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The low-temperature reactions of aliphatic primary phosphines and phosphides with E(NMe,); (E = As, Sb) give
cyclic anions of the type [(RP),E]". At higher temperatures Zintl compounds containing E,*~ anions are generated.
In contrast, related reactions using aryl phosphines lead to the direct formation of Zintl compounds even at low
temperature. The reactions of aliphatic and aryl arsines follow a similar pattern to that of the corresponding
phosphines. The syntheses and X-ray structures of several complexes containing [(RP),E]” (n =3 or 4) and E;*~

anions are reported.

Introduction

In recent years a variety of synthetic strategies have been
developed to produce cage compounds containing anionic
Group 15 and 16 element/imido ligands (such as the isoelec-
tronic [Sb(NR),]*” trianion' and [S(NR),]* dianion?). Our
approach has involved the reactions of metallated primary
amines (RNHM; M = Li—Cs) with a range of dimethylamido
Group 15 reagents.® Such step-wise metallation has proved
highly versatile in the construction of a number of imido ligand
frameworks with different functionalities (Chart 1). These
anions have an interesting coordination chemistry. Generally,
complete exchange of the alkali metal counter ions occurs on
addition of main group and transition metal salts, yielding new
heterometallic cages in which the imido Group 15 ligand
frameworks are preserved.*
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In further studies we aimed to extend the work on the imido
ligands to the phosphorus counterparts in order to provide
more suitable ligands for the coordination of softer (particu-
larly low oxidation state) transition metals. The heterometallic
Sb(mm)/Li cage [{Sb(PCy),},Lis:6Me,NH]-2(toluene) (contain-
ing the [Sb(PCy),]*” trianion; Cy = C¢H,,) is readily prepared
by the reaction of CyPHLi with Sb(NMe,); (3:1 equiv).> How-
ever, a surprising finding is that this complex (in contrast to the
thermally stable imido analogue [{Sb(NCy),},Lis2Me,NH])
readily decomposes in solution at 30-40 °C to give the Zintl
compound [Sb,Li,-6Me,NH] in almost quantitative yield.® The
isolation of c¢yclo-[CyP], from this reaction indicates that the
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formation of P-P bonds provides the crucial thermodynamic
driving force.® The importance of this alloy-forming process
is that it furnishes a single-source approach to photoemissive
alkali metal antimonate films from solution.’

We recently communicated further investigations of the
reactions of phosphines (RPH,) and metallated primary
phosphines (RPHM) with E(NMe,); (E = As, Sb), showing that
heterocyclic [(RP),E]™ anions generated in these reactions are
likely intermediates in the formation of the Zintl compounds
ultimately produced.® We report here a full account of this
work. In addition to [{(CyP),Sb}Na-Me,NH-TMEDA], (1)
and [{('BuP);As}Li-thf*TMEDA] (2), details of which were
reported earlier,) we report here the syntheses and X-ray
structures of the heterocyclic anion complexes [{(‘BuP);As}-
Li-TMEDA],-TMEDA (3) (TMEDA = {CH,CH,},NMe),
[{('BuP);As}Li-2DABCO-thf] (4) (DABCO = N{CH,CH,};N)
and [{(1-AdP);As}Li-thf*TMEDA]-0.5(toluene) [5-0.5(tolu-
ene)] (Ad =adamantyl), and the Zintl compounds [Sb,Na,-
3TMEDA-3thf] (6) and [As,Li;»3TMEDA]-1.5(toluene)
[7-1.5(toluene)]. A novel synthesis of the bicylic compound
[(‘BuAs),;As], (8) is also reported.

Results and discussion

The syntheses of [{(CyP),Sb}Na-Me,NH-TMEDA], (1) (Fig.
1), from the 1:1:1 reaction of CyPH, with Sb(NMe,), followed
by the addition of CyPHNa, and of [{(‘BuP);As}Li-thf-
TMEDA] (2) (Fig. 2), from the 1:3 reaction of As(NMe,); with
‘BuPHLI, provide extremely simple one-pot approaches to
heterocyclic anions of the type [(RP),E]". In the current study
we aimed not only to confirm the generality of this route and to
investigate the coordination characteristics of the [(RP),E]”
anions, but also to assess the affects in particular of changing
the stoichiometry of the reactions employed, the substituents
(R) and Group 15 elements (E) present. These issues are key to
the future development of these anions as novel ligands to a
variety of transition and main group metals.

Mesityl phosphine [2,4,6-Me,C,H,PH, = MesPH,],° tert-
butyl phosphine (‘BuPH,),'® 1l-adamantyl phosphine
(C,oH;sPH, = 1-AdPH,),"" phenyl arsine (PhAsH,)'* and tert-
butyl arsine (‘BuAsH,) !* were chosen as reactants since they are
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readily prepared by literature procedures and provide the
opportunity to assess the effects of varying the steric demands
and electronic character of the organic substituents (R) and the
Group 15 elements (E) on the products formed in these reac-
tions. The reactions of the phosphines and their metallates
which were carried out in this study with As(NMe,); and
Sb(NMe,), are summarised in Scheme 1. We had already estab-

Fig.1 Anillustration of the centrosymmetric structure of [{(CyP),Sb}-
Na-Me,NH-TMEDA], (1). Atom labels ending in A denote atoms at
-x+2,-y+1, —=z

Fig. 2 Structure of molecules of [{(*BuP);As}Li-thf-TMEDA] (2).
H-atoms and lattice-bound toluene molecules are omitted for clarity.
Selected bond lengths and angles are listed in Table 2.

lished in earlier work that heterobimetallic Sb(ir)/alkali metal
imido complexes of the type [{Sb,(NR),},M,] (where M = Li
or Na) can be prepared by the reaction of Sb(NMe,); with
primary amines (RNH,) followed by reaction of the dimers
[(Me,N)Sb(u-NR)], produced with the metallated primary
amine (RNHM). The reaction of Sb(NMe,); with CyPH,
followed by the addition of CyPHNa was carried out in our
preliminary work in an attempt to prepare an analogous
heterobimetallic Sb(mr)/Na phosphide complex [{Sb,(PCy),},-
Na,]. The isolation of [{(CyP),Sb}Na-Me,NH-TMEDA], (1)
from this reaction at or below 0 °C in the presence of TMEDA
was therefore completely unexpected. This result, combined
with the formation of [{(‘BuP);As}Li-thf-TMEDA] (2) from
the 1:3 reaction of As(NMe,); with ‘BuPHLI, suggested that
the stoichiometry may have a direct bearing on the size of the
heterocyclic anion formed. Unfortunately, repeated attempts to
test this hypothesis by preparing the [(‘BuP);Sb]™ anion, from
the reaction of ‘BuPHLI (3 equiv.) and Sb(NMe,); (1 equiv.) in
the presence of TMEDA, resulted only in the formation of
[Sb,Li;-3TMEDAL.® However, the reaction of As(NMe,); with
‘BuPH, followed by the addition of ['BuPHLI] in the presence
of TMEDA (a reaction analogous to that producing the
five-membered [{CyP},Sb]™ anion in 1) gives [{(‘BuP);As}Li-
TMEDA],TMEDA (3) (containing the same [(‘BuP),As]”
anion as that present in 2). This result provides a strong indica-
tion that the stoichiometry of the reaction employed has no effect
on the nature of the product. We suggest that the Group 15
element present (As or Sb) probably has the primary role
in dictating the ring size of the anion. In view of the later
structural characterisation of 3 (containing a Li-TMEDA-LIi
bridge), the reaction of As(NMe,), with ['BuPHLI] (1:3 equiv)
in DABCO (1 equiv.)-toluene was carried out in an attempt
to obtain a cyclic or polymeric Li-DABCO-Li bridged com-
plex, [{('BuP);As}Li-DABCO]. However, thf was required to
solubilise the product initially formed and only [{(‘BuP);As} Li-
2DABCO-thf] (4) could be isolated in this case. A similar
[(PR);As]” anion [{(1-AdP);As}Li-thf-TMEDA]-0.5(toluene)
[5-0.5(toluene)] to that present in 2 and 3 is also formed in the
reaction of As(NMe,); with [I-AdPHLIi] (1:3 equiv) in TMEDA
(1 equiv.)-thf-toluene.

The P NMR spectra of complexes 2-5 are particularly
diagnostic, the central P atoms and As-bonded P atoms of the
[(RP);As]” anions appearing as a well separated triplet and
doublet [§ 7.9 and —74.5 in 2 (respectively),® 7.8 and —75.1 in
3, 5.0 and —73.6 in 4 and —11.9 and —89.9 in 5-0.5(toluene)
(relative to 80% H,PO,~D,0)], with coupling constants (*Jpp)
which are typical of other compounds containing single P-P

K(BUP),AS}LI TMEDA], TMEDA

3

E= As

E= As
{(RP)sASILINF-L]

e E(NMey);

'BUPH,/'BuPHLI/
TMEDA (toluene) +25 °C

E=Sb
e [{(CYP) s SbWNa TME DA-Me,NH],

N _ 3RPHLI/ CyPH,/CyPHNa/ 1
R= Bu, L= TMEDA (2), L (toluene/thf) TMEDA (thfihexane) 0°C ()
R='Bu, L= DABCO (4), 4250
R= 1-Ad, L= TMEDA (5)

E=As Method B: MesPHLI/TMEDA (toluene)
)
Method A
[E;M3-3TMEDA-nthf]
110 °Cltoluene 60°C

E= Sb, M= Na, n= 3 (6)

E=As; M= Li; n= 0 (7)

Scheme 1 Complex 2 is isolated as its toluene solvate [2-0.5(toluene)]. Method A gives the toluene solvate 7-1.5(toluene) (see Experimental Section).
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Table 1 Crystal data and structural refinements of [{(‘BuP);As}Li-TMEDA],-TMEDA (3), [{(‘BuP);As}Li-:2DABCO-thf] (4), [{(1-AdP);As}-
Li-thf-TMEDA]-0.5toluene (5), [Sb,Na;-3TMEDA-3thf] (6) and [As,Li;»3TMEDA]-1.5(toluene) [7-1.5(toluene)]

Compound 3 4 5-0.5(toluene) 6 7-1.5(toluene)

Formula wt. 520.42 642.56 814.81 940.05 1032.08

Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic

Space group Pl Pl Pl P2(1)/m P2(1)/c

alA 9.218(5) 11.651(2) 12.518(6) 10.207(3) 12.1225(5)

bIA 11.182(6) 12.638(2) 17.347(4) 22.101(6) 11.6572(8)

A 15.967(8) 13.991(3) 11.166(4) 11.719(3) 31.7097(8)

al® 108.44(2) 71.11(3) 100.07(2) — —

B 90.46(2) 73.79(3) 112.31(3) 92.25(2) 91.618(5)

yI° 108.01(2) 64.61(3) 79.90(3) — —

VIA3 1474.6(13) 1737.0(6) 2192.8(14) 2641.7(11) 4479.3(3)

V4 2 2 2 2 4

w/mm™! 1.327 (Mo-Ka) 1.142 (Mo-Ka) 0.918 (Mo-Ka) 3.581 (Cu-Ka) 6.134 (Cu-Ka)

T/K 180(2) 180(2) 180(2) 223(2) 203(2)

or 3.57-22.50 1.56-27.48 2.66-27.51 1.97-21.00 2.79-20.99

Reflections collected 4457 11462 10544 3779 5884

Independent reflections (Ryy,) 3823 (0.063) 7903 (0.027) 10082 (0.028) 2935 (0.098) 4340 (0.031)

R indices [(F > 4a(F)]*! =0.044, =0.036, R1=0.052, =0.086, =0.047,
WR2 =0.092 WR2 =0.091 WR2=0.120 WR2 =0.206 WR2=0.118

R indices (all data) =0.063, =0.056, =0.076, =0.155, =0.063,
WR2 =0.102 WR2=0.117 WR2 =0.133 WR2 =0.230 WR2=0.137

bonds (176.0 to 181.7 Hz ip 2-5).1* The !ower chemical shift _for Method C- 3[PhASHLI/ [As;Li; 3TMEDA]e1.5(toluene)

the As-bonded P centres is symptomatic of the concentration TMEDA/tquen/(

of negative charge on the As atoms of the anions. Owing to

the thermal instability of [{(CyP),Sb}Na-Me,NH-TMEDA], As(NMey); 'BU

(1) and its extreme air and.m01s4ture sen813t11V1ty, we had previ- 3'Bu AsHN A|

Qusly not been able to obtain satisfactory °'P NMR spectra of TMEDA/THE /S\

isolated samples of the complex.® However, we have now been tBu— As AS_ As As—1Bu

able to do so using freshly prepared samples of 1 separated N A4

from the reaction solution by cannula transfer (all apparatus AT AT

being kept at ca. 0°C). Although such samples are contam- By By

inated with significant amounts of [CyP], (s, 6 —67.0) and
CyPH, (t, 0 —112.1) (present in the reaction mixture and/or by
trace hydrolysis), the identity of 1 in solution is confirmed by
the observation of one dominant ring isomer, as an AA'BB’
pattern [the terminal P atoms [P(1,4)] at 6 19.7 and the central P
atoms [P(2,3)] at § 59.5 (relative to 85% H;PO,/D,0)]."* This
pattern is extremely similar to that previously observed for the
predominant “threo, dl, threo” chain isomer of [(‘BuP),H,]'*
[the same (cis, trans, cis, trans) conformation of Cy groups as
observed in the [(CyP),Sb]™ anions of 1 in the solid state (Fig.
1)], although the P chemical shifts for 1 are at higher values
[[(BuP),H,]; P(1,4) 0 —50.3, P(1,2) 0 —29.8, relative to the same
external standard]. Simulation of the spectrum® gives the
coupling constants as Jpqy pay = —333.6 Hz, Jpq .,y pize=12.8
Hz, Jpy p3y= —340.9 Hz and Jp(y py = 3.0 Hz (¢f. —218.6, —6.8,
—342.4,22.1 Hz for the corresponding values in [(‘BuP),H,] 1**).

If the reaction producing 1 is heated briefly to ca. 60 °C then
the Zintl compound [Sb,Na,;-3TMEDA-3thf] (6) is isolated.
Highest yields of 6 are obtained for more concentrated reaction
mixtures, with almost quantitative yields of the complex being
formed if the quantity of solvent is halved. A similar result is
observed if the reactions producing 2 and 3 are carried out at
elevated temperatures for prolonged periods, reaction times of
ca. 48 h at reflux producing the Zintl compound [As,Li;*3
TMEDA] (7) as its toluene solvate [7-1.5(toluene)] in near
quantitative yield in the case of 2 (see Method A, Experimental
section). The lower thermal stability of the [(CyP),Sb]™ anion
of 1 is presumably a consequence of the presence of weaker
P-Sb bonds and of the elimination of the more thermo-
dynamically stable (i.e., less strained) cyclo-[CyP], byproduct
in the formation of the Zintl compound. Complex 7 is far
more easily prepared by the 1:3 reaction of As(NMe,),
with [MesPHLi] at room temperature (see Method B, Experi-
mental section). In this case 7 is formed after a reaction time
of 1 h. This outcome suggests that for the isolation of stable
cyclic anions (like those of 2-5) aliphatic groups should be

(8)
Scheme 2

employed, since otherwise direct formation of Zintl compounds
occurs.

Reactions involving arsines (Scheme 2) follow a similar trend
to that observed for the phosphines described above, although
there appears to be an even greater tendency for the formation
of coupled products. The reaction of As(NMe,); with the lithi-
ated aryl arsine [PhAsHLi] (1:3 equiv) in the presence of
TMEDA also generates 7 (Method C, Experimental section).
Whereas the reaction of As(NMe,), with the lithiated aliphatic
arsine ['BuAsHLI] gives the bicyclic compound [{'BuAs};As],
(8) in low yield, which has previously been prepared by the
coupling reaction of ‘BuAsCl, with AsCl, and Mg metal.'®

Low-temperature X-ray studies of compounds 1-7 have been
carried out and we have previously reported details of the struc-
tures of 1 and 2,® so here we give a full report only for the
structures of 3-7. Driess and co-workers have given a brief pre-
liminary report'” of the unsolvated complex [As,Li;»3TMEDA]
7, which was found to have disordering of the TMEDA ligands;
in the toluene solvate 7-1.5(toluene), reported here, there is no
disordering of the Zintl complex and the structure is well
defined. Crystal data and refinement parameters for crystals
3-7 are given in Table 1. Table 2 compares selected bond lengths
and angles for 3, 4 and 5 with those previously reported for 2.
Selected bond lengths and angles for 6 and 7 are given in Tables
3 and 4 respectively.

The low-temperature X-ray structures of complexes 3
(Fig. 3), 4 (Fig. 4) and 5-0.5(toluene) (Fig. 5) confirm that, like
complex 2, all contain cyclic [(RP);As]” anions. The centro-
symmetric dimer structure of complex 3 is composed of two
crystallographically identical [(‘BuP);AsLi-TMEDA] monomer
units in which the Li* cation is coordinated in a conventional
chelating manner by the TMEDA ligand (Fig. 3). These units
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Table 2 Selected bond lengths (A) and bond angles (°) for [{(‘BuP);AsLi-thf-TMEDA] (2), [{(‘BuP),As}Li-TMEDA],-TMEDA (3), [{(‘BuP);As}-
Li-2DABCO-thf] (4), [{(1-AdP);As}Li-thf-TMEDA]J-0.5(toluene) [5-0.5(toluene)]

2 3 4 5-0.5(toluene)
P(1)-P(2) 2.203(4) 2.209(2) 2.210(1) 2.242(1)
P(2)-P(3) 2.198(4) 2.205(2) 2.212(1) 2.230(1)
P(1)-As(1) 2.333(4) 2.328(2) 2.335(1) 2.356(1)
P(3)-As(1) 2.324(3) 2.332(2) 2.336(1) 2.350(1)
C-P(1,2,3) mean 1.90 mean 1.90 mean 1.90 mean 1.90
As(1)-Li(1) 2.62(2) 2.683(8) 2.702(4) 2.666(6)
Li(1)-N(ligand) mean 2.10 mean 2.15 mean 2.07 mean 2.12
Li(1)-O(1)[N@3)]“ 1.92(2) 2.132(9) 1.963(4) 1.994(7)
P(1)-As(1)-P(3) 85.1(1) 85.08(6) 84.94(4) 83.67(4)
As(1)-P(1)-P(2) 88.2(1) 88.45(6) 88.84(4) 87.36(4)
As(1)-P(3)-P(2) 88.5(1) 88.43(7) 88.77(4) 87.79(5)
P(1)-P(2)-P(3) 91.4(2) 91.07(7) 91.02(4) 89.16(5)
External angles at P(1,2,3) 100.1(2)-107.8(2) 101.7(2)-106.3(2) 101.64(4)-107.32(8) 102.7(9)-106.2(1)
P(1)-As(1)-Li(1) 108.5(2) 108.8(2) 109.01(9) 103.8(1)
P(3)-As(1)-Li(1) 106.4(2) 107.3(2) 108.46(9) 100.1(1)
Angles at Li(1) 86.1(3)-127.5(3) 85.3(3)-127.2(3) 105.4(2)-117.7(2) 86.7(3)-127.9(3)
Puckering P;As 27.6 28.1 28.0 36.5

“ The value in parentheses is appropriate to complex 2.

Table 3 Selected bond lengths (A) and bond angles (°) for [Sb,Na,-
3TMEDA-3thf] (6)

Sb(1)-Sb(21) 2.813(3)  Na(1)-Sb(21) 3.196(9)
Sb(1)-Sb(2) 2793(2)  Na(1)-Sb(1) 3.563(9)
Sb(2)-Sb(3) 2741(2)  Na(1)-0(1) 2.33(2)
Sb(21)-Sb(31) 2743(4)  Na(1)-N(0,1) mean 2.51
Sb(3)-Sb(3A) 2.865(4)  Na(2)-Sb(2) 3.240(8)
Sb(3)-Sb(31) 2.852(3)  Na(2)-N(2) 2.54(2)
Na(1)-Sb(2) 3.297(8)

Sb(2)-Sb(1)-Sb(2A)  101.6(1)  Sb(2)-Sb(3)-Sb(31)  105.90(8)
Sb(2)-Sb(1)-Sb(21)  100.50(7)  Sb(21)-Sb(31)-Sb(3)  104.95(9)
Sb(1)-Sb(21)-Sb(31)  99.4(2)  Sb(2)-Na(2)-Sb(2A)  83.8(3)
Sb(1)-Sb(2)-Sb(3) 99.11(8)  Sb(2)-Na(1)-Sb(21)  83.2(2)
Sb(31)-Sb(3)-Sb(3A)  59.85(5)  Sb(1)-Na(1)-Sb(2)  47.7(2)
Sb(3)-Sb(31)-Sb(3A)  60.31(9)  Sb(1)-Na(1)-Sb(21)  48.7(2)
Sb(2)-Sb(3)-Sb(3A)  105.48(5)

Table 4 Selected bond lengths (A) and bond angles (°) for [As,Li,-
3TMEDA]-1.5(toluene) [7-1.5(toluene)]

As(1)-As(2) 2.405(2) Li(1)-As(2) 2.62(1)
As(1)-As(4) 2.399(2) Li(1)-As(6) 2.64(2)
As(1)-As(6) 2.407(2) Li(2)-As(2) 2.65(1)
As(2)-As(3) 2.372(2) Li(2)-As(4) 2.61(2)
As(4)-As(5) 2.360(2) Li(3)-As(4) 2.60(2)
As(6)-As(7) 2.368(2) Li(3)-As(6) 2.66(2)
As(3)-As(5) 2.475(2) Li(1)-N(mean) 2.11(2)
As(3)-As(7) 2.498(2) Li(2)-N(mean) 2.10(2)
As(5)-As(7) 2.479(2) Li(3)-N(mean) 2.09(2)
As(2)-As(1)-Asd)  10041(6)  As(2)-As(3)-As(5)  104.73(6)
As(2)-As(1)-As(6)  101.72(6)  AsQ2)-As(3)-As(7)  102.82(6)
As(@)-As(1)-As(6)  101.19(5)  As(5)-As(3)-As(7) 59.80(5)
As(1)-As(2)-As(3) 99.54(6)  As(3)-As(5)-As(4)  105.04(6)
As(1)-As(4)-As(5) 99.76(6)  As(d)-As(51-As(7)  104.94(6)
As(1)-As(6)-As(7) 99.15(5)  As(3)-As(5)-As(7) 60.54(5)
As(2)-Li(1)-As(6) 90.2(5) As(6)-As(7)-As(3)  105.38(5)
As(2)-Li(1)-As(6) 89.0(4) As(6)-As(7)-As(5)  105.41(5)
As(2)-Li(1)-As(6) 89.8(5) As(3)-As(7)-As(5) 59.66(5)

are then linked together by a non-chelating, bridging TMEDA
ligand. Although this pattern of aggregation is unusual, a
similar arrangement to 3 has been observed in [Me,SiLi-
TMEDA],-TMEDA,"”® in which both chelating and non-
chelating TMEDA ligands are present, and bridging TMEDA
ligands have been observed in a number of other alkali metal
complexes.'” The comparatively large difference in the coordin-
ation environments of the Li" cations in 2, 3 and 4 has no
discernable effect on the geometries of their [(‘BuP);As]™ anions
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Fig. 3 The centrosymmetric dimer structure of [{(‘BuP);As}Li-
TMEDA]L-TMEDA (3). H-atoms and lattice-bound toluene mole-
cules are omitted for clarity. Selected bond lengths and angles are listed
in Table 2; atom labels ending in A denote atoms at —x + 1, —y + 2,
—z+ 2.

Fig. 4 Structure of molecules of [{(‘BuP);As}Li-2DABCO-thf] (4).
H-atoms and lattice-bound toluene molecules are omitted for clarity.
Selected bond lengths and angles are listed in Table 2.

and all of the key bond lengths and angles involved are identi-
cal to within crystallographic errors (the P-P bonds being ca.
2.20 A, the P-As bonds being ca. 2.33 A and the endo-P-P-P
and P-As-P angles being ca. 91 and 85°, respectively, in these
species). The only noticeable difference, resulting presumably
from the greater steric congestion around the Li* cations in
3 and 4, is the small elongation in the As-Li bond lengths



Fig. 5 Structure of molecules of [{(1-AdP);As}Li-thf-TMEDA]-
0.5(toluene) [5-0.5(toluene)]. H-atoms and lattice-bound toluene mole-
cules are omitted for clarity. Selected bond lengths and angles are
listed in Table 2.

[2.683(8) and 2.702(4) A, respectively] compared to that in 2
and 5 [2.62(2) and 2.666(6) A]. The increase in the steric bulk of
the organic substituents attached to P has only a small affect on
the dimensions and geometry of the P;As ring of 5. In particu-
lar, both the P-As (mean 2.35 A) and P-P (mean 2.24 A) bond
lengths in 5 are slightly longer than the corresponding bonds
found in 2, 3 and 4 (mean 2.33 and 2.21 A, respectively, in these
complexes) and there is also a small reduction in the endo-
P-As-P angle [from ca. 85° in 2-4, to 83.67(4)° in 5].

Although a number of other As-Li bonded complexes con-
taining various functional groups attached to As have been
structurally characterised (the range of As—Li bonds in these
species being 2.46-2.76 A),"7° 2-5 are the first complexes of
this type containing As-P bonds within the anion. Other cyclic
As—P bonded species have been synthesised containing a range
of stoichiometries and ring sizes, with the rings generally being
supported by coordination to transition metal centres.! The
closest relative of the [(RP);As]” ligands found in 2-5 is the
neutral complex [(‘BuP);As],, a principal product of the
coupling reaction of AsCl;, ‘BuPCl, and Mg which consists of
two [(‘BuP);As] rings linked by their As centres.”> Comparison
of the [(‘BuP);As] ™ ligands of 2-4 with [(‘BuP),As], shows that
the effect of concentrating the negative charge on the As centre
in these complexes is to decrease the puckering of the P;As ring
unit (the fold angle changing from 36.5° in [("BuP);As], to 27.5°
in 2, 28.1° in 3 and 28° in 4). This can be attributed mainly to a
small change in hybridisation of the As centres, which more
closely resembles sp® in the [(‘BuP);As]” anion.? This view is
consistent with the reduction in the As—P bond lengths [mean
2.33 A in 2-4] and with the increase in the internal P-As—P
angles [mean 85.1° in 2-4] compared to those in [(‘BuP);As],
[2.36 A and 82.56(8)°, respectively]. It is interesting to note
also that whereas in 2-4 the P-As-Li angles [range 106.4(2)—
109.01(9)°] are consistent with sp® hybridisation and stereo-
chemically active lone pairs,?® the more acute internal P-As—P
angle in 5 [83.67(4)°] results in a significantly smaller P-As-Li
angle (mean 102°).

Complex 6 is obtained exclusively from the same reaction as
that producing 1 (Fig. 1), if the temperature is increased to ca.
60 °C. The formation of 6 in almost quanititative yield provides
a strong indication that the heterocyclic complex 1 is an inter-
mediate in its formation. The low-temperature X-ray study of 6,
which is too thermally unstable to be characterised satisfact-
orily in the solid state by other means, shows it to be the Zintl
compound [Sb,Na;-3TMEDA-3thf] (Fig. 6). Although other
complexes containing the [Sb,]*~ have been structurally charac-
terised previously,* to our knowledge this is the first example
where there is an ion-contact between Sb and Na. An interest-
ing feature of this complex is the asymmetrical coordination of
the Na* cations to the [Sb,]*” anion. All three Na™ cations, each

Fig. 6 The structure of the Zintl phase [Sb,Na;-3TMEDA-3thf] (6),
which has crystallographic C; symmetry, showing the asymmetric
coordination of the Na® cations. H-atoms are omitted for clarity.
Selected bond lengths and angles are listed in Table 3; atom labels
ending in A denote atoms at x, —y + 3, z.

Fig. 7 The structure of the Zintl phase [As,Li;»3TMEDA]-1.5(tolu-
ene) [7-1.5(toluene)]. H-atoms and lattice-bound toluene molecules are
omitted for clarity. Selected bond lengths and angles are listed in Table
4. Atom labels ending in A denote atoms at —x, —y — 1, —z + 1.

solvated by a thf molecule and by a chelating TMEDA ligand,
bond predominantly with the equatorial Sb centres of the
[Sb,]*~ anion [the Sb-Na bond lengths (mean Sb—Na 3.25 A)
being similar to the intra-monomer bonds in 1 [3.229(4) A].?
However, the two symmetry-related Na® cations [Na(1) and
Na(1A)] pivot towards and form weak interactions with the
apical Sb centre [Sb(1)---Na(l) 3.57(1) A; ¢f 3.617(4) A for
the inter-monomer Sb—Na bonds in 1]. The other Na™ cation
remains five coordinate and the pattern of thf and TMEDA
solvation is reversed. The asymmetrical coordination of the
three alkali metal cations to the [Sb,]*” anion in 6 is in contrast
to the structures of the Li* complexes [As,Li;> TMEDA] (7)
(Fig. 7) and [Sb,Li;-3TMEDA],® where the alkali metal cations
bond exclusively to the equatorial atoms. The most likely
explanation for the unusual structural pattern found in 6
lies in the balance between the desire for the larger Na™ cations
to increase their coordination number on one hand, while
minimising the resulting steric repulsion between the Lewis
base donor ligands on the other. The increase in coordination
number of two of the Na® cations necessarily results in
crowding of the TMEDA ligands in the vicinity of the apical Sb
atom of the Zintl ion. Formation of an extra interaction by the
third Na™ cation is therefore unfavourable on steric grounds
and by switching the orientation of the thf and TMEDA
ligands on this ion steric confrontation with the ligand spheres
of the other Na* cations is reduced.

Like 6, [As,Li;>3TMEDA]-1.5(toluene) [7-1.5(toluene)] suf-
fers surface degradation when samples of the complex are
isolated under vacuum and, for this reason, elemental analysis
was often unsatisfactory. The X-ray structural determination
was therefore invaluable in the unequivocal characterisation of
the complex. The structure of [7-1.5(toluene)] (Fig. 7) is entirely
consistent with the earlier preliminary report by Driess and
co-workers,'” the complex being isostructural with the P and
Sb analogues [P,Li;>3TMEDA]** and [Sb,Li;s3TMEDA].®
However, in contrast to the previously reported structure of

J. Chem. Soc., Dalton Trans., 2000, 479-486 483



unsolvated 7 there is no disordering of the [As,Li;»3TMEDA]
unit and each of the As atoms of the solvate are crystallo-
graphically independent (rather than the molecules having C;
symmetry). Apart from these crystallographic differences, how-
ever, the pattern of As—As bond lengths found within the
As,*” anion of 7-1.5(toluene) is the same as that for the unsolv-
ated complex [i.e., mean As(1)-As(2,4,6) 2.40, mean As(2,4,6)—
As(3,5,7) 2.37 and mean As(3,5,7)-As(3,5,7) 2.48 A; A
2.427(2), 2.372(2), 2.487(2), respectively, for the corresponding
As—As bond lengths in unsolvated 7'7]. This pattern is typical
of heterosubstituted cluster anions having a nortricyclic
structure.?®

Conclusions

The general conclusion of this study is that heterocyclic anions
of the form [(RP),E]” (E=As, Sb) can be directly accessed
from the low-temperature reactions of primary phosphines
(REH,) and metallated primary phosphines (REHM; M =
alkali metal) with E(NMe,),, if the organic substituents (R) are
aliphatic. In the case of aromatic phosphines or arsines direct
access to Zintl compounds can be achieved under mild con-
ditions, with no heterocyclic intermediates being isolated.

Experimental
General

Compounds 1-8 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.” As(NMe,); and Sb(NMe,); were prepared using
the literature routes, by transmetallation of AsCl; and SbCl,
with LiNMe, (1:3 equiv).?” They were purified by distillation
and stored as standardised solutions in toluene. Thf, toluene,
ether and hexane were dried by distillation over sodium-—
benzophenone prior to the reactions. TMEDA was distilled
over CaH,. The products were isolated and characterized with
the aid of an argon-filled glove box fitted with a Belle Technol-
ogy O, and H,O internal recirculation 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 C, H and N content
was analysed using an Exeter Analytical CE-440 Elemental
Analyser. P analysis was carried out by spectrophotometric
means. Proton NMR spectra were recorded on a Bruker WM
250 MHz spectrometer in dry deuterated thf (using the solvent
resonances as the internal reference standard).

Synthesis of phosphines and arsines

The phosphines MesPH,,’ ‘BuPH,,'® and 1-AdPH, ! were pre-
pared using the literature procedures. The synthesis of MesPH,
was based on the procedure by Cowley e al. for the synthesis of
Mes*PH, (Mes* = 2,4,6-'Bu;C¢H,),’ typical yields of 80% were
obtained for the reduction of MesPCl, with LiAlH,. The
method published by Kostyanovskii et al. for the synthesis of
BuPH,," involving the reduction of ‘BuPCl, with LiAIH,, was
modified by using 1,4-dioxane as the solvent (instead of ‘Bu,O).
Yields of ca. 60% were obtained by direct distillation of the
reaction mixture, without hydrolysis of the LiAIH,.?’ The liter-
ature procedure published by Stetter and Last!! for the syn-
thesis of 1-AdPH,, involving the reaction of 1-AdBr with PCl;—
AlBr; followed by reduction of 1-Ad(POCI,) with LiAlH,, was
found to be very effective (the yields being 87% and 82%,
respectively, for the two steps involved). PhAsH, was prepared
using the method of Palmer and Adams,'? by the reduction of
PhAs(O)OH with Hg-Zn amalgam. It was found that using
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half the amount of the amalgam as suggested and stirring the
mixture for 12 h results in a smoother reaction and consistent
yields of 40-60%. ‘BuAsH, was prepared in low yields from the
reduction of ‘BuAsCl, with LiAlH, in Et,O."® The purity of the
phosphines and arsines was confirmed by 'H and *'P NMR
spectroscopy.

Since the syntheses of 1 and 2 have been communicated by
us previously in reference 8, only the syntheses of the new
complexes 3-8 are given in detail here.

Synthesis of 3. ‘BuPH, (0.12 ml, 2.0 mmol) in toluene (10 ml)
was cooled to 0 °C. As(NMe,), (1.0 ml, 2.0 mmol, 2.0 mol dm™?
in toluene) was added dropwise and the mixture warmed to
room temperature and stirred (15 min). The resulting solution
was added to a suspension of ['BuPHLI] (2.0 mmol) in toluene
(10 ml). Warming to room temperature led to the formation of
a yellow precipitate which dissolved on addition of excess
TMEDA (1.0 ml, 6.6 mmol). Storage at —20 °C (24 h) gave red
crystals of 3. Yield (0.25 g, 24%). Mp 111 °C. 'H NMR ([Dy]-
thf, 250 MHz, +25 °C), 6 2.40 (s, 12H, -CH,-, TMEDA), 2.11
(s, 36H, Me,N-, TMEDA), 1.10 (d, 36H, *Jp4 = 12 Hz, ‘Bu),
1.03 (d, 18H, *Jp = 11 Hz, ‘Bu). *'P NMR (100.1 MHz, [Dg]-
thf, 101.256 MHz, +25 °C), 7.79[t, 1P, P(2)], —75.10[d, 2P, P(1)
and P(3)] (/=181.7 £ 0.8 Hz). Elemental analysis, found C,
48.0;H,9.7; N, 9.0; P, 16.0; calcd. for [{('BuP);As}Li-TMEDA],-
TMEDA C, 48.5; H, 9.8; N, 8.1; P, 17.9%.

Synthesis of 4. To a solution of ‘BuPH, (0.8 ml, 12.0 mmol)
in toluene (25 ml) at —78 °C was added "BuLi (8.0 ml, 1.5 mol
dm~? in hexanes, 12.0 mmol). As(NMe,); (1.6 ml, 2.5 mol dm*
in toluene, 4.0 mmol), DABCO (2.67 ml, 1.5 mol dm™3, 4.0
mmol) and thf (5 ml) were added to the suspension of the
lithiated phosphine at —78 °C. The mixture was stirred at room
temperature (48 h). Filtration, reduction of the orange filtrate
under vacuum and storage at room temperature (48 h) gave
orange needles of 4. Yield (0.60g, 23%). '"H NMR ([Dg]-thf, 250
MHz, +25°C), 2.55 (s, 18H, ‘BuP), 1.48 (m, 6H, DABCO). 3'P
NMR (100.1 MHz, [Dg]-thf, 101.256 MHz, +25 °C), 5.0 [t, 1P,
P(2)], —73.6 [d, 2P, P(1) and P(3)] (/=178.1£0.4 Hz).
Elemental analysis, found C, 51.2; H, 9.0; N, 9.0; caled. for
[{('BuP);As}Li-2DABCO-thf] C, 52.3; H, 9.3; N, 8.7%.

Synthesis of 5. 1-AdPH, (1.0 ml, 6.0 mmol) in toluene (20 ml)
was cooled to —78 °C. "BuLi (4.0 ml, 1.5 mol dm~?* in hexanes,
6.0 mmol) was added. The reaction mixture was allowed to
warm to room temperature and was stirred (ca. 1 h) to give a
yellow precipitate of 1-AdPHLi. As(NMe,); (0.8 ml, 2.5 mol
dm~? in toluene, 2.0 mmol) was added to the suspension at
—78 °C. Thf (8.0 ml) and excess TMEDA (0.4 ml, 2.65 mmol)
were added. The reaction mixture was allowed to warm to room
temperature before stirring for a further 12 h. The resulting
orange-brown solution was filtered to remove traces of precipi-
tate and the volume was reduced under vacuum until an
orange-brown solid precipitated. This was dissolved by gentle
heating and the addition of further thf (0.6 ml). Storage at
25°C (48 h) gave orange-brown crystals of 5. Yield (0.25 g,
15%). '"H NMR ([Dg]-thf, 250 MHz, +25°C), 7.00-7.12 (m,
2.5H, toluene), 3.61 (m, 4H, O-CH,- of thf), 2.11 (m) and 1.82
(m) (total 45H, 1-Ad groups), 1.54 (m, 4H, -CH,- thf). *'P
NMR (100.1 MHz, [Dg]-thf, 101.256 MHz, +25°C), —11.87
[t, 1P, P(2)], —89.94 [d, 2P, P(1) and P(3)] (/=179.0 £ 0.5 Hz).
Great difficulty was experienced in obtaining satisfactory C
content for the complex. The following results are represent-
ative of the results obtained—found C, 61.8; H, 9.0; N, 3.5;
calcd. for [{(1-AdP);As}Li-TMEDA-thf]-0.5(toluene) C, 64.1;
H, 9.0; N, 3.4%.

Synthesis of 6. [Sb(NMe,);] (10.2 ml, 3.48 mol dm ™ in tolu-
ene, 17.6 mmol) was added dropwise to a chilled solution of
CyPH, (2.35 ml, 17.6 mmol) in hexane (20 ml). The solution



was allowed to warm to room temperature and stirred (10 min).
The orange solution produced was transferred by syringe into a
chilled (ca. —20 °C) solution of [CyPHNa] (prepared in situ by
the reaction of PhCH,Na (2.0 g, 17.6 mmol) with CyPH, (2.35
ml, 17.6 mmol) in hexane (10 ml)-thf (5 ml). Excess TMEDA
(ca. 6.0 ml, 40 mmol) was added. The reaction mixture was
allowed to warm to ca. 25 °C and then briefly heated to reflux.
The deep red solution was filtered while warm and storage at
—35°C (24 h) produced a large crop of deep red needle-like
crystals. Yield 3.5 g (93% on the basis of the Sb supplied).
Although 5 appears to be moderately stable in crystalline form
some decomposition always occurs at the surface once isolated
under vacuum. As a result satisfactory elemental analysis of 6
could not be obtained.

Synthesis of 7. Method A. A suspension of ‘BuPHLi (60.0
mmol) in toluene (100 ml) was cooled to 0 °C. As(NMe,); (10.0
ml, 20.0 mmol, 2.0 mol dm? in toluene) was added dropwise
and the mixture warmed to room temperature and stirred (15
min). TMEDA (10.0 ml, 60.0 mmol) was added and the mixture
brought to reflux for 48 h. The mixture became orange-red in
color as the reaction proceeded. Storage at —20 °C gave yellow
crystals of 7-1.5(toluene). First batch yield (1.0 g, 34%, based
on As supplied). Storage of the mother liquor gave further
batches of 7-1.5(toluene) (up to ca. 94%). Elemental analysis
on 7-1.5(toluene) was hampered by black surface degradation
of crystalline samples once placed under vacuum. Analysis
suggests that only one toluene molecule remains after exposure
to a vacuum (ca. 15 min at 10! atmospheres): found C, 27.4;
H, 5.8; N, 8.4; calcd for 7-(toluene) C, 26.2; H, 5.2; N, 8.5%.

Method B. MesPH, (1.0 ml, 6.9 mmol) in Et,O (15 ml) was
cooled to —78 °C and "BuLi (4.6 ml, 1.5 mol dm~* in hexanes,
6.9 mmol) was added. The reaction mixture was allowed to
warm to room temperature and stirred for ca. 30 min, affording
a yellow precipitate of MesPHLi. The suspension was cooled to
—78°C and As(NMe,); (1.2 ml, 2.0 mol dm™* in toluene, 2.3
mmol) was added dropwise. The reaction mixture was allowed
to warm to room temperature and stirred for a further 1 h.
Storage at —25 °C gave large yellow cubes of unsolvated 7 (first
batch 0.15 g, 51% on the basis of As supplied).

Method C. PhAsH, (1.0 ml, 8.75 mmol) in toluene (30 ml)
was cooled to —78°C and "BuLi (5.8 ml 1.5 mol dm™® in
hexanes, 8.75 mmol) was added. The reaction mixture was
allowed to warm to room temperature and stirred for ca. 30
min, affording a yellow precipitate of PhAsHLi. As(NMe,),
(1.5ml, 2.0 mol dm % in toluene, 2.9 mmol) was added dropwise
at —78 °C to this suspension. After addition of thf (10 ml) and
TMEDA (0.44 ml), the reaction mixture was allowed to warm
to room temperature and stirred for ca. 12 h. The volume of the
solvent was reduced and a white precipitate was filtered off.
Storage at 5 °C gave yellow crystals of 7 [two batches 0.12 g,
28% on the basis of As(NMe,),].

The low-temperature X-ray structure of 7-1.5(toluene) was
undertaken on a crystal obtained from Method A. The iden-
tities of the products of Methods B and C were confirmed by
obtaining the unit cell dimensions of crystalline samples (that
for Method B being identical to that previously reported for
unsolvated 7'7 and that from Method C being identical to that
from Method A).

Synthesis of 8. To a solution of ‘BuAsH, (0.40 ml, 2.54
mmol) in toluene (10 ml) at —78 °C was added "BuLi (1.70 ml,
1.6 mol dm? in hexanes, 2.54 mmol). The reaction mixture was
brought to room temperature, giving an orange solution. To
this solution at —78 °C was added As(NMe,); (0.34 ml, 2.5 mol
dm™* in toluene, 0.86 mmol) and TMEDA (0.13 ml, 0.86
mmol). The orange solid produced redissolved at room tem-
perature. The mixture was allowed to stir at room temperature
(1.5 h) and the solvent reduced under vacuum until the product
began to precipitate. The precipitate was redissolved by the

addition of toluene (1 ml) and thf (1 ml). Storage at room
temperature gave 8 as small yellow crystals (ca. 0.05 g, 12% on
the basis of As(NMe,),;). The identity of 8 was confirmed by
obtaining the unit cell dimensions of the crystals, these being
identical with those reported in reference 16.

X-Ray crystallographic studies

Data collection for 3-7. Crystals of 3, 4, 5-0.5(toluene), 6 and
7-1.5(toluene) were mounted directly from solution under
argon using an inert oil which protects them from atmospheric
oxygen and moisture.’® Details of the data collection, refine-
ment and crystal data are listed in Table 1.

Structure solution and refinement for 3-7. In the crystals of
both 5 and 7 there was a toluene solvate molecule disordered
across an inversion centre, and in 7 there was an additional
ordered toluene molecule. In the structure of 6 some disorder
of the TMEDA and thf ligands was indicated by relatively high
anistropic displacement parameters for the atoms and four
carbon atoms were resolved into sites of ca. 50:50 occupancy.
All hydrogen atoms (except those of the disordered toluene
molecules of 5 and 7) were placed in idealised positions.
Isotropic displacement parameters were assigned to all hydro-
gen atoms and set equal to 1.2U,, of the parent carbon atoms
for the phenyl and methylene groups and 1.5U,, for the methyl
groups. Semi-empirical absorption corrections using ¥-scans
were applied to the data of 3 and 5,*! and after initial refine-
ment with isotropic displacement parameters empirical
absorption corrections were applied to the data for 6 and 7.3
Chemically equivalent bond lengths involving the disordered
ligands in 6, were constrained to be equal within an esd of 0.02
A. All non-hydrogen atoms (except in the disordered toluene
solvate molecules) were assigned anisotropic displacement
parameters in the final cycles of full-matrix least-squares
refinement; those of the carbon atoms in the disordered ligands
of 6 were constrained to be approximately equal.

CCDC reference number 186/1780.

See http://www.rsc.org/suppdata/dt/a9/a908552a/ for crystal-
lographic files in .cif format.
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