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Abstract: The reactions of the Sn" base
Sn(NMe,), with CyPHM (Cy=cyclo-
hexyl) produce a range of products, de-
pending primarily on the alkali metal
(M) involved. The 1:3 stoichiometric
reaction of Sn(NMe,), with CyPHNa in
the presence of the Lewis base donor
PMDETA  (PMDETA =(Me,NCH,-
CH,),NMe) gives [(Na-PMDETA),{Sn-
(u-PCy)}s] (3), containing the electron-
deficient [{Sn(u-PCy)};]*~ dianion. Nat-
ural bond order (NBO) and electron
localisation function (ELF) calculations
show that this species is described most

appropriately by a two-electron, three-
centre Sn; bonding model. Evidence
that 3 results from phosphide coupling
is provided by the 1:1 reaction of Sn-
(NMe,), with CyPHNa in the presence
of PMDETA, which gives 3 and trace
amounts of (Na-PMDETA),[{Sn(u-
PCy)},(u-PCyPCy)] (4) (containing one
PCyPCy*~ dianion). Greater extents of
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phosphide coupling are observed as the
size of the Group 1 metal is increased.
Thus, the 1:3 reaction of Sn(NMe,),
with CyPHK in THF gives the co-crys-
talline  product {(K-2THF),[{Sn(p-
PCyPCy)}(1-PCy)J}oof (K-2 THF),[{Sn-
(u-PCy) L (1-PCyPCy)]}o; (5) (contain-
ing  [{Sn(u-PCyPCy)},(p-PCy)]*”  and
[{Sn(u-PCy)},(u-PCyPCy)]* dianions),
whereas the analogous reaction of Sn-
(NMe,), with  RbPHCy  gives
[Rb-PMDETA{(CyP);SnP(H)Cy}]  (6)
(containing a cyclic {(CyP);Sn} unit).
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Introduction

Recently we have shown that reactions of Group 15 dimeth-
ylamido reagents E(NMe,); (E=As, Sb) with metalated pri-
mary phosphines (RPHM; M=alkali metal) result in the
formation of Zintl compounds.!'! This process occurs by cou-
pling of the phosphide units of the initially formed hetero-
metallic phosphide cages, such as [Lig{Sb(PR)};] (R=Cy,?
Buf'). The isolation of cyclic phosphines [RP],, along with
the Zintl compounds suggests that the formation of stable
P—P single bonds provides the thermodynamic driving force
for these ‘“cage-to-alloy” reactions. Further mechanistic
detail is revealed by the isolation of the heterocyclic anions
[(RP),E]™ (n=3 or 4) as intermediates in this process.l! The
latter can be regarded as being responsible for the delivery
of the metal centres. The mechanism of E—E bond forma-
tion appears to involve coupling of the [(RP),E] units prior
to elimination of [RP], (and the formation of the poly-
atomic E;*~ ions (Scheme 1))

Two important reactivity trends are apparent from studies
of Group 15 phosphides:!! 1) the presence of aromatic sub-
stituents in the phosphine encourages formation of Zintl
compounds and, 2) the tendency for P—P bond formation
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and the production of Zintl compounds increases as Group
1 is descended. Recent studies of the reactions of Sn(NMe,),
have shown that the first of these reactivity trends is also
observed for Group 14. For example, the reactions of Sn-
(NMe,), with lithiated aliphatic phosphines (RPHLi) (1:3
equivalents) give the cage complexes (Li-‘THF),[{[Sn(u-
PR)],(n-PR)},] (R=Cy (1a), rBu (1b)), containing metalla-
cyclic [{Sn(u-PR)},(u-PR)],*~ tetraanions (Scheme 2).”!
However, the reaction of Sn(NMe,), with the aromatic

R
R '.'
= /P\

THF \/S”§P\(S§, THF
L \Li""
R_P<Li/\ ’Li>/P R

/, /\THF
THFY Q= Py ~—d,
A
R

Scheme 2. Structure of the cages 1a (R=Cy) and 1b (R=rBu).

phosphide MesPHLI (1:2-3 equivalents) gave
(Li-TMEDA),[Sn(p-PMes)},(n-PMesPMes)] (Mes=2,4,6-
Me;C¢H,) (2) (Scheme 3) in which partial coupling of the
MesP units has occurred within the [{Sn(u-PMes)},(u-
PMesPMes)]*~ dianion.!
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. /\\
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Scheme 3. Structure of 2.

We present here studies of the reactions of Sn(NMe,),
with the heavier alkali metal cyclohexyl phosphides
[MPHCy] (M=Na, K, Rb). In a recent communication we
showed that the reaction between Sn(NMe,), and
NaPHCy in the presence of the Lewis base donor
PMDETA  [PMDETA =(Me,NCH,CH,),NMe)]  gives
[(Na-PMDETA),{Sn(u-PCy)};] (3), containing an electron-
deficient [{Sn(u-PCy)};]*~ ion (Figure 1).) We present here
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Figure 1. Structure of 3.1

a full account of our work in this area, including full
details of theoretical calculations of the bonding in the
anion of 3, and the syntheses and structures of the new
complexes (Na-PMDETA),[{Sn(u-PCy)},(u-PCyPCy)]-1.5to-
luene  (4-1.5toluene), {(K-2THF),[{Sn(n-PCyPCy)},(n-
PCy)]}os{(K-2THF),[{Sn(p-PCy)},(n-PCyPCy)]},,  (5) and
[Rb-PMDETA-THF{(CyP);SnP(H)Cy}] (6-THF).

Results and Discussion

Our primary aim at the beginning of these studies was to ex-
plore the potential links between the reaction characteristics
of Group 14 and Group 15 dimethylamido reagents with
alkali metal primary phosphides [MPHR]. As noted in the
introduction, the different results observed in the reactions
of aliphatic primary phosphides of lithium (LiPHR; R=Cy,
{Bu) and aromatic primary phosphides (i.e., MesPHLI) with
Sn(NMe,), suggest that a similar reactivity trend is likely as
far as the organic substituent is concerned.” However, too
little data has been available so far to allow mechanisms to
be advanced. The heavier alkali metal cyclohexyl phos-
phides (MPHCy; M =Na-Rb) are readily obtained by the in
situ reactions of MCH,Ph with CyPH, in toluene. The or-
ganoalkali metal precursors [MCH,Ph] were prepared by re-
actions of fBuOM with nBuLi in toluene. We have shown
previously in the study of the reactions of RPHLi with Sn-
(NMe,), that a 3:1 stoichiometry of LiPHCy to Sn(NMe,),
leads to the cleanest reactions and to the highest yields of
the products obtained.” For this reason the same stoichiom-
etry was used in our initial investigations of the reactions of
the MPHCy (M =Na-Rb) with Sn(NMe,),. The reactions of
a range of MPHCy with Sn(NMe,), in toluene (24 h) gave
orange or orange-red powders as the products. These were
insoluble in non-polar organic solvents. However, removal
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of the toluene under vacuum and addition of THF and/or a
bi- or tridentate nitrogen Lewis base donor allowed some or
all of the solids to be dissolved. Filtration of the suspensions
produced clear solutions from which crystalline products

were isolated. The complexes [(Na-PMDETA),{Sn(u-
PCy)hl  (3),  {(K2THF),[{Sn(u-PCyPCy)}(u-PCy)l}oo-
{(K-2THF),[{Sn(u-PCy)},(u-PCyPCy)]}o. (5) and

[Rb-PMDETA-THF{(CyP);SnP(H)Cy}] (6:THF) were ob-
tained by using this procedure (Scheme 4) (see Experimen-
tal Section). *'P NMR spectroscopic investigations of the re-
action solutions from which 3 and 5 are obtained revealed
the cyclophosphane [CyP], and unreacted [MPHCy] are also
present. In the case of the reaction producing 6, however,
3'P NMR spectroscopic studies show that only 6 and [CyP],
are formed. Varying the stoichiometry of these reactions
(between 3:1 and 1:1, MPHCy:Sn(NMe,),) did have some
effect on the distribution of products. The 1:1 reaction of
NaPHCy with Sn(NMe,), in the presence of PMDETA also
gave 3 as the major product. However, using this stoichiom-
etry, complex 3 is contaminated with a minor quantity
of [(Na-PMDETA),{Sn(p-PCy)},(u-PCyPCy)]-1.5 toluene
(4-1.5toluene) (estimated to be less than 5% from inspec-
tion).

Complex 4-1.5toluene was only characterised by X-ray
crystallography, owing to the fact that it is obtained as a
minor impurity in 3. Although 6 is formed almost quantita-
tively by the reaction of RbPHCy with Sn(NMe,), in the
presence of PMDETA (as a red powder, contaminated with
[CyP],), its low solubility in THF resulted in only low yields
of pure, crystalline samples of the complex being isolated by
storage of the filtrate at low temperature. Despite repeated
attempts, satisfactory elemental analysis for 6 could not be
obtained. However, unit cell analysis and *’P NMR spectro-
scopic studies of crystals from several separate reactions all
showed that 6 is formed reproducibly. The room-tempera-
ture *'P NMR spectrum of 6 in THF is particularly diagnos-
tic. The central P atom within the P;Sn ring unit [P(1)] ap-
pears as a triplet (0=74.0 ppm), the terminal P atoms of
this unit [P(2)] is observed as a double-doublet (6=
—10.7 ppm) and the terminal CyPH P centre [P(3)] appears
as a triplet (0=-3.4 ppm). The coupling constant between
the two P centres of the P;Sn ring (Jpp)pq)=162.0 Hz) is typ-
ical of Jpp coupling constants,” while the value found
across the CyPHSnP fragment is considerably smaller

(Jp2yp3)=87.6 Hz), as would be expected for a *Jpp coupling
constant. In contrast, the room-temperature *'P NMR spec-
trum of § in THF shows a complicated series of overlapping
multiplets in the region 0=-127.0 to —222.2 ppm, which
change with concentration and temperature, suggesting that
a number of solution species are present in equilibrium.
However, no obvious (first-order) resonances for the intact
[{Sn(u-PCyPCy) Ly (n-PCy)]* and [{Sn(u-PCy)}a (-
PCyPCy)]*" dianions present in 5 could be discerned. Pre-
sumably owing to a combination of their low solubilities
(even in THF solvent) and to fast relaxation, we have not
been able to observe '’Sn NMR resonances for complex 3
or 6. This is despite the fact that "'*'"’Sn NMR satellites are
observed for the ion-paired and separated [{Sn(u-PCy)};]*~
ion in the *P NMR spectrum of 3 in DMSO. In the case of
5, only a sharp singlet (6 =—1540.0) is observed, the chemi-
cal shift of which is characteristic of Sn'.

Details of the structural solutions and refinements of the
new complexes 4-1.5toluene, 5 and 6-THF are given in
Table 1. Key bond lengths and angles for 4-1.5toluene, § and
6 'THF are listed in Tables 2—4, respectively.

The crystallographic study of 4 shows that it is an ion-
paired complex (Na-PMDETA),[{Sn(u-PCy)}(n-CyPCy)],
resulting from the association of the bicyclic Sn™ phosphide
dianion [{Sn(u-PCy)},(u-PCyPCy)]*~ with two PMDETA-co-
ordinated Na* ions (Figure 2). In addition, three half tolu-
ene molecules are present for each molecule of 4 in the crys-
tal lattice. The structural arrangement of the dianion in 4,
composed of two Sn™ centres bridged by two u-PCy groups
and one PCy-PCy group, is similar to that previously report-
ed in the Li* complex (Li-TMEDA),[Sn(u-PMes)},(p-
PMesPMes)] (2).'! Of particular note in comparison to 2
and 4 is the formation of the Sn" phosphide (Ca-2 THF),-
[(Me;Si)PSn(p-PSiMe;)], in the reaction of [Ca{P(SiMe;),},]
with SnCL.*l The [(Me,Si)PSn(p-PSiMe;)],*" tetraanion of
the latter can be regarded as related to the [{Sn(u-PR)},{p-
P(R)P(R)}]*" dianions of 2 and 4 by 2e reduction and cleav-
age of the P—P bonds (Scheme 5).

The P-Sn-P angles in 4 (78.0(1)-95.4(1)°) closely match
those found 1in the previously reported complex
(Li-TMEDA),[{Sn(u-PMes)},(u-PMesPMes)] (2) (Scheme 3;
range 75.75(3)-94.71(3)°). The pyramidal geometries of
the metal centres in both complexes are symptomatic of the
presence of stereochemically active lone pairs, pointing exo

[(Na-PMDETA),{Sn(u-PCy)},]

3

3CyPHM + Sn(NMe,), ———> {(K-2THF),[{Sn(u-PCyPCy)},(H-PCy)] }o {(K-2THF ),[{Sn(p-PCy)},(u-PCyPCy)l}o4

M=K

M= Rb

5

[Rb-PMDETA THF{(CyP),SnP(H)Cy}]

6-THF

Scheme 4.
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Table 1. Details of the data collections and refinements for 4-1.5toluene,
5 and 6. THF.
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Table 3. Selected bond lengths [A] and angles [°] for 5a in the mixed
crystal 5.1

Compound"! 4-1.5toluene 5 6-THF

formula Csp5HioNg- CongoH171.80K4O05-  C37H7gN;OP-
Na,P,Sn, Py gSny RbSn

fw 1224.64 2326.35 907.05

crystal system monoclinic triclinic orthorhombic

space group P2/c Pl Ibam

unit cell dimensions

a[A] 16.1358(6) 13.753(3) 22.333(5)

b [A] 16.7770(8) 14.229(3) 20.524(4)

c[A] 27.0531(12) 17.025(3) 21.685(4)

a[] - 95.72(3) -

A 1°] 98.3960(10) 99.42(3) -

v [°] - 117.83(3) -

crystal size 0.23x0.21x0.18 0.18x0.12x0.10  0.18x0.18x0.05

u [mm™] 0.821 1.197 1.643

Peatca [Mgm~?] 1.123 1.357 1.212

V4 4 1 8

Vv [AY] 7245.1(5) 2846.7(10) 9940(3)

O-range 3.52-17.38 3.63-25.04 4.18-21.00

independent reflns. 4242 9867 2675

Ry 0.027 0.038 0.048

R indices [1>20(1)]

R1 0.062 0.049 0.075

WR2 0.175 0.113 0.210

R indices (all data)

R1 0.067 0.062 0.087

WR2 0.179 0.120 0.222

goodness-of-fit 1.066 1.078 1.003

largest peak/hole  1.053/—0.492 0.084/—-0.629 1.354/—-0.865

[a] Data in common; T=180(2) K, A=0.71073 A.

Table 2. Selected bond lengths [A] and angles [°] for 4 in the toluene sol-
vate 4-1.5toluene.

Sn(1)-P(1) 2622(3)  P(2)~Na(2) 2.858(5)
Sn(1)-P(2) 2.600(3)  P(4)-Na(2) 2.959(5)
Sn(1)-P(3) 2.614(3)  Na(1)-N(1) 2.43(1)
Sn(2)-P(1) 26103)  Na(1)-N(2) 2.48(1)
Sn(2)-P(2) 2612(3)  Na(1)-N(3) 2.47(1)
Sn(2)-P(4) 2621(3)  Na(2)-N(4) 2.47(1)
P(3)-P(4) 2.194(4)  Na(2)-N(5) 2.53(1)
P(1)-Na(1) 2.844(5)  Na(2)-N(6) 2.45(1)
P(3)-Na(1) 2.917(5)

P(1)-Sn(1)-P2)  91.0(1) Sn(1)-P(2)-Sn(2) 85.81(9)
P(1)-Sn(1)-P(3)  80.0(1) Sn(1)-P(3)-P(4) 100.5(1)
P(2)-Sn(1)-P(3)  95.1(1) Sn(2)-P(4)-P(3) 100.8(1)
P(1)-Sn(2)-P2)  91.0(1) P(1)-Na(1)-P(3) 71.5(1)
P(1)-Sn(2)-P(4)  95.4(1) P(2)-Na(2)-P(4) 69.9(1)
P(2)-Sn(2)-P(4)  79.10(9)

Sn(1)-P(1)-Sn(2) ~ 85.40(9)  fold about P(1)--P(2) 151.5

of P(1)-Sn(1)-P(2)-Sn(2)

from their Sn,P, cores. The acute P-Sn-P angles in 2 and 4
also suggest that a high degree of Sn p-character is present
in the Sn—P bonds. The primary reason for the distortion of
Sn" geometry in both complexes is the coordination of their
[{Sn(u-PR)L{u-P(R)P(R)}]>" dianions to the two alkali
metal cations, using one of the P centres of the RP-PR
group and a bridging RP ligand. This chelation results in

Chem. Eur. J. 2007, 13, 1078 -1089
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Sn(1)-P(1) 2.615(2) K(1)-P(1) 3.290(2)
Sn(1)-P(3) 2.600(2) K(1)-P(3) 3.438(2)
Sn(1)-P(5) 2.573(1) K(1)-O(1S,1T) mean 2.70
Sn(1)-K(1C) 3.726(2) K(2)-P(4) 3353(2)
Sn(2)-P(2) 2.601(2) K(2)-P(5) 3.280(2)
Sn(2)-P(4) 2.600(2) K(2)-0(2S2T) mean 2.67
Sn(2)-P(5) 2.604(2) P(1)-P(2) 2.200(2)
Sn(2)-K(2C) 3.674(2) P(3)-P(4) 2214(2)
P(1)-Sn(1)-P(3) 91.35(5) Sn(1)-P(1)-P(2) 111.45(8)
P(1)-Sn(1)-P(5) 99.60(6) Sn(2)-P(2)-P(1) 108.29(7)
P(3)-Sn(1)-P(5) 92.87(5) Sn(1)-P(3)-P(4) 105.97(7)
P(2)-Sn(2)-P(4) 105.46(5) Sn(2)-P(4)-P(3) 107.66(6)
P(2)-Sn(2)-P(5) 102.11(5) P(1)-K(1)-P(3) 67.31(5)
P(4)-Sn(2)-P(5) 81.59(5) P(4)-K(2)-P(5) 61.65(4)
Sn(1)-P(5)-Sn(2) 100.40(5)

[a] Symmetry transformations used to generate equivalent atoms here,
and in Figure 4; A: —x, —y+1, —z+1; B: x, y, 1+z; C: —x, —y+1, —z+
2. Only bond lengths for the major component are given.

Table 4. Selected bond lengths [A] and angles [°] for 6 THE."!

Sn(1)-P(2) 2.615(2) N(1)-Rb(1) 3.00(1)
Sn(1)-P(3) 2.599(4) N(2)-Rb(1) 2.95(1)
P(1)-P(2) 2212(3) P(3)--O(1S) 321(2)
P(2)-Rb(1) 3.436(2) H(3)--0(1S) 1.98(3)
P(3)-Rb(1) 3.362(4)

P(2)-Sn(1)-P(2A)  74.76(9) P(2)-P(1)-P(2A) 91.8(2)
P(2)-Sn(1)-P(3) 92.83(8) P(2)-Rb(1)-P(2A)  55.03(7)
Sn(1)-P(2)-P(1) 83.66(9) P(3)-Rb(1)-P(2)

P(3)-H(3P)-O(1S)  67.48(7) 156(1)

[a] Symmetry transformations used to generated equivalent atoms label-
led A: x, y, —z.

Figure 2. Structure of (Na-PMDETA),[{Sn(p-PCy)},(u-CyPPCy)] (4). Hy-
drogen atoms and lattice-bound toluene molecules have been omitted for
clarity.

compression of the associated P-Sn-P angles below 90° (i.e.,
P(1)-Sn(1)-P(3) and P(2)-Sn(2)-P(4) mean 78.5° in 4; cf.
mean 75.8° for the corresponding angles in 2).”! Also similar
to the previously reported complex 2, is the P—P bond
length within the CyP-PCy unit of the dianion of 4 (P(3)—
P(4) 2.194(4) A; cf. 2.186(2) A in 2).") This bond length is
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r. R R single CyP ligand (Figure 5b)

\ 5 — . 4— (see Experimental Section).
N . o

p = The structure of the Sn” bis-

\R monophosphide anion of this

. component appears to be the

/Sn‘ ~ /Sn‘ ~ same as that in molecules of
P g g P g (Na-PMDETA ),[{Sn(p-PCy)},-

R/ R/ (u-PCyPCy)] (4) (Figure?2),

Scheme 5.

shorter than normally expected for a single P—P bond (ca.
2.21 A),) presumably as a result of the bridging of the CyP—
PCy ligand across the Sn,P, ring of the dianion. The Sn—
PB1% and Sn—Nal'! bond lengths in 4 are similar to those
found in previously reported complexes.

The structure of § shows that the major component in the
crystal is the bis-diphosphido complex (K-2THF),[Sn,(u-
PCyPCy),(u-PCy)] (5a) (Figure 3a). However, there is also
evidence of a minor component which is interpreted as
being due to 10 % of a co-crystallised molecule in which one
of the two CyP—PCy groups present in 5 is replaced by a

Figure 3. a) Structure of (K-2THF),[Sn,(n-PCyPCy),(u-PCy)] (5), the
major component (90 %) in the crystals of 5; b) proposed structure of the
minor component in the crystals of 5 attributed to a 10% co-crystallisa-
tion of (K-2THF),[{Sn(u-PCy)},(u-PCyPCy)] (the carbon atoms of the
cyclohexyl ring assumed to be bonded to P(1') were not detected). Hy-
drogen atoms have been omitted for clarity.
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thus formulating the contami-

nant as (K2THF),[{Sn(p-

PCy)},(w-PCyPCy)] (5b). The

structure of the major compo-
nent S5a is an ion-paired species (K-2THF),[Sn,(p-
PCyPCy),(u-PCy)], resulting from the association of the
[Sn(u-PCyPCy),(u-PCy)]*~ dianion with two bis-solvated K*
ions. The dianion units of the complex represents a com-
pletely new structural arrangement for a Sn" phosphide,
being composed of two crystallographically independent Sn"
centres that are bridged by two CyP—CyP groups and by
one PCy group. The two K* ions within the molecular units
of 5a exhibit different coordination modes. K(1) is chelated
by two P centres from separate CyP—PCy groups (K(1)—
P(1) 3.290(2), K(1)—P(3) 3.438(2) A), whereas K(2) is coor-
dinated by the P centre of the bridging PCy group (K(2)—
P(5) 3.280(2) A) and by a P centre of a CyP—PCy group
(K(2)—P(4) 3.353(2) A). The presence of two distinct coordi-
nation modes for the K* ions clearly has a major effect on
the overall geometry of the [Sn(u-PCyPCy),(u-PCy)]*~ di-
anion, and is responsible for the relatively broad range of
Sn—P bond lengths found within the Sn,P¢ core (2.573(1)-
2.615(2) A).'”) However, the most obvious effect of this co-
ordination is seen in the geometries of the Sn" centres. The
Sn(1) centre exhibits a more regular pyramidal geometry
(P-Sn-P  91.35(6)-99.60(6)°) than that of Sn(2) (P-Sn-P
81.58(2)-105.46(5)°). The marked compression of the P(4)-
Sn(2)-P(5) angle (81.59(5)°) stems from the chelation of
K(2) by P(4) and P(5). A closely related effect was noted
above in the structures of 2 and 4, where a similar metal-co-
ordinating mode is found, involving one of the RP-PR P
centres and the pu-CyP group. The involvement of both of
the P centres of one of the CyP—PCy ligands in 5a in the co-
ordination of the two K* ions leads to a pronounced elonga-
tion of the P—P bond (P(3)—P(4) 2.214(2) A) in this ligand
compared to the other CyP—PCy ligand (P(1)-P(2)
2.200(2) A).

A further feature of the structure of Sa is the association
of the molecular units into a polymeric arrangement in the
crystal lattice, through Sn—K interactions involving both the
Sn centres (Sn(1)-K(1C) 3.725(2), Sn(2)~K(2A) 3.674(2) A)
(Figure 4). These interactions result in a five-coordinate ge-
ometry for K(1) and a distorted tetrahedral geometry for
K(2).

The X-ray crystallographic study of 6-THF shows it
to be the ion-paired species [Rb-PMDETA-
{(CyP);SnP(H)Cy}]-THF, containing a heterocyclic [(Cy-
P);SnP(H)Cy]~ ion (Figure5). This anion is disordered
across a crystallographic mirror plane, through Sn(1), Rb(1),
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Figure 4. Association of units of the major component of 5 (5a) into a
polymeric structure through Sn--K bonding. Hydrogen atoms and lattice-
bound toluene molecules have been omitted for clarity.

Figure 5. Structure of [Rb-PMDETA({(CyP),SnP(H)Cy}]-THF (6-THF).

P(3), and N(1) in the solid state. The Cy group attached to
P(3), H(3) and a THF ligand (O1S-C4S), H-bonded the
H(3P) occur with 50% occupancy on either side of the mo-
lecular mirror plane. Thus, both enantiomers of 6-THF are
randomly distributed over all equivalent positions in the
crystal. The cyclic anion arrangement of 6-THF is of particu-
lar interest, being analogous to the Group 15 anions
[(RP);As]” (R=1-adamantyl, Bu).*! Like the latter, the
[(CyP);SnP(H)Cy] ion is folded (by an angle of 53.5° about
the Sn(1)--P(1) vector), and the Cy groups adopt an all-
trans conformation with respect to the ring on steric
grounds. The geometry of the Sn" centre in 6-THF is highly
distorted (P-Sn-P 74.7(1)-92.7(1)°), with the smallest of the
P-Sn-P angles being found within the P;Sn ring unit. The co-
ordination of the [(CyP);SnP(H)Cy]™ ion to the Rb* ion in-
volves both the Sn-bonded P centres of the P;Sn ring unit
(Rb(1)-P(2,2A) 3.431(3) A) and the terminal PHCy P
centre (Rb(1)-P(3) 3.362(5) A). The Rb—P distances in-
volved are typical of those found previously in Rb—P
bonded complexes (3.34-3.84 A).[120:k.13.14]

Theoretical studies: As noted in the introduction to this
paper, the [{Sn(p-PCy)};]* dianion of 3 (Figure 1) is elec-
tron-deficient.”! The relatively short Sn—Sn distances
(3.1502(3)-3.1981(3) Al¥)) suggest that Sn—Sn bonding is
present in this species. These Sn—Sn distances are within the
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range of values found in Sn—Sn-bonded complexes (mean
291 A)M and are typical of Sn—Sn bond lengths present in
electron-deficient Zintl ions such as Sns>~ and Sn,*.["!
These distances are, however, longer than those found in
compounds containing Sn=Sn double (2.77-2.83 A),"” or
Sn-Sn partial (2.782(1)-2.824(1) A)'" multiple bonds. The
acute Sn-P-Sn (75.55(2)-76.91(2)°) and P-Sn-P (93.10(3)-
97.71(3)°) bond angles within the [{Sn(u-PCy)}s]*" dianion
are consistent with only limited hybridisation of the s and p
orbitals on both the P and Sn centres.”! Thus, a valence-
bond interpretation of the bonding within the Sn; triangle of
this dianion involves the overlap of three Sn p orbitals
above the Sn; plane, forming a 2e-3c bonding system in
which the Sn-Sn bond order is '/; (Figure 6a). Alternatively,

Figure 6. a) Valence-bond description of the anion of 3 (assuming unhy-
bridised s and p orbitals on Sn); b) hypho-cluster model based on Wade’s
rules.

however, the structure of the [Sn(p-PCy)];*~ dianion can be
regarded as a hypho-cluster derived from a tricapped-trigo-
nal prism in which three vertices are missing (i.e., with 6
vertices (n) and 10 (n+4) electron pairs involved in skeletal
bonding; Figure 6b).'¥ These bonding descriptions are the
same as those proposed previously for the tris-homoaromat-
ic dianions of 1,3,5-triboracyclohexane, of the type [R'B(u-
C(R)H)]5>~,"! which are isolelectronic with the dianion of 3.
Two complementary computational methods were used to
examine the bonding in 3, namely natural bond order
(NBO) analysis and electron localisation function (ELF)
calculations.
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NBO analysis of the bonding in 3: Model ab initio MO cal-
culations of the isolated [Sn(u-PR)];*" dianion and the neu-
tral complex [Sn(pu-PR)];Na, were used to probe the bond-
ing present in 3.7 The R ligand was varied to note the
effect of the changes in the geometry and bonding within
the framework of the dianion and neutral structures. Three
ligands were used in this analysis, hydrogen, methyl and cy-
clohexyl groups. In the geometry optimisations for both the
neutral and dianion species, a C;,-symmetric structure was
found to be a minimum at the Hartree-Fock (HF) and den-
sity functional theory (DFT) level when R=H and CHj,
whilst for R=C¢H,;, C; symmetry was assigned to the dian-
ion and neutral structures. The optimised structures of the
dianion and neutral complex at the HF and DFT (MPW1K
and B3LYP) levels are in good agreement with the solid-
state structure of 3 (Figure 1), particularly bearing in mind
the lack of solvation of the Na* ions in the neutral complex
(see Supporting Information).

Natural bond orbital (NBO) analysis was performed on
the B3LYP wavefunction® %" based on the dianion and neu-
tral optimised structures using the aug-cc-pvtz and cc-pvtz
basis sets, respectively. NBO population analysis indicates a
slight positive charge on Sn in both the neutral and dianion
models, with significant negative charge residing on both P
and R-group components in both (Table 4), with the excep-
tion being the hydrogen isomer where the R group cannot
support a large negative charge. The residual distribution of
the negative charge is contained on phosphorus when R=
H. At the B3LYP level, the net charge donated from Na to
the “dianion” component in the neutral molecule is in the
range —1.528 to —1.552 for the various R groups. The NBO
analysis of the neutral complex and dianion indicates the ex-
istence of a 2e-3c Sn; bond. The occupancy for the 2e-3c
NBO in the dianion is in the range 1.976 to 1.988, whereas
in the neutral molecule the occupancy drops within the
range 1.801 to 1.817. The cyclohexyl model has the highest
occupancy within the neutral structure and the lowest occu-
pancy of the 2e-3c bond within the dianion. The character
of the 2e-3c NBO is primarily constructed from p natural
atomic orbitals (NAO) on Sn, each Sn contributing /5 of a
bond to this NBO. This NBO has the highest doubly occu-
pied NBO energy and can be compared to the HOMO mo-
lecular orbital found in the neutral complex and dianion
(Figure 7). Associated with this bonding 2e-3c NBO are two
degenerate, antibonding Sn; NBOs. These antibonding
NBOs play an important role in delocalisation of charge
within the dianion, having a combined occupancy in the
range 0.204 to 0.214 for the neutral species and 0.178 to
0.238 in the dianion (coming mostly from donation from the
Sn-P NBOs). These antibonding NBOs can be regarded as
the LUMOs within the molecular orbital framework. Each
Sn forms two doubly occupied (2e-2c) NBOs with the near-
est P centres, with occupancy around 1.92. These orbitals
comprise 30% Sn and 70% P character, based on p-NAO
character interactions. Based on the natural hybrid direc-
tional analysis of the Sn—-P NBOs, there is considerable
strain on these bonding orbitals when comparing the devia-
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Figure 7. DFT(B3LYP)/cc-pvtz calculations of the HOMO of a) the dis-
crete [{Sn(u-PMe)];*~ dianion, and b) the neutral [{Sn(u-PMe)};]Na, mol-
ecule.

tion of the Sn and P natural hybrid p orbitals from the Sn—P
bond axes. The NBO analysis also shows that the lone pair
orbitals on Sn are primarily s orbitals and those on P are sp
orbitals (Table 5).

Table 5. Natural charge population analysis.

Molecule Sn P Rgroup  Na()®  Na(2)®
[Sn(w-PCy)];Na, 0151 —0431 0235  0.859 0.687
[Sn(uw-PCy)],> 0037 —0338 0366 - -
[Sn(w-PMe)|;:Na, 0149 0429 0229  0.858 0.670
[Sn(u-PMe)]:> 0.068 0406 0329 - -
[Sn(wPH)];Na, 0194 —0744 0033 0878 0.674
[Sn(u-PH)],> 0062 0672 0056 - -

[a] Na bonded to Sn. [b] Na bonded to P.

Electron localisation function (ELF) calculations on 3:
Topological analysis of the electron localisation function
(ELF) was employed to gain further insight into the chemi-
cal bonding in the [Sn(p-PCy)];*~ dianion by calculating the
electron populations, their variances and the covariance of
the ELF basins, that is, essentially how the electron densities
present in the orbitals relate to each other.”® Ab initio cal-
culations were performed using Gaussian03 at the HF level
of theory with 6-311++G(3dp,3df) as the basis set for P,
Na, C and H atoms, and 3-21G(d, p) for the Sn atoms.”” In
all the calculations, a singlet state was assumed and the
Hesse matrices were checked for the absence of imaginary
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entries in geometry optimisations. A single-point wavefunc-
tion was calculated for Na,[Sn(u-PCy)]; using the atomic co-
ordinates obtained from the crystal structure of 3, and ge-
ometry optimisations of the isolated [Sn(u-PH)],*~ dianion
and Na,[Sn(p-PH)]; in point group C;, were also performed.
The calculation of the ELF was done using TopMod.
Since the results are essentially the same for the three spe-
cies, only the results for the free dianion [Sn(u-PH)];>~ are
presented here. Figure 8 shows the reducible localisation

Figure 8. The reducible localisation domains of the ELF of the [Sns(p-
PH)],*>" dianion (Cs,) at n(r)=0.70, viewed along a vertical mirror plane
with a hydrogen atom pointing toward the viewer. Core basins are green,
monosynaptic valence basins (lone pairs) are red, protonated basins are
orange, disynaptic basins are yellow and trisynaptic basins are blue.

domain of the electron localisation function of the [Sn(u-
PH)];*~ dianion at n(r)=0.70. Each of the three P core
basins C(P) is populated by 9.97 electrons, with a variance
of 0.44, which shows the delocalisation of the electrons.?®3!
The population of 9.97 electrons is very close to the expect-
ed ten electrons for the phosphorus core shell. Both values
agree well with previous findings in P species, like P¢Hg, P,
P~ P>, Ps~ and P, .23 The covariance matrix contains
information concerning the delocalisation of electrons be-
tween neighbouring basins. The covariance of the P core
basins C(P) shows that the protonated disynaptic valence
basin V(P, H) (the P—H bond, orange in Figure 8), the mon-
osynaptic valence basin V(P) (the P lone pair, red) and the
disynaptic valence basin V(P, Sn) (P—Sn bond, yellow) are
involved in this delocalisation. The protonated disynaptic
valence basin V(P, H) shows a population of 2.03 electrons
with a higher variance of 0.67—delocalisation of electrons
occurs between this protonated basin V(P, H) and its corre-
sponding P core basin C(P) and monosynaptic valence basin
V(P), and its corresponding disynaptic valence basins V(Sn,
P), as is to be expected. The monosynaptic valence basin
V(P) is populated by 2.35 electrons with a variance of 1.06
with major delocalisation between it and its corresponding
core basin C(P), its protonated disynaptic valence basin V(P,
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H), its disynaptic valence basin V(P, Sn), but also between it
and the neighbouring monosynaptic valence basins of the Sn
atoms V(Sn). There is only very little delocalisation between
the neighbouring monosynaptic valence basins of the P
atoms.

The Sn core basin C(Sn) (Figure 8, green) is populated by
45.73 electrons with a rather high variance of 1.17, which is
close to the expected value of 46 electrons for the core shell
of tin. Delocalisation occurs mainly between the C(Sn) and
the V(Sn) on the same Sn atom, between C(Sn) and the V-
(P, Sn) but also between it and the trisynaptic valence basin
V(Sn, Sn, Sn) (colour-coded blue) to a minor extent. The di-
synaptic valence basin V(P, Sn) has a population of 1.77
electrons with a variance of 1.06, and delocalisation occurs
between the neighbouring core basins, the neighbouring pro-
tonated monosynaptic valence basin V(P, H), to the lone
pairs of the neighbouring phosphorus V(P) and tin atoms
V(Sn), but also to the trisynaptic valence basin V(Sn, Sn,
Sn) to a minor extent. The lone pairs on the Sn atoms show
a population of 2.58 electrons with a rather high variance of
1.36. The covariance shows that the delocalisation occurs
mainly between the V(Sn) and its corresponding C(Sn) and
its neighbouring V(P, Sn). Some minor delocalisation occurs
between it and its neighbouring V(P, H), V(P) and V(Sn).
Consequently, no lone pair aromaticity is observed for this
compound, for which delocalisation would have to occur
mainly between the Sn lone pairs.® However, there is a
pronounced and rather high delocalisation between the Sn
lone pair and the trisynaptic valence basin V(Sn, Sn, Sn),
which may readily be compared to the trisynaptic valence
basins of hydro-closo-borates like BgHg>™ or B,H;,*". The
population of this trisynaptic valence basin is 1.34 electrons,
with a variance of 0.98. For comparison, the so-called 2e-3c
bonds in the hydro-closo-borates B¢Hs>~ and B,H;,>~ show
populations of 1.60 and 1.22 electrons, with variances of 0.95
and 0.81, respectively.’> Thus, the bond between the three
tin atoms is similar to the bond between three boron atoms
in hydro-closo-borates.

Although the absolute values of electron populations ob-
tained from NBO and ELF methods are different, these cal-
culations provide a consistent and mutually supportive view
of the structure of the anion of 3, showing the existence of a
“borane-like” (formal) 2e-3c bond between the three Sn
centres.

Closing Remarks

The studies of the reactions of Sn(NMe,), with CyPHM pre-
sented show that an extensive range of new Sn" phosphini-
dene frameworks can be obtained. There is a strong depend-
ence of these cage frameworks on the alkali metal and a
broad tendency for increased formation of P—P and Sn—Sn
bonding for the heavier alkali metals (M). This pattern is
qualitatively similar to that found in the analogous reactions
of the Group 15 reagents [E(NMe,);] with a range of pri-
mary phosphido alkali metal compounds. However, a
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number of questions still remain to be answered; specifical-
ly, 1) is there a common mechanism which is responsible for
all of the Sn" phosphinidene frameworks observed so far?
and 2) what is the role played by the alkali metal in these
reactions? There is emerging evidence of a mechanistic link
between the metallacyclic tetraanion [{Sn(p-PR)},(p-PR)],*
and the [{Sn(u-PR)},(n-PRPR)]*™ dianion. This connection
can be understood by the proposed mechanism shown in
Scheme 6.

Support for this mechanism comes the recent observation
that the reaction of Sn(NMe,), with MesPHNa gives the un-
usual stannate trianion [Sn{(CH,)4,6-Me,CsH;P}(PMes)]*~
in which deprotonation of a methyl substituent of a Mes
group has occurred from the intermediate [Sn(PMes),]*” (a
species of type A, Scheme 6).P! This and other recent obser-
vations™™ suggest that the main reason for the difference in
the outcomes of the reactions involving heavier alkali
metals is the greater basicity and nucleophilicity of the

2 RPH

RPH™ ions (i.e., arising from the greater polarity of P-M
(M =Na-Rb) bonds compared to P—Li bonds). With this in-
sight, the formation of the [{Sn(u-PCy)},(u-PCyPCy)]*~ di-
anion within the major component of 5 can be explained by
the nucleophilic attack of CyPHK on to an intermediate
[{Sn(u-PCy)},(u-PCyPCy)]*~ dianion (Scheme 7). Indeed,
the latter species is apparently present as the minor compo-
nent in the structure of 5. P NMR spectroscopic and theo-
retical studies are planned in order to test the proposed
mechanisms (Scheme 5 and Scheme 6) and to understand
how the frameworks of [(Na-PMDETA),{Sn(u-PCy)}s] (3)
and [Rb-PMDETA{(CyP);SnP(H)Cy}] (6) are formed.
Finally, NBO and ELF calculations of the trianion of 3
support the existence of Sn--Sn bonding, and a structure in-
volving a formal 2e-3c bond between the three Sn centres.

Sn Sn
Sn(NMe,), ———> -
i -2Me,NH R—P/ \P—R R—P/ \P—R
A H/
R
\ —‘ 2- )
Sn/P\Sn "
\Fi/ \
R—PH R HP—R
B x2/-2 RPH,
-H,
R
—I 2- /P/\ —‘ 4-
R R
R /
\ R—R R R P—R
: \
P
Sn< >Sn Sn/ \S”/
p\ \P/
/
R

R

Scheme 6. Proposed mechanism linking the [{Sn(pu-PR)},(u-PR)],*" tetraanion and the [{Sn(u-PR)},(uw-PRPR)]*" dianion.

R R_‘ 2— R

~, o .,
R R
/ 7 ’/T,;,H - / S/
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/ \;3 l

H PH

R ] /
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P \P P/_‘
R
- H , P/
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Scheme 7. Proposed mechanism of insertion of an RP group into the framework of the [{Sn(u-PR)},(u-PRPR)]*™ dianion.
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Experimental Section

General: Compounds 4, 5 and 6-THF are air- and moisture-sensitive.
They were handled on a vacuum line (in an efficient cupboard) using
standard inert-atmosphere techniques and under dry/oxygen-free argon.
Sn(NMe,), was prepared by using the literature route, by transmetalation
of SnCl, with LiNMe, (1:2equiv) in Et,0.5% It is stable if stored at
—10°C under argon for prolonged periods. CyPH, was acquired from the
Aldrich Chemical Company and was used as supplied. THF, toluene, di-
ethyl ether and hexane solvents were dried by distillation over sodium/
benzophenone prior to the reactions. PMDETA (Aldrich) was dried by
distillation over Na and stored over molecular sieves under argon. The
products were isolated and characterised with the aid of an nitrogen-
filled glove box fitted with a Belle Technology O, and H,O internal recir-
culation system. Melting points were determined by using a conventional
apparatus and sealing samples in capillaries under argon. IR spectra were
recorded as Nujol mulls using NaCl plates and were run on a Perkin-
Elmer Paragon 1000 FTIR spectrophotometer. Elemental analyses were
performed by first sealing the samples under argon in air-tight aluminium
boats (1-2 mg), and then the C, H and N content was analysed using an
Exeter Analytical CE-440 Elemental Analyser. 'H, *'P and '"Sn NMR
spectra were recorded on a Bruker DPX 400 MHz spectrometer in dry
THF or DMSO (using the solvent resonances as the internal reference
standard). The synthesis of 3 was described in reference [6].

Synthesis of 4: A suspension of NaCH,Ph (0.62 g, 8.5 mmol) in toluene
(80 mL) was cooled to —78°C. CyPH, (0.67 mL, 8.5 mmol) was added to
the suspension and the mixture was allowed to reach room temperature.
A bright yellow suspension of NaPHCy was formed after stirring (12 h).
A suspension of Sn(NMe,), (1.54 g, 8.5 mmol) in toluene (20 mL) was
then added to the metalated phosphine at —78°C. The mixture became
orange in colour and, after stirring at room temperature overnight, a red
suspension in a red solution was formed. PMDETA (excess, 4.0 mL) was
added slowly to dissolve most of the red solid. The mixture was then fil-
tered through celite and the solution reduced in volume to about 20 mL
under vacuum. Storage at room temperature (2 h) gave orange crystals of
1 contaminated with 4 (as shown by X-ray analysis and unit cell determi-
nations of several crystals).

Synthesis of 5: A suspension of KCH,Ph (2.0 g, 15.36 mmol) in toluene
(50 mL) was cooled at —78°C. CyPH, (1.7 mL, 12.8 mmol) was added to
the suspension and the mixture stirred until it reached room temperature.
Stirring was continued for 12h. A brown suspension was produced. A
suspension of Sn(NMe,), (1.44 g, 6.98 mmol) in toluene (20 mL) was
added to this suspension at —78°C. The colour changed to red when the
reaction mixture reached room temperature. Stirring was continued over-
night. The toluene was removed and the most of the red-orange precipi-
tate produced was dissolved in THF. Filtration followed by the addition
of Et,0 (5mL) gave a clear orange solution that was stored at —20°C
(24 h) to give orange crystals of 5. M.p. 130°C (decomp). Yield 0.40 g
(10%, based on Sn supplied). 'HNMR ([D4]THF, 25°C, 500.16 MHz):
0=3.68 (m, THF), 2.6-1.0 (m, 11H), 1.52ppm (m, THF); *P NMR
([Dg]THE, 25°C, 161.975 MHz): 6=—127.0 to —222.2 ppm; '“Sn NMR
([Dg]THE, 25°C, rel. to SnCl,/D,0): 6 =—1540.0 ppm (s); elemental anal-
ysis calcd (%) for 5-8 THF: C 40.6, H 6.3, P 16.3; found: C 42.9, H 6.9, P
17.2.

Synthesis of 6: A suspension of RbCH,Ph (0.50 g, 2.83 mmol) in toluene
(50 mL) was cooled at —78°C. CyPH, (0.35 mL, 2.6 mmol) was added to
the suspension and the mixture was stirred until it reached room temper-
ature. Stirring was continued for 12 h. Sn(NMe,), (0.18 g, 0.86 mmol) and
PMDETA (5 mL) were added, which produced a red solid in an orange
solution. The solvent was removed and replaced by THF (50 mL). The
solid was filtered off and the filtrate was reduced in volume (to ca.
10 mL). Storage at —15°C for 48 h gave colourless blocks of 6. Yield
0.02 g (3%). P NMR (THF, 25°C, 161.95 MHz): §=74.0 (t, P(1)), —3.4
(t, P(3)), —10.7ppm (dd, Jpo)pe=87.6 Hz, Jpp)pq)-162.0 Hz; P(2)).
3P NMR spectroscopic studies of the crude powder show that this is
almost all 6, contaminated by traces of [CyP],. The yield of the powder
(before filtering the suspension in THF in order to grow crystals) is
almost quantitative with respect to Sn (ca. 0.55 g obtained; 0.58 g expect-
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ed on the basis of Sn supplied (94%)). *'P NMR studies showed that this
powder consists of 6 contaminated with [CyP],.

X-ray studies on 4-6: Crystals of 4, 5 and 6 were mounted directly from
solution under argon using an inert oil to protect them from atmospheric
oxygen and moisture. X-ray intensity data were collected by using a
Nonius Kappa CCD diffractometer. Selected crystal and structure refine-
ment data are given in Table 1. The three structures were solved by
direct method and refined by full-matrix least-squares on F2.P* Crystals
of 4-1.5toluene diffracted very weakly at high angle, data being only ob-
tained in a 0 range to 17.38°. This may be explained by the considerable
conformational disorder of the two PMDETA ligands, with some carbon
atoms being resolved into two components of 50:50 occupancy, and the
partial occupancy (50%) of the three toluene solvate sites in the asym-
metric unit. The shortage of data resulted in relatively high esd values on
the metric parameters, but despite this the important features of the mol-
ecule of 4 are well established. The crystal of 5 diffracted well despite
some disorder of three of the four THF ligands, which was partially re-
solved in to components of about 50:50 occupancy (rings O(1S) and
(O1T)) and 75:25 (ring O(2s)). Initial refinement resulted in large residu-
al maxima in the final difference Fourier of about 4 eA~ very near the
metal centre Sn(2) and of 2 eA~? near two phosphorus atoms P(1) and
P(2), respectively. These were interpreted as being due to 10% of a co-
crystallised molecule in which one of the two CyPPCy groups present in
5 was replaced by a single CyP ligand. Two atoms of site occupancy 0.1,
Sn(2’) and P(1’), were therefore included in a satisfactory refinement in
which the site occupancy of Sn(2), P(1), P(2) and the two associated Cy
rings was reduced to 0.9 site occupancy. The 0.1 occupancy carbon atoms
of the Cy ring attached to P(1") could not be detected. However from the
position of the P(1") donor-bridging atom Sn(1) and Sn(2’), Sn(1)—P(1’)
2.47(1) and Sn(2')—P(1’) 2.53(1) A and the similarity of the partial struc-
ture (Figure 3b) to (Na-PMDETA),[{Sn(u-PCy)},(n-PCyPCy)] molecule
4 (Figure 2) it seems reasonable to deduce that the contaminant is the
analogous molecule (K-2THF),[{Sn(p-PCy)},(u-PCyPCy)], co-crystallised
with most atoms in the two components overlapping. The third crystal
6-THF showed extensive disorder due to a crystallographic mirror plane
(through Sn(1), Rb(1), P(1), P(3) and N(1)) bisecting the chiral molecule.
The Cy ring on P(3) has exact mirror symmetry, but that on P(2) occurs
in two orientations of equal occupancy and some carbon atoms of the
PMDETA ligand were resolved into two equal components indicating a
lack of exact mirror symmetry in its conformation. The main structural
disorder is the presence of two mirror symmetry related orientations for
the P(HPCy) ligand, P(3) being on the mirror, and the THF solvate H-
bonded to H(3P). Owing to the disorder, the crystal diffracted relatively
weakly at high angle and data in the limited 6 range 4.18 to 21.00° were
used in the refinement, and a relatively high R, factor of 0.079 was ob-
tained; however the principal structural features are well established. In
the final cycles of refinement for all three structures hydrogen atoms
were included in idealised positions, and anisotropic displacement param-
eters were assigned to all full-occupancy non-hydrogen atoms and to the
0.9 occupancy atoms in 5. CCDC-606553 (4), CCDC-606554 (5) and
CCDC-606555 (6) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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