by the Microanalytisches
Labor der Universitdt Wiirzburg.

The NMR shifts were assigned according to the following scheme:

The heteronuclei are assigned an asterisk in the neutral ligands of com-
pounds 3 and 4.

P I P M3
Ph 2 . 12
ﬁ/\‘A\ 4 Phe. NI 4
N [
N N ~5 N N__5

MesSi ‘[M]/ 6

Ph,P(CH,Py)(NSiMe;), (1): N;SiMe; (0.46 g, 3.97 mmol) was added to
Ph,PCH,Py (1.00 g, 3.61 mmol). The reaction mixture was heated under
reflux for 3 h. Evaporation of the excess of N;SiMe; and distillation of
the crude product under vacuum gave pure Ph,P(CH,Py)(NSiMe;) (1;
1.29 g, 3.53 mmol, 98 %) as a colourless oil. Addition of hexane to the oil
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and storage at —16°C gave 1 as colourless plates. M.p. (DTA): 44°C;
'PNMR  ([Dg]toluene): 6=-0.32 (s); *Si NMR ([Dg]toluene): 6=
—10.61 (s); 'H,"N HMBC ([D;]toluene): 6 =-343 (s, NSiMes), —61 (s,
pyN); 'THNMR ([Dg]toluene): 6=0.23 (s, 9H, SiMe;), 3.56 (d, Jpy=
14.1 Hz, 2H, H1), 6.55 (dddd, 1H, HS), 7.07 (m, 1H, H4), 7.18 (d, 1H,
H3), 8.28 (d, 1H, H6), 7.00-7.05 (m, 6H, m-, p-PhH), 7.65-7.81 (m, 4H,
0-PhH); "C NMR ([D;]toluene): 6 =4.8 (d, *Jgc=3.0 Hz, SiMe,), 43.2 (d,
C1), 121.6 (d, C5), 125.6 (d, C3), 129.5 (d, C4), 149.6 (d, C6), 152.3 (d,
C2), 129.2 (m-PhC), 131.0 (p-PhC), 131.8 (0-PhC), 134.9 (ipso-PhC); ele-
mental analysis (%) calcd for C,H,sN,PSi: C 69.44, H 7.68, N 7.36;
found: C 69.24, H 7.72, N 7.43.

[(Et,O)Li{Ph,P(CHPY)(NSiMe;)}] (2): Compound 1 (0.50 g, 1.37 mmol)
was dissolved in Et,0 (10 mL) and cooled to —78°C. To this solution
MeLi (0.94 mL, 1.6Mm in Et,0, 1.51 mmol) was added dropwise. After
warming to RT and stirring the yellow solution for 2 h the volume of the
solvent was reduced. After 48 h crystalline 2 (0.48 g, 1.08 mmol, 79 %)
was isolated. M.p. (DTA): 104°C; P NMR ([Dg]toluene): 6 =18.03 (s);
Li NMR ([Dg]toluene): =1.50 (s); ¥Si NMR ([Ds]toluene): 6 =—8.63
(s); 'H,"N HMBC NMR ([Ds]toluene): 6 =—331 (NSiMes), —145 (pyN);
'"HNMR ([Dg]toluene): =0.11 (s, 9H, SiMe;), 3.58 (d, Jpy=18.2 Hz,
1H, H1), 5.77 (dd, 1H, H5), 6.42 (d, 1H, H3), 6.71 (dd, 1H, H4), 7.12 (d,
1H, He6), 7.01-7.06 (m, 6H, m-,p-PhH), 7.79-7.82 (m, 4H, o-PhH), 3.08
(q, 4H, OCH,CH,), 0.93 (t, 6H, OCH,CH;); C NMR (|Dg]toluene): 6 =
4.9 (d, *Jgc=3.8 Hz, SiMe;), 55.8 (d, C1), 106.9 (s, C5), 118.9 (d, C3),
134.8 (d, C4), 147.5 (s, C6), 167.8 (d, C2), 128.8 (m-PhC), 130.3 (p-PhC),
132.5 (0-PhC), 137.4 (ipso-PhC); elemental analysis (%) caled for
C,sH;,LiN,OPSi: C 67.54, H 7.71, N 6.30 found: C 67.42, H 7.72, N 6.38.
[{Ph,P(CH,Py)NSiMe;}Li{Ph,P(CHPy)NSiMe;}] (3): Compound 1
(0.50 g, 1.37 mmol) was dissolved in Et,0 (30 mL) and cooled to —78°C.
To this solution MeLi (043 mL, 1.6m in Et,O, 0.69 mmol) was added
dropwise. After warming to RT and stirring for 8 h the clear yellow solu-
tion was allowed to stand at RT for 3d to yield 3 (0.80 g, 1.08 mmol,
79%) as yellow blocks. M.p. (DTA): 77°C (decomp); *'P NMR ([Dg]ben-
zene): 6=8.46 (brs, P*), 1536 (s, P); 'Li NMR ([D¢]benzene): 6 =1.70
(s); 'H, ¥Si HMBC NMR ([D¢]benzene): 6=—9.5 (s, Si), —1.82 (s, Si*);
'"H°N HMBC NMR ([Dg]benzene): 0=-339 (Me,SiN*), —334
(Me,SiN), —139 (PyN), —68 (PyN#); 'H NMR ([D4]benzene): 0=0.39 (s,
9H, SiMe;*), 0.50 (s, 9H, SiMes), 3.78 (d, Jpy=13.9 Hz, 2H, H1*), 4.11
(d, ¥py=23.6 Hz, 1H, H1), 5.95 (dd, 1H, HS), 6.42 (dd, 1H, H5%), 6.60
(d, 1H, H3), 6.85 (d, 2H, H3*), 7.00 (m, 2H, H4, H4*), 7.33 (d, 1H, H6),
8.46 (d, 1H, H6*), 7.25-7.30 (m, 6H, m-, p-PhH), 7.21-7.24 (m, 6 H, m-,
p-PhH*), 7.52-7.70 (m, 4H, o-PhH*), 8.08-8.25 (m, 4H, o-PhH);
BC NMR ([De]benzene): 6=2.9 (d, *Jsc=4.5 Hz, SiMe;*), 3.8 (d, *Jsc=
4.5 Hz, SiMe;), 39.7 (d, C1%), 59.0 (d, C1), 103.6 (s, C5), 118.4 (d, C3),
121.5 (d, C5%), 126.6 (s, C3*), 128.3 (d, C4*), 134.2 (d, C4), 148.0 (s, C6),
150.7 (s, ipso-PyC*), 152.2 (s, C6%), 166.3 (s, ipso-PyC), 128.3 (m-PhC),
128.5 (m-PhC¥), 129.8 (p-PhC), 130.7 (p-PhC*), 131.4 (0-PhC¥), 132.8 (o-
PhC), 137.7 (ipso-PhC), 138.5 (ipso-PhC*); elemental analysis (%) calcd
for C,,H,LiN,P,Si,: C 68.64, H 6.72, N 7.62 found: C 69.01, H 6.52, N
7.73.

[{Ph,P(CH,Py)NSiMe;}Na{Ph,P(CHPy)NSiMe;}] (4): A suspension of
NaNH, (0.11 g, 2.75 mmol) in THF (5 mL) was added to a solution of 1
(2.00 g, 5.49 mmol) in THF (40 mL) at RT. After 3 d, the yellow reaction
mixture was filtered and the volume of the solution was reduced by evap-
oration. Storage of the clear yellow solution at RT for several days gave
4 (3.05g, 406 mmol, 74%) as yellow blocks. M.p. (DTA): 33°C
(decomp); *'P NMR ([Dg]THF): =-0.6 (brs, P*), 11.3 (brs, P); *Na
NMR ([Dg]JTHF): 6=5.02 (brs); *Si NMR ([Dg]THF): 6=-13.9 (d,
Ysp=83Hz, Si), —12.8 (d, Jgp=23.3 Hz, Si*); 'H,"N HMBC NMR
([Dg]THF): 0=-345 (Me,SiN*), —332 (Me;SiN), —137 (PyN), —63
(PyN*); '"HNMR ([Dg]THF): 6=—0.14 (s, 9H, SiMe;*), —0.20 (s, 9H,
SiMes), 3.39 (d, Ypy=22.3Hz, 1H, Hl), 3.85 (d, py=14.1Hz, 2H,
H1*), 5.51 (dd, 1H, H5), 6.18 (d, 1H, H3), 6.64 (dd, 1H, H4), 6.98 (dd,
1H, H5%), 7.14-7.17 (m, 2H, H6, H3*), 7.18-7.25 (m, 8H, m-, p-PhH, p-
PhH*), 7.44 (dd, 1H, H4*), 7.69-7.77 (m, 8 H, o-PhH, o-PhH*), 7.31-7.38
(m, 4H, m-PhH*), 831 (d, 1H, H6*); *C NMR ([Dy]THF): 6=3.87 (d,
*Jsic=4.5 Hz, SiMe;), 3.69 (d, J5c=3.0 Hz, SiMe;*), 42.5 (d, C1*), 58.2
(d, C1), 103.9 (s, C5), 117.9 (d, C3), 122.1 (d, C5%), 125.8 (d, C3*), 131.1
(d, C4%), 133.5 (d, C4), 147.8 (s, C6), 149.8 (d, C6*), 155.3 (d, ipso-
PyC#),168.0 (d, ipso-PyC), 128.2 (m-, p-PhC), 128.8 (m-PhC¥), 129.5 (p-
PhC*), 132.0 and 132.8 (0-PhC, o-PhC*), 137.3 (ipso-PhC*), 141.3 (ipso-

— 3629


www.chemeurj.org

FULL PAPER

D. Stalke et al.

PhC); elemental analysis (%) caled for C,H,oN,P,Si,: C 67.17, H 6.58, N
7.46 found: C 66.36, H 6.70, N 7.21.

Structure determination of 1-4: Crystallographic data for 1-4 are listed
in Table 5. All data were measured at low temperature! with graphite-
monochromated Mo, radiation (1=71.073 pm) on a Bruker D8 goniom-
eter platform, equipped with a Smart Apex CCD detector. Cell parame-
ters were determined and refined using the SMART software.””l Series
of w scans were performed at several ¢ settings. Raw frame data were in-
tegrated using the SAINT program.!! The structures were solved using
direct methods and refined by full-matrix least-squares techniques on F?
using SHELXTL.”? Data of 1 and 2 were subjected to empirical correc-
tion for absorption with SADABS 2.1l The hydrogen atoms H1 at C1 in
2, H1 at C1 and H22A, H22B at C22 in 3 and 4 were taken from the dif-
ference Fourier map and refined freely. All other hydrogen atoms were
refined using a riding model. The U, values for the hydrogen atoms of a
CHj; group were set to 150 %, and those of all other hydrogen atoms to
120 %, of the U,, values of the corresponding C atoms. All non-hydrogen
atoms were refined anisotropically. The anisotropic displacement param-
eters (ADPs) in the Supporting Information were plotted at the 50%
probability level.

CCDC-231738-231741 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (4+44)1223-336-033; or deposit@ccdc.cam.uk).
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M, [gmol™] 364.49 444.54 734.91 750.96 taka. J A;n. Chem. ’Soc. 1994
CCDC no. 231738 231739 231740 231741 116 ’ 10080; b) A. A. Restrepo—,
T [K] 173(2) 100(2) 100(2) 173(2) Cosysio, C. 1; Gonzalez, F. Mari,
crystal system triﬁclinic triﬁclinic triclinic monoclinic J. Phys. Chem. A 1998, 102, 6993;
space group P1 Pl F1 P2iin c¢)H. Yamataka, S. Nagase, J.
a [pm] 905.67(5) 1038.40(2) 1011.46(6) 1124.06(18) Am. Chem. Soc. 1998, 120, 7530:
b [pm] 1064.73(6) 1047.83(2) 1104.73(7) 1488.1(2) d)J. A. Doblado, H.Y Martinez—’
¢ [pm] 1145.95(6) 1285.27(2) 1825.93(11) 2478.7(4) Garcia, J. M. Molina, M. R. Sund-
al?] 97.0510(10) 73.07° 93.3760(10) berg, J. Am. Chem. Soc. 2000,
8 99.3490(10) 81.05° 93.6010(10) 101.283(3) 122. 1144,
v [°] 107.1020(10)  67.66° 98.7470(10) [11] a) \;\, C. Lu. C.B. Liv. C. C. Sun
V [nm3 1.02496(10) 1.23586(4) 2.0077(2) 4.0661(11) J. Phys. Chém. A 1999” 103, 1078;
z | 2 2 2 4 b)C.W. Lu, C.C. Sun, Q.I
Pealea [Mgm ] 1.181 1.195 1.216 1.227 Zang, C.B. Liu, Chem. Phys.
¢ [mm™] 0.198 018 0203 0211 Lett. 1999, 311, 491; ¢) J. Koketsu,
F(000) ) 388 476 780 1592 Y. Ninomiya, Y. Suzuki, N. Koga,
crystal size [mm] 0.4x04x0.05 0.60x0.57x0.55 04x04x0.35 04x04x0.4 Inorg. Chem. 1997, 36, 694.
6 range [°] 1.83-26.37 1.66-54.54 2.11-26.41 3.05-26.37 [12] D.S. Yufit, J.A.K. Howard
reflns collected, low batch 13417 51465 22724 87301 M. G Davit;lson I Chem Soc’
reflns collected, high batch - 749091 - - Perkin Trans. 2 2000249
independent reflns (R;,), low batch 4165 (0.0189) 5045 (0.0246) 8174 (0.0400) 8675 (0.0950) [13] a) G. Fries, J. Wolf7 M. Pfeiffer
independent reflns (R;,), high batch - 25005 (0.0269) - - D. Stalke,’ H. We;ner, A ngew.’
absorption correction empirical empirical none none Chem. 2000, 112, 575; Angew.
max/min transmission 0.98/0.91 0.99/0.95 - - Chem. Int. Ed. 2000, 39, 564;
data/restraints/parameters 4165/0/229 30050/0/384 8170/0/478 8300/0/478 b) L. Mahalakshmi, D. Stalke in
(.30F on F. 1.051 1.048 0.922 1.086 Structure and Bonding— Group
final R indices [I>20(])] 13 Chemistry 1 (Eds.: D.A.
R1 0.0343 0.0298 0.0410 0.0414 Atwood, H. W. Roesky), Spring-
WRZ . 0.0940 0.0899 0.0859 0.1150 er, Heidelberg, 2002, 703, p. 85.
R indices (all data) [14] a) A. Steiner, D. Stalke, Angew.
R1 0.0389 0.0378 0.0581 0.0482 Chem. 1995, 107, 1908; Angew.
wR2 0.0973 0.0956 0.0890 0.1188 Chem. Int. Ed. Engl. 1995, 34
largest diff. peak/hole [enm ™) 336/—196 695/—285 479/-360 813/-276 oo

1752; b) S. Wingerter, M. Pfeiffer,

[a] For the sake of comparison, the data of the conventional IAM refinement are given in this table. For the
results of the multipole refinement of ED, see Supporting Information. [b] sin 6/4 < 0.625 A", [c] 0.625 < sin 6/

A<1.145 A"
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