
157 

Journal of Organometallic Chemistry, 217 (1981) 157-167 
Elsevier Sequoia S-A., Lausanne - Printed in The Netherlands 
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Analysis of the aromatic region of the ‘H NMR spectra of some phenyl 

substituted pentacoordinated compounds of main group elements (Si, Pb, P, 
As, Sb, S, Te, I) revealed a characteristic low-field multiple& assignable to 
ortho protons, separated from a more intense high-field multiplet, assignable 
to the meta and para protons. The data imply that an increase in the magnitude 
of the multiplet separation may be correlated with a decrease in electronega- 

tivit,y of the central atom and an increase in electronegativity of attached 
ligands. These effects are consistent with a delocalization of the aromatic ‘IT 
electron density into vacant d orbitals of the central atom as well as a strengthen- 

ing of the central atom sigma bond. The enhanced mutiplet separation for 
equatorially oriented phenyl groups in a trigonal bipyramid or axially oriented 
ones in a rectangular pyramid is diagnostic in indicating the presence of the 
pentacoordinated state for main group element compounds in solution_ 

Introduction 

In view of the increased interest in p&tacoordination of main group elements 
[l-6], it is desirable to develop diagnostic aids to ascertain the coordination 
number for potential candidates. While complete X-ray analysis will establish 
the structure in the solid state, it is usually advantageous to have preliminary 
data on either the solid or solution state indicating the coordination number 
to be expected. 

Examination of the literature shows that simple stoichiometric relation- 
ships are misleading in expressing the central atom coordination. Owing to 

* Pentacoordinatedmoleculespart 42.forpart41seeref.l. 
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inter- or intramolecular bonding, as found by X-ray analysis [ 7-111, certain 
derivatives of Groups IIIA, IVA, and VIA elements, nominally exhibiting tri- 
or tetracoordination, are pentacoordinated. In contrast, some Group VA com- 
pounds, which might be expected to be pentacoordinated, exist as tetracoor- 
dinated “onium” salts in solution and in the solid state [12]. 

Bdth chemical shifts of the central atoms of main group elements, largely 
31P [12al, 117’1’gSn 1131, and *‘Si [14] in solution, and “‘“Sn Mijssbauer 
spectroscopy Cl51 on the solid state have been used to structurally characterize 
derivatives. In the case of tin and silicon compounds, spin-spin coupling con- 
stant data between the central atom and nearby protons also are useful in this 
regard. 

Recently, we observed [C] a characteristic splitting pattern for the aromatic 
proton resonances in an NMR study of some phenyl-substituted pentacoordi- 
nate tin(IV) derivatives. In; all of the compounds studied, two well-separated 
proton multiplets were obtained in an intensity ratio of 2 : 3. The lower field 
multiplet was assigned to the ortho protons, consistent with assignments of 
Martin and coworkers [lS] for related derivatives of silicon, sulfur, and phos- 
phorus, and the higher field multiplet was assigned to the combination of the 
meta and para protons. The intensities of tin-satellite bands were included in 
the ratio. The enhanced deshielding of the orthb protons was suggested as a 
diagnostic tool to establish pentacoordination of aryltin compounds in solution 
E41- 

In view of the preponderance of phenyl derivatives of other main group 
elements, we undertook an examination of representative ‘H NMR spectra to 
establish the generality of the phenyl proton splitting patterns and the under- 
lying basis accqunting for the magnitude of the observed multiplet splittings. 
In this paper, we discuss ‘H NMR results on some phenyl substituted penta- 
coordinate derivatives of Si, Pb, P, As, Sb, S, Te, and I, some of which are 
measured for the first time. Pentacoordination has been suggested earlier for 
most of these derivatives (see refs. in Table 1) and, in several cases, their solid 
state structures have been confirmed by X-ray crystallography. The latter are 
discussed later on. 

Experimental 

Compounds2[17a],5 [17b],6 [18],9 [19]and18 [ZO]were prepared 
following the literature procedure. The tetraethylammonium analog (1) of 2, 
obtained as colorless crystals, m-p- 222~223”C, was prepared by a metathesis 
reaction of 2 with E&N+Bf in methyl cyanide at room temperature. The 
lead(W) complex, [Ph,PbCl,] [Et4N] (17), m-p. 158-l59”C, was obtained in 
95% yield by a Lewis acid-base reaction between Ph,PbCl and Et,N’Cl- in 
methyl cyanide at room temperature- Recrystallization of the crude product 
from a mixture of benzene and methyl cyanide at, 25°C afforded a pure sample 
of 17.2-Phenyl-2,2’-spirobis(l,3,2-benzodioxarsole), P~u&(O,C,H,)~ (ll), m-p. 
183-184”C, was prepared by heating under reflux a mixture of phenylarsonic 
acid (1 mol) and catechol(2 mol) in benzene. The water liberated in the 
reactiqn was removed by azeotropic distillation by means of a Dean and 
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Stark separator. The product was purified by recrystallization from methyl 
cyanide and obtained as yellow crystals in 80% yield. 

‘H NMR spectra were recorded on a Varian Model A-60 NMR spectrometer 
at 60 MHz using 10% (w/v) solutions of the samples in appropriate solvents. 
The source of the ‘H NMR spectroscopic data for the compounds is indicated 
in Table 1. Chemical shifts are expressed in ppm relative to tetramethylsilane 
as an internal standard. 

Results and discussion 

The phenyl ‘H NMR data for some representative pentacoordinated com- 
pounds of main group elements, M, (M = Si, P, As, Sb, Pb, I, and Te) contain- 
ing M-Ph bond(s) are shown in Table l_ The structures of [Me,N] [PhSi- 
(O&H&] [21], related to 1 and 2, and the structures of 5 [17b], 6 [22], 9 
[23],13 [24], 14 1251 and 16 [S], have been established by X-ray crystallo- 
graphy- 

The M-Ph proton resonances for all the compounds in Table 1 appear as two 
groups of signals with an intensity ratio 2 : 3_ The assignment of the low-field, 
less-intense multiplet to the protons ortho to the central atom and the high- 
field, more-intense multiplet to the mete- and para-protons follows from the 
same argument made for the assignment of the phenyl protons in the ‘H 
NMR spectra of aryl-tin derivatives [4]. For arylphosphoranes, the ortho- 
proton resonances appear as a doublet of multiplets, separated by -14 Hz 
(3J(P-H0rth0)), owing to coupling of the ortho protons to the phosphorus 
atom. In the case of the tin [4] and lead compounds (17 and IS), satellite 
bands appear symmetrically on both sides of the main orfho-proton resonances 
due to spin-spin coupling of the ortho protons with the NMR-active nuclei, 
’ “Sn, “‘Sn and *“Pb. The meta- and pcrrc-protons of the phenyl ring should 
couple with the NMR-active nuclei of the central atom but this splitting is 
not discernible in the spectra owing to the relatively smaller magnitude of 
J(M-H,,w~ 0r ,,,) (M = Sn or Pb). 

The deshielding of the ortho-protons observed in the phenyl-substituted 
per&coordinated compounds of main group elements can be likened to 
similar features observed in the ‘H NMR spectra of mono-substituted benzene 
derivatives containing an electron-withdrawing group capable of conjugating 
with the aromatic ring [26]_ The deshielding of the ortho-protons in the latter 
is attributable [26] to an extended delocalization of n-electrons from the 
aromatic ring onto the substituent. 

For the phenyl-tin derivatives, the enhanced downfield shift of the ortho- 
proton resonances relative to the meta- and para-proton resonances was inter- 
preted in terms of a transfer of x-electron density from the phenyl rings to the 
vacant 5d orbit& of the attached tin atom in the pentacoordinated state 143 _ 
A similar explanation may be postulated here for the other central atoms appear- 
ing in per&coordinated form in Table 1. The postulation of ‘IT back bonding 
has been suggested in the past to account for a wide range of physical, chemi- 
cal, and spectroscopic properties [27-301 of Group IVA and VA elements. 

Attempts have also been made to correlate experimental findings with 
results of theoretical calculations, but a definitive statement of the extent of 
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d orbital participation in the bonding of compounds of main group elements 
is lacking [ 31) _ We will proceed under the assumption that both x delocaliza- 
tion and electron density transfer to the phenyl-central atom G bond are 
involved. 

From the values of the phenyl group multiplet splitting A in Table 1 and 
related ‘H NMR data on these elements having other coordination numbers, 
the following factors appear responsible in causing a greater de&Gelding of 
the orfho-protons compared to the meta and para positions: (i) lowering the 
electronegativity of the central atom, (ii) increasing the electronegativity of 

(0) 

(b) 

!---.-*....I. ..* 8.. . .I 
9.0 B-O 7-o 

Fig_ l_ IH NMR spe~La of the phenyl region of the directiy connected phenyl group for the pentacoor- 
dinated compounds (a) <C&1402)2PPh. 6; @) C<C&-I402)2SiPh][Et4N], 1: (c) (Ph3TeC1)2.16: <d) 
CPh3PbClzl CEt4Nl. 17. Scale is 6 (ppm). 
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the ligands and the number of such ligands bonded to the central atom, and 
(iii) increasing the coordination number of the central element. Thus, in the 
series, (PhsTeCl), (16), PhJSbClz (13) in CDCl,. [E&N] [Ph,SnCl,] 141, and 
[EteN] [Ph,PbCl,] (I?), (the latter two in acetone), the multiplet separation 
A is 0.47,0_70,1_00, and 1.20 ppm, respectively, reflecting the importance 
of factor (i). Compare Fig. l(c) for 16 with Fig. l(d) for 17. An X-ray crystal 
analysis of the tellurium derivative 16 [8] shows a dimeric formulation with 
tellurium in a distorted square pyramidal geometry. The ‘H NMR data indicate 
retention of the pentacoordinated state in solution. 

The appearance of the ortho proton signals at 6 7.62 (n = 3), 7.70 (n = 2), 
and 7.81 ppm (n = 1) in the series Ph,SiCl+, 1321 typifies the operation of 
factor (ii)_ A further manifestation of (ii) is found in the series of anionic tin- 
(IV) complexes. [Et4N] [X,SnPh,] in CH,C12 [4] _ As X varies from Br to Cl 
to F, the multiplet separations of the aromatic protons increase from 0.62 
ppm to 0.75 ppm to 0.82 ppm, respectively_ For [Et4N] [C13SnPh2], the separa- 
tion in CH,Cl, is 0.80 ppm_ 

Complexation of Ph3SnC1 with hexamethylphosphoramide (HMPA) in CDCls 
or 4-(dimethylamino)pyridine (DMAP) in CH2C12 gives the neutral adducts, 
Ph,SnCl - HMPA and Ph,SnCl - DMAP. These adducts contain relatively weak 
dative bonds and, correspondingly, show smaller multiplet separations of 0.42 
ppm and 0.35 ppm, respectively [4]. The same effect is seen from the change 
in multiplet separation A for the lead(W) derivatives (Table 1) on going from 
17 to 18. The nature of the solvent employed for ‘H NMR measurements also 
was found to affect the chemical shifts, probably owing to specific solute-sol- 

vent interactions. 
Examination shows that all of the penta- and hexa-coordinated compounds 

of main group elements containing M-Ph bond(s) exhibit the separation of the 
ortho-proton resonances from the mete- and par-a-proton signals. The appearance 
of the ortho-proton resonances at a lower-field in certain more acidic phenyl- 
substituted, tetracoordinated compounds [32] of P, As, Si, Ge, Sn, and Pb 
could be partly a reflection of a better (d-p)x overlap as a result of the contrac- 
tion of the central atom d-orbital in the presence of a more electronegative 
ligand field. Again electron density transfer from the phenyl ring 0 bonds to 
the phenyl-central atom most likely contribute. 

For pentacoordinated derivatives having a trigonal bipyramidal geometry, as 
shown by X-ray studies [3a,8,24,25], the phenyl groups occupy equatorial 
sites. It is well-known that the axial bonds are weaker and more polar than 
equatorial bonds 1331 and that ‘IT donor ligands result in more effective inter- 
action when situated equatorially 1341. These effects which accentuate transfer 
of both the (T and x electron density from the phenyl ring system to the central 
atom appear responsible for the greater splitting between the ortho multiplet 
and meta-para signals for penta- relative to tetracoordinate compounds of main 
group elements. The concentration of electron density at axial sites is indicated 
from ‘H NMR by the shielding experienced by the basic ligands, HMPA and 
DMAP, on coordination at these sites 1351 in forming the complexes Ph3SnCl - 

HMPA [4] and Ph$jnCl - DMAP [4]. 
A similar explanation can be invoked to interpret sizeable splittings of aro- 

matic proton multiplets associated with the square pyramidal geometry. This 



166 

configuration has been observed for a number of main group elements recently 
containing a spirocyclic system [3a,17b,22]. Here the phenyl group occupies 
the axial position which is the one that should participate most effectively in 
x back donation 1341 to the central atom. So far, ‘H NMR of examples of this 
geometry has been studied only for phenyl substituted spirocyclic phosphorus 
compounds [3a]. 

Phosphoranes 5 [17b] and 6 [ZZ] (Table 1) have geometries near the rectan- 
gular pyramid and 9 [23] is near the midpoint between the trigonal bipyramid 
and rectangular pyramid. Although the phenyl group proton multiplets are 
complicated by spin coupling with phosphorus, and in the case of 6 and 9, by 
partial overlap with the spirocyclic proton resonances, the multiplet centers 
can be identified_ The phenyl region proton spectrum of 5, Fig. l(a), having 
no protons in the spirocyclic framework, provided a useful basis to unravel 
similar spectra for 6 and 9. For 5, these groups of multiple& were observed, 6 
8.1, 7.85 and 7.7 ppm (intensity ratio 1 : 1 : 3). The multiplicity of the equally 
intense low-field resonances centered at 6 8.1 and 7.85 ppm is very similar 
and obviously arises as a doublet of multiplets from the splitting of the ortho- 
proton resonances by the central phosphorus atom. The more intense multiplet 
at 7.6 ppm corresponding to three protons arises from the me&- and para- 
protons. Similar patterns of the P-Ph proton resonances are discernible in the 
‘H NlMR spectra of other acyclic 1321 and spirocyclic [36,37] phosphoranes 
shown in Table 1. With the limited number of examples studied so far, no trend 
is apparent in the multiplet splitting as the structures of the phosphoranes 
change between the two pentacoordinate geometries. 

For the silicon-derivatives, 1 and 2 (Table l),: two distinct groups of resonances 
corresponding to ortho- and meta- and para-protons, were observed for the Si-Ph 
protons (see Fig. l(b)). The aromatic protons of the catecholate rings resonate 
at ca. 6.7 ppm and hence no overlap occurs with the resonances of Si-Ph 
protons. The low abundance (4.7%) of the NMR-active silicon nucleus, *‘Si, 
in the sample precludes the observation of any satellite bands in the ‘H NMR 
spectra obtained here. The line patterns of the Si-Ph proton multiplets were 
very similar to those observed for the aromatic protons in mono-substituted 
benzene derivatives containing electron-withdrawing groups [26]_ The increase 
in the multiplet separation for 3 [16] relative to 1 and 2 (Table 1) may be 
associated with the presence of the highly electronegative_OC(CF3)2 grouping. 

Downfield shifts also are evident for signals arising from aromatic protons 
ortho to sulfur (6 7-6-9.6 ppm) and selenium (6 7.5-8.5 ppm) in the ‘H NMR 
spectra of cyclic arylsulfuranes [38] and arylselenuranes 1391. Several related 
compounds have been shown by X-ray studies 140,411 to-have pseudopenta- 
coordinated structures with a lone electron pair occupying an equatorial site 
of a trigonal bipyramid. 

Acknowledgment 

The support of this research by the National Science Foundation (CHE 
7910036) is greatly appreciated. 



167 

Eeferences 

1 

2 
3 

4 
5 
6 
7 

8 
9 

10 
11 
12 

13 

14 

15 

16 
17 

18 
19 
20 
21 
22 
23 
24 
25 
26 

27 

28 

29 

30 
31 

32 
33 
34 
35 

36 
37 
38 

39 
40 

41 

42 
43 

J.k Deiters. J.C. GeBucci, and R-R. Holmes. submitted for publication. 
RR. Holmes. Ace. Chem. Res.. 12 (1979) 257_ 
<a) R-R. Holmes. Pentacoordfnated Phosphorus Structure and Spectroscopy. Vol. I, ACS Monogr. 
175. Washington. D.C.. 1980; (b) R.R. Holmes, Pentacoordinated Phosphorus. Reaction Mechanisms. 
Vol. II. ACS Monogr.. 176. Washington. D.C.. 1980. 
A.C. Sau. L.A. Carpino and R.R. Holmes, J. Organometal. Chem.. 197 (1980) 181. 
AS. Sm. R-0. Day and R-R. Holmes. .I_ Amer. Chem. Sot-. 102 (1980) 7972- 
A.C. Sau. R-0. Day and R.R_ Holmes. J. Amer. Cbem. Sac_. 103 (1981) 1264_ 
R.F. Ziolo and D.D. Titus. Plenary Lecture presented at the Third international Symposium on 
Organic Selenium and TeIhuium Chemistry. Univ. of Metz. Metz. France 1979. 
R-F_ Ziolo and M. Extine. Inorg. Chem.. 19 (1980) 2964. 
F.J. Berry and A.J. Edwards. J. Chem. Sot. Dalton. (1980) 2306. 
M. Khan. R.C. Steevensz. D.G. Tuck. J-G_ Noltes. and P-W-R_ Corfield. Inor% Chem.. 19 (1980) 3407. 
M. Ddger and N. Kieiner. Angew. Chem. Int. Edn. EngI.. 19 (1980) 923. 
(a) J_ Emsely and D. Hall, The Chemistzy of Phosphorus. John Wiley & Sons. New York. 1976; (b) J.C. 
Eaiiar. H-J_ Emaleus. R_ Nyhobu. and A-F-7.. Dickenson (Eds_). Comprehensive Inorganic Chemistry. 
Vol. 2. Pergamon press. Oxford, 1973. pp. 389 and 547. 
(a) P.J. Smith and A.P. Tup~iauskas. Annu Rep_ NMR Spectroscop.. 8 (1978) 291: (b) J. Otera. T_ 
Hinoishi. and R. Okawara. J. Organometal. Chem., 202 (1980) C93. 
(a) J-A. Cella. J.D. Cargioli and E.A. WiUiams. J_ Organometal. Chem.. 186 (1980) 13; (b) E-A. 
Wiihams and J.D. Cargioii. Ann. Rep. NMR Spectroscop.. 9 (1979) 221. 
(a) J.J. Zuckerman. Adv. OrganometaL Chem.. 9 (1970) 76; (b) R-V. Parish. Prog. Inorg. Chem.. 19 
<X972) lOl_ 
E-F_ Perozzi and J-C_ Martin. J. Amer. Chem, Sot.. 101 (1979) 1591, and references cited therein. 
(a) C.L. Frye. J. Amer. Cbem. See.. 86 (1964) 3170: (b) T-E_ CIark. R.G. Day and R.R. Holmes. 
1nom. czlem.. 18 (r979) 1668. 
M. Wieber and W.R. Hoos. Monatsh. Chem.. 101 (1970) 776. 
A.C. Sau and R.R. Hoknes. J. Orgauometal. Chem.. 156 (1978) 253. 
I. Wharf. M. Onyachuk. J.M. Miier and T.R.B. Jones. J. OrganometaI. Chem.. 190 (1880) 417. 
F.P. Boer. J.J. Flynn and J.W. Turkey. J. Amer. Chem. Sot.. 90 (1968) 6973. 
RX. Brown and R.R. Holmes. J. Amer. Chem. Sac,. 99 (1977) 3326. 
R-O_ Day. AX_ Sau and R.R. Holmes. J. Amer. Chem. Sot.. 101 (1972) 3790. 
T-N. Polynova and M-A. Pomi-Kosbits. J. Str. Chem. USSR. 7 (1966) 691. 
D.B. SOwerby. J. Chem. Res. (S). (1979) 18_ 
(a) W.W. Simons and M. Zanger. The Sadtler Guide to NMR Spectra. Sadtler Research Laboratorim. 
fnc_. Philadelphia, 1972. p_ 285; (b) L. Verdnoch and G.P. Van der Kelen. BuR. Sot. Cbim. Beiges 
74 <1965).361: (c) G_ Domazetis. R.J. Magee and SD. James. J. Organometed. Chem., 141 (1977) 57. 
H. Kwart and K.G. King. d-Orbitals in the Chemistry of Silicon. Phosphorus and Sulfur. in Reactivity 
and Structure. Concepts in Organic Chemistry. Vol. 3. Springer Veriag. Eeriin. 1977. 
D.J. BIears. SS. Danyluk and S. Cawley. 6. OrganometaI. Chem_. 6 (1966) 284. and references cited 
therein 
E.A.V. Ebsworth, in A.G. MacDiarmid (Ed.). Organometallic Compounds of the Group IV Elements. 
Vol. 1. Marcel Dekker Inc.. New York. 1968. p. 1. 
T-B. Brill. J_ Chem_ Educ.. 50 <X973) 392. and references cited therein. 
See H. Oberhammer and J.E. Bog&x. J. Amer. Chem. Sot.. 102 (1980) 7241. for an ab initio study 
of the siloxane bond_ 
The Sadtler Standard fH NMR Spectrum. SadtIer Research Laboratories. Philadelphia. Pa. 
R.R. Holmes. Ace. Chem. Res.. 5 (1972) 296. 
R. Hofhmnn. J.&f_ HoweB. E. Muetterties. J. Amer. Chem_ Sot_. 94 (1972) 3047- 
(a) R-0. Day. J.J. Gawienowski and R.R. Holmes. unpublished results; (b) R-0. Day. A.C. Sau and 
R-R. Holmes. unpublished results. 
I. Granoth and J.C. Martin. J. Amer. Chem. Soc..‘lOO (1978) 5229. 
I. Granoth and J.C. Martin. J. Amer. Chem. Sot.. 100 (1978) 7434. 
C.W. Astrologes and J.C. Marti& J. Amer_ Chem. Sot,. 99 (1977) 4390: L-J_ Adzhna and 3.C Martin. 
J. Amer. Chem. Sue,. 99 (1977) 1657_ 
H.J. Reich, J. Amer. Chem. Sac.. 95 (1973) 964. 
W-Y. Lam. E.N. Duesler and Jb. Martin. J. Amer. Chem- Sot_. 103 (1981) 127. and references cited 
therein: DSchomburg. Q.-C. Mix and J.M. Shreeve. J. Amer- Chem. Sot.. 103 (1981) 406. 
(a) See Ref. 2. Table II and accompanying references: (b) B. Dahlen. Aeta Cry&_ B. 30 (1974) 647: 
(c) R-0. Day and RR. Holmes. submitted for publication. 
R.L. Amey and J.C. Martin. J. Amer. Chem. SOC.. 100 (1978) 300. 
M-Y. Chang. K, Su and J-I_ Musher. Isr_ 3. Chem.. 12 (1974) 967. 


