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SUMMARY

The results of nuclear quadrupole resonance (NQR) studies of
intramolecular complexes in halogen-containing organic com-
pounds of metals of Group IVA are revieweds This method is very
efficient for establishing the electronic and spacial structure
of these compounds, end the peculiarities of their intramolecu-
lar interactions.
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I. INTRODUCTION .

In molecules of metals of Group IVA which contain in a sub-
stituent a heteroatom which carries unshared electron pairs, the
M atoms of these elements may have an exténded coordination
number due to their interaction with the heterocatom. Such com-
pounds are of great interest in the theory of chemical struc-
ture and for their practical use, for example, as biologically
active compounds or their precursors (see, e.g., refs. 1-4).

At the present, the organosilicon compounds, especlally the gi-
latranes, are the most studied species of this type (see, e.ge,
refs. 1,5-7). The intramolecular complexes of germanium and tin
are much less studied. X-Ray diffraction analysis, IR, NMR and
NQR spectroscopy serve as the main physical techniques for in-
vestigating these compounds. Unfortunately, X-ray studies have
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been carried out on only & limited number of compounds, and the
other methods of research are reflected in the evidence they can
provide., For example, 2981 NMR is very productive in establi-
shing the pentacoordination of silicon atom in its organic com-
pounds (see, e.g., refs. 6,7). The IR spectra allow presence of
the intramolecular interaction M«—0 to be deduced, e.g., by a
decrease in the stretching vibration frequency of a C=0 bond as
compared to compounds where such interaction is absent (ses,
©egey refs, 2-4), NQR spectroscopy is very effective in studying
halogen-containing intramolecular complexes. It makes it pos-
sible to establish not only the presence of the intramolecular
coordination, but algso the features of polyhedral coordination,
to estimate the lengths of some bonds in the molecule, etc. The
results of NQR studies of intramolecular compiexes in organic
compounds of elements of Group IVA are analysed in this paper.

IT. STRUCTURE DETERMINATION OF INTRAMOLECULAR COMPLEXES IN
ORGANIC COMPOUNDS OF METALS OF GROUP IVA

0f the intramoleculaerly complexed orgaenosilicon compounds,
only 1-substituted silatranes - 1-{(chloroalkyl)- and 1-(chloro-
vinyl)-silatranes -~ have been studied by NQR (ref. 8). Their
3501 NQR spectre confirm the intramolecular interaction Si~-N in
these molecules, and indicate +the strong electron donor proper-
ties of the silatranyl group.

The most interesting results were obtained in studying the
orgenyltrihslogenogermanes and -stannanes (refs. 2,3,9-20). NQR
is useful for studying these compounds because the electron dis-
tribution of all the halogen atoms in the Ha13M group is practi-~
cally equivalent when M is tetracoordinated, but the distribu-~
tion is very different for axial and equatorial halogen atoms
when M is pentacoordinated. This difference causes a large
splitting of the lines in the NQR spectra of, for example, the
chlorophosphorenes which have a trigonal-bipyramidal structure
(ref. 21). The potential of NQR spectroscopy for gtudying orga-
nyltrihelogenogermanes and -stannenes was confirmed by compari-
son of the NQR spectra of these compounds with their X-ray data
(Table 1).

The X-ray data (refs. 3,22) show that in molecules . I and
II (Table 1) the Ge atom is pentacoordineted by the intramole-
cular interaction Ge-e-O that forms the five-membered ring (1).
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3B NQR frequencies at 77 K (‘V77) of organyltrichlorogermanes
and stannanes Cl3Mx, the gignal-to-noige ratio in their NQR
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The length of the Gee~0 bonds here is close to the sum of the
covalent radii of Ge and 0 (1.92 ﬁ). The bonds of the Ge atoms
in these molecules are directed to the apexes of a distorted
trigonal bipyramid with a carbon atom and two Cl atoms in equa-~
torial positions, and the Cl and O atoms in axial positions.

The axiel Ge-Cl bond is significantly longer than the two equa-
toriel ones. The 3501 NQR spectra of compounds I and II (Table
I) agree with this structure of molecules. The low frequency
line in these spectra related to exial Cl atom is markedly shif-
ted with respect to the high frequency doublet (AY = 7.9 and
6.8 MHz) that belongs to the two equatorial €1 atoms. This shift
exceeds by more than one order of magnitude the maximum possible
contribution to the 35Cl NQR frequency of crystal forces (1.5 -
2.0% of frequency measured, ref. 23). The NQR frequencies of the
equatorial Cl atoms of these compounds lie in the range charac-~
teristic of compounds ClBGeX of tetrahedral structure (see,
€ee, Tefs 23).

According to X-rey date, the Ge atom in molecules III and IV
is also pentacoordinated by interection with the carbonyl oxygen
atom, the five-membered cycle closes up. However, the trigonal-
bipyramidal structure of these molecules ig noticeably more dis-
torted than that of I and II. Thus, for instance, in molecule
IIT the angles between the axial and equatorisl Ge-Cl bonds are
101.73(8)° and 97.64(8)°, and the angle between the axial Ge-Cl
bond and equatorial Ge-C bond is 105.8(1)°. Two of these angles
are closer to tetrahedral ones than to the expected right
angles. The distance Ges..0 in molecules III and IV is accor=-
dingly larger than that in I and II. Nevertheless, it is much
smaller than the sum of the Van der Waals radii of Ge and O
atoms (~3.3 K, ref. 2). The axial Ge~Cl bond in molecules III
and IV is noticeably longer than the two equatorial bonds
(ref. 8) (Table 1). The 22C1 NQR spectra of these compounds are
in agreement with their X-ray data. The low frequency line in

them  for the axial Cl atom is markedly shifted with respect
to the high frequency doublet belonging to the equatoriel Cl
atoms, but this shift is much smeller than that in the spectra
of compounds I and II (Table 1) (refs. 9,10)., The NQR frequen-
cies of the equatorial Cl atoms are close to that of the com-
pounds ClBGeX that contain a tetracoordinated Ge atom.

The splitting pattern of the triplet in the S°Cl NQR spectrum
of compound V differs significantly from that congidered above
(refs. 9,10). The separation between the low frequency lines in



the NQR spectrum of compound V (AV = 0.251 MHz) is now much less
then that between the highest frequency and neighbouring low
frequency lines (AV = 0.855 MHz)., This indicates the gimilar
electron digstribution about two C1l atoms and the very different
electron density distribution about the third Cl atome. In prin-
ciple, this spectruﬁ implies & relatively weask coordination in-
teraction Ge=—0 and a trigonal-bipyramidal structure for mole-
cule V, However, it implies also that the axial positions are
occupied by two Cl atoms which show two low frequency signals in
the spectrum, and the equatorial positions by carbon, oxygen and
chlorine atoms. This does not agree with the experimentally ob-
served rule that in a trigonel bipyremid the O atom being more
electronegative than the Cl atom must occupy the axial position
(see above and, e.g., ref. 24). An alternative explanation of
the line splitting in the 35Cl NQR gpectrum is therefore called
fore. It may be due to the fact that one of the Ge-Cl bonds in V
is somewhat longer than the other two (Table I), and one of the
ClGeC angles (117.0°) differs significantly from tetrahedral,
while the other ClGeC angles are close to tetrahedral (refs. 2,
22). The value of the longest Ge~Cl bond in V is close to the
length of equatoriel ones and is much less than that of the axi-
a2l Ge-~Cl bonds in molecules I-IV which have a trigonal-bipyrami-
dal structure. The above data and the Ge...0 distance in mole-
cule V which is essentially equal to the sum of the van der
Waals radii of Ge and O atoms (table 1) do not support a trigo-
nal-~bipyramidal structure (refs. 9,10).

The difference between the frequencies of these three lines
in the NQR spectra of compound VI (Table 1) exceeds the ulti-
mate crystal splitting and indicates the essential non-equiva-
lence of all Ge-Cl bonds. This non~equivalence is characteristic
neither of a tetrahedral nor pentacoordinated Ge atom. Apparent-
ly, it results from a state intermediate between four and five
coordination. The X-ray data show that the lengths of two Ge~Cl
bonds in VI are similar, and the third Ge-~Cl bond is only
slightly longer. The Ge...0 distance is much larger than the sum
of covalent radii, but somewhat smaller than the sum of the van
der Waals radii (Teble 1). These data do not support the penta-
coordination of the Ge atom in molecule VI, but at the same
time, it is also far from ideal tetracoordination, since one of
the ClGeC angles is 120.1°, and one of ClGeCl angles is 102.6°
(refs. 9,10).

The 3501 NQR spectra of compounds VII and VIII are analogous
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to those of I and II having a trigonal-bipyramidal structure.
The low frequency lines in these spectra belong to axial Cl
atoms, and two high frequency lines to itwo equatorial ones

(ref. 11). The trigonal-bipyramidal structure of these molecules
is confirmed by X-ray data. The Ge...0 distance here is much
smaller than the sum of the van der Weals radii. The length of
the axial Ge-Cl bond is noticeably larger than that of the equa-
torial ones (Table 1). The OGeClax engle is close to 180°

(ref. 25).

The quedruplet 3501 NQR spectrum of compound IX is slgo in
agreement with a trigonal-bipyramidal structure for this mole-
cule (ref. 10). The anomalously low NQR frequency of the Cl atom
in the group (CH2)301 of this compound (31.750 MHz) as compared
with thaet in compounds Cl(CHz)nX where n2>3 (~33.1 MHz, ref,
26) is due to the intersction of Cl with the Sn atom, to form
a five-membered ring. The Cl atom in the 0138n group shows & low
frequency triplet. Two of these Cl atoms occupy equatorial posgi-
tions with a similar electron distribution, and their NQR fre-
quenciesg differ only slightly. The exial Cl atom shows the low-
est frequency line in the spectrum, and the separation between
this line and the doublet that belongs to the equatorial Cl
atoms exceeds the contribution of crystal effects. The trigonal-
bipyremidal structure of this molecule is confirmed by X-ray
date analysis (refs. 13,14).

Hence, the 35Cl NQR spectra of the organyltrichloro-germanes
and -gtennanes C1.MX (M = Ge, Sn) which have been situdied, where
the low frequency line is significantly shifted with respect of
the high frequency doublet, give evidence for the intramolecular
interaction between M atom and the electronegative atom in the
substituent X, and thus the trigonal-bipyramidal structure of
molecule. The low frequency line belongs to the axial Cl1 atom,
and high frequency ones to equatorial atoms. The NQR frequencies
of the latter lie in the range characteristic for compounds
ClBGeX of tetrahedral structure. The 35Cl NQR method has been
uged for studying a large ngmber of organyltrichlorogermanes
containing the group ClBGe-?-E-C(O)R (E = C, N), for which the
X-ray analysis turned out to be impossible (refs. 9,10,11).

The separation between the low end high frequency lines in
the 3501 NQR spectra of the organyltrichlorogermanes with penta-
coordinated Ge atoms which have been studied is ~ 7=35% from the
average value of the high frequency lines. The same shape of the
3501 NQR spectra and the same value of line separation in spec~



tra of compounds that contain a fragment BrBGe—é-E—C(O)R may
imply the intramolecular interaction of Ge and O atoms (ref.
12)e For example, in the TIgr NQR spectrum of (Br3Ge)20HCH2000H,
this splitting has too small value (~ 3%) to allow the interac-
tion Gee—0 to be assumed in this molecule, Purther, it is not
confirmed either by X-ray data (ref. 7). At the same time, this
interaction is unambiguously indicated by ‘the triplet 79’81Br
NQR spectra of BrBGeCHzNCO(Cﬂz)ZCH2 and BrBGeCHzNCO(CHa)BCHz.
The separation between the low frequency lines and the high fre-
quency doublet is here ~ 26 and 28%, respectively (ref. 12).
These values exceed the analogous ones for the corresponding
orgenyltrichlorogermanes (24 and 25%) (refs. 9,10,12). This is
probably due to the larger polarization ability of the axial
Ge-~Br bond as compared to the Ge-Cl bond, resulting from the
intramolecular interaction Gee~0 (ref., 12).

All the molecules discussed above undergo closing of a five-
membered ring as a result of intramolecular interaction between
M atoms of IVA group metals and the heterocatom in the ligand X
{Table 1) (refs. 2-4,9~14, 18-20). The series of 2-alkoxyphenyl-
trichlorostannanes, where the pentacoordination of Sn atom is
achieved by closing a four-membered ring (2), was also studied
by 3501 NQR. These spectra also showed a low frequency line
end a doublet that is rather distant, or a single line of double
intensity (ref. 15)., For example, in the doublet NQR spectrum of
X the high fregquency line is much more intense and is 2.53 MHz
away from the low frequency one. Such a spectrum corresponds to
a trigonal-~-bipyramidal structure of coordination polyhedra of Sn
atoms. The electron density distribution of the two equatorial
Cl atoms having the more intense low frequency line is the same,
and the low frequency line corresponds to the axial Cl atom.
This NQR spectrum shows that the electron distribution about the
Sn atom in X has a symmetry plane passing through the aromatic
ring, the Sn-C bond, the axial Sn-Cl bond and the oxygen atom
(ref., 15). The intramolecular interaction Sne~0 in this molecule
is also confirmed by X-ray data. The distance between Sn and O
atoms here is much less than the sum of their van der Weals ra-
dii (refs. 14,15). However, the coordination polyhedron of the
Sn atom in this molecule differs significantly from that, where
the 5~coordination of the Sn atom is achieved through the clo-
sing of a five-membered ring. The sum of the angles between the
bonds at the central Sn atom in 2-CH30 5—CH306H3Qnu13 is closer
to the angle sum in the tetrahedron than in the trigonal bipyra-~
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mid (refs. 14,15). It is probably also characteristic for other
2-alkoxyphenyltrichlorostennanes with the intramolecular inter-~
action "ne~0 (ref. 15). The similar structure is attributed to
the coordination polyhedron of the Sn atom in the molecule
(CH3)2CHOC(S)SSn(06H5)3, where the intramoleculaer interaction
Sne-0 leads also to closing a four-membered ring (ref. 28).

In the 3501 NQR spectra of 2-alkoxyphenyltrichlorostannanes
(2) the lowest frequency line is lower, and the high frequency
line is higher than those in the spectra of their para-~isomers,
where the intramolecular interaction Sn=-0 ig impossible (refs.
14,15), Being in ortho-position to the SnCl3 group, the alkoxy
group (particularly its oxygen atom) lowers the NQR frequency of
the most distant Cl atom and raises the frequency of the closest
Cl atoms. This is due to the polarization of Sn-Cl bonds under
the action of the partially'negative charged oxygen atom of the
alkoxy group directly through the field. The direction and value
of this polarization depend on the distance and orientation of
the Sn-Cl bonds with respect to the oxygen atom (see, e.g.,
refs. 29,30). The character of the intramolecular interaction
between the OR and SnCl3 groups in 2-alkoxyphenyltrichlorostan-—
nanes of badly distorted trigonal-bipyramidel structure gives
rise to the significant difference in electron distribution of
the C1 atoms, and between the >°Cl NQR spectra of these com-
pounds and the spectra of other compounds ClBMX.

For example, the separation between all three lines in the
NQR spectrum of 2-CH30-3,5—(CH3)206H23n013 is large (ref. 15).
The low frequency line in this spectrum is even lower, and the
high frequency lines are higher, than those in the NQR spectrs
of other 2-alkoxyphenyltrichlorostannanes studied, where inter-
molecular interaction between Sn and 0 atoms occurs. In the mo-
lecule 2—CH30-3,5—(CH3)2C6H23n013, this interaction seems to be
even gtronger than in the other 2-alkoxyphenyltrichlorostanna-
nes. The middle line in the NQR spectrum of this compound is
closer to the low frequency line (AV = 1.128 MHz) than to the
high frequency one (4Y = 1.778 MHz). This is not characteristic
of 3501 NQR spectra of other compounds C1.MX with pentacoordina-
ted M atoms, the coordination polyhedra of which have a structu-—
re close to trigonal bipyramid (Table 1), Therefore, the struc-
ture of the coordination polyhedron of the Sn atom in this mole-~
cule differs significantly from the ideal trigonal bipyramid.
The electron distribution of its Cl atoms differs significantly
due to their different position with respect to the aromatic
ring and oxygen atom (ref. 15).



The character of line splitting in the triplet 35Cl NQR
gpectrum of 2,6-(CH30)206H35n013 is the same (ref. 15) as in the
previous case. However, the value of gplitting is much smaller
(0,602 and 0,40 MHz). The X-ray data show the close values of
all Sn-Cl bonds lengths in this molecule. The coordination poly-
hedron of its Sn atom is close to tetrahedral. Nevertheless, the
both Sne...0 distances are much less than the sum of the van der
Waals radii (ref. 31). Apparently, these atoms are noticeably
interacting in the molecule, but their interaction does not lead
to a significant change in bond angles et the central Sn atom
and in the electron distribution of the Cl atoms in the SnCl
group. The 3501 NQR frequencies of two Cl atoms lie in the
same range as in 4-ROC6H4Sn013, and that of the third is some-~
what higher. It may be due to the fact that the interaction of
the SnCl3 group with one alkoxy group is compensated by its in-~
teraction with another alkoxy group (ref. 15).

~ Hence, on closing the strained four-membered ring, the coor-
dination polyhedron of M usually differs significantly from the
ideal trigonal bipyramid, and the electron distribution at the
equatorial Cl atoms and their NQR frequencies may be quite dif-
ferente Nevertheless, the differences in electron distribution
of the Cl atom remain significant, and may provide rather re-
liable evidence of intramolecular interaction in molecules C1l.MX%,

3

IIT, ELECTRON DENSITY DISTRIBUTION OF CL ATOMS IN Hal3MX
MOLECULES OF TRIGONAL-BIPYRAMIDAL STRUCTURE

It may be assumed that in trigonal bipyramidal chlorophospho-
ranes (ref. 24) and B MCl4 complexes of IV group elements tetra-
chlorides with organic ligands (refs. 20,32,33) the symmetry of
the electron distribution of axial Cl atoms is similar to that
of the axial atoms in molecules HalBMX, and that of the equato-~
rial Cl atoms is very different (refs. 17,20). This is confirmed
by the asymmetry parameters of the electric field gradient (q )
for the 3501 nuclei in 3-chloropropyltrichlorostannene (ref. 13),
the trigonal-bipyramidal structure of which is established by
X-ray data analysis (ref. 14). The value of for the two eque-
torial Cl atoms of this molecule is 6.4 and 10.7%, and for axisl
atom is 0.4% (ref. 13). The larger ssymmetry of the electron
distribution of the equatorial Cl atoms in trigonal-bipyramidal
molecules is caused by the interaction of electron pair of these
atoms with the p-orbital of centrgl M atom (refs. 20,21,34).
According to NQR theory (see, eg ., refs. 23,35), such interac-
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tion must lower the NQR frequency of these Cl atoms. Neverthe-
less, the NQR frequencies of the equatorial Cl atoms in all mo-
leculeg of trigonal-bipyramidal structure are higher than those
of the axial one. This reflects the much higher IB-electron den-~
gity of the latter atom., The NQR frequencies of the equatorial
Cl atoms for compounds ClBMX of trigonal-~bipyramidal structure
lie in the same range as NQR frequencies of these compounds with
a pentecoordinated M atom, while the NQR frequencies of the
axial etoms are lower. Therefore the intramolecular interaction
in these molecules, as a result of which the M atom becomes pen-
tacoordinated, does not practically influence the X ~electron
density of the equatorial Cl atoms, but increages markedly the
gs—electron density of the exial Cl atom. This incresses mekes
the axial M-Cl bond much longer than the equatorial ones.

As the Ge-Cl bond length (r;,_-;) in molecules XGeCl, increa-
gses, the NQR frequency of the corresponding Cl atom decreeses
(Tbale 1). A satisfactory linear correlation (refs. 9-11) is
observed between the values Tae-C1l and q)77 of these compounds,
which allows the Ge-Cl bond length to be determined from the
3501 NQR frequencies. The length of the exial Ge-Cl bond in mo-
lecules ClBGeX of trigonal-bipyramidal structure increases with
decreasing Ge...0 distance (Table 1). A satisfactory linear
correlation is algo observed between these values (ref. 10).
However, the relationship between the values r,,_n,; and
Tge ...0 in molecules with penta-~ and tetra-coordinated Ge atoms
is better described by an exponential rather than a linear de-
pendence (refs. 11,12):

2 - —-—
The—gl = 2118 + 0.844 exp (~0.394 r Ge...O)’ S = 0.006, n = 8,

This ig expected, because if Ge...0 is very large the Ge-Cl bond
length does not decrease proportionelly, but tends to the value
characteristic for molecules with a tetrahedral Ge atom. The
decrease of the Ge...0 distance islimited by the value of the
covalent radii of Ge and O (ref. 11).

The 35Cl NQR frequencies of compounds ClX (X = F, C1,
CRR'R'', SiRR'R'!', etc) correlate well with the value of the
charge on the Cl atom (qcl) that was found from quantum chemical
celculetions by the CNDO/2 method (ref. 35). It may be assumed
that this correlation will hold for compounds Cl3GeX, whose va-
lue Qg ey be estimated from experimental 3501 NQR frequencies
(ref. 11).
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IV. CONDITIONS NECESSARY FOR PENTACOORDINATION OF METALS
OF GROUP IVA L 2o

In molecules containing a fragment Cl3Ge—?-?-C\R,, pentacoor-~
dination of the Ge atom may be atteined by interaction wit? Fhe
carbonyl oxygen. In molecules conteining a fragment ClBGe—?-?—
—CfNR » the Ge atom may interact in principle with oxygen or
nitroéen atom, but in fact, it is coordinated by the more elec-
tronegative carbonyl oxygen atom which has the larger negative
charge. This is confirmed by X-ray data (Table 1) (refs. 2,9,
10,22), which show that (ref. 36) in molecules 013SnCH20H2000—
~CH3, Cl,Sn [CH20H20000H3]2 and 0123n[CH20H2001\1H2]2, the carbonyl
oxygen atom interacts also with the Sn atom, as it is more elec-
tronegative than the ether oxygen or the nitrogen atom. It is
also possible that the interaction of only the carbonyl oxygen
atom with the central 5e and Sn atom in these molecules is
cauged not only by its higher electronegativity, and thus higher
negetive charge, but also by its steric acce?sability.

In molecules containing a fragment Hal3M-q-E-C(O)R, in sub-
gtituted siletranes etc, intramolecular interaction between M
atom and a heteroatom in the substituent closes a five-membered
ring (or rings). However, this is not an obligatory condition
for pentacoordination of the central atom, as we supposed previ-
ously (refs. 9,10). Such interaction may result also in closure
of a four-membered ring (see above). Intracomplex silicon com-
pounds are kmown, where the coordination bond Si«0 closes up a
gix-membered ring (see, €.g., ref. 6).

The analysis of the data presented above and available in the
literature allows the conditions necessary for pentacoordination
of M (M = Si, Ge, Sn) to be postulated:

1. A large partiel positive charge on the M atom and partial
negative charge on the heteroatom of group X.

2. A molecular structure which allow these atoms to approach
to a distance less than the sum of their van der Waals radii.
This condition involves not only the molecules' geometrical cha-
racteristics which allow the formation of an intramolecular cyc-
lic system, but also the energetic advantage of such a system.
For example, in molecules Cl3GeCH20H2000H, ClBGeCHZCH(CHB)COOH
and Cl3GeCH(CH3)CH2000H, substantially the same probability may
be assumed for formation of a five-membered ring that determines
the pentacoordination of Ge atom. However, probably, due to ste~
ric factors, such a ring is energetically advantageous only in
the last molecule (refs. 9,10). A significant influence of ste-
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ric factors on the molecule structure is confirmed by different
[+

lengths of Ge=N (2,479-2.508 A) and Ge~Cl (2,327-2.301 K) bonds

for two conformers of the molecule C6H5(CHB)CldeC6H4CH2N(CH3)2-2

(ref' 37).

V.CONCLUSION

The above data show that the halogen NQR spectra of compounds
HalBMX allow us to establish the type of coordination polyhedron
of the central M atom, its symmetry elements, the Ge~Cl bond
lengths and'the Geseo0 distance in molecules containing a frag-
ment C13Ge-q-E-C(O)X (E = C, N). The 3B NQR frequencies and
EFG esymmetry paremeters on the 3501 nuclei give information on
spatial distribution of Cl atoms electron density, on the mecha-
nism of their interaction with M atom, etc. This doeg not
exhaust the potential of NQR. For example, valuable informaetion
on the structure of these compounds may be obtained from the
Stark effect in the NQR spectra, but so far this effect was not
been appliede In view of the absence of the need for any special
preparation of the samples, the relative ease and speed with

which the specira of polycrystalline halogen-containing com~
pounds can be recorded, the ease with which these spectra can be

interpreted, and their high sensitivity to the small changes in
electron distribution of the indicator atom, the NQR method may
be considered to be an express-method for determining the elect-
ron and spaetial structure of halogen~containing compounds.
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