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Summary

The *C and '""Sn NMR spectra of a set of di-n-butyltin(IV) compounds and
their complexes in coordinating and non-coordinating solvents have been studied.
The results have shown that it is possible to describe semiquantitatively the shape of
coordination polyhedra of these compounds from analysis of their §(*'°Sn) and
L7(***Sn-1*C) parameters. The values of §(!}°Sn) define the regions with different
coordination numbers of the central tin atom, so that four-coordinate compounds
have §(!**Sn) ranging from about +200 to —60 ppm, five-coordinate compounds,
—90 to — 190 ppm, and six-coordinate compounds, 210 to —400 ppm. The values
of J(M°Sn-13C) were used for the calculation of the C-Sn~C angle in the
coordination polyhedron of individual compounds.

Introduction

In our previous papers [1,2] we manifested the advantage of the application of
13C and ''°Sn NMR Spectra for the determination of the structure of triorganotin(IV)
compounds and their complexes in solutions. For the triphenyl- and tri-n-butyl-
tin(IV) compounds we have shown that different coordination numbers (four or
five) of tin atoms and various geometrical arrangement of ligands (cis or trans),
result in different values of the NMR parameters, especially of 8(*'°Sn) and
L7(11%Sn-13C), having a relatively narrow range and are sharply resolved from one
another. In papers [2,3] we also reported the mutual dependence of §(''"Sn) and
L7(*19Sn-13C) parameters and their characteristic ranges on the three fundamental
structural types of the various triorganotin(IV) compounds (trimethyl-, tri-n-butyl-,
tricyclohexyl-, tribenzyl- and triphenyl-tin). Therefore we assume that the conclu-
sions made in the papers [1-3] have a more general validity.

(Continued on p. 302)
0022-328X /86 ,/$03.50 © 1986 Elsevier Sequoia S.A.
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The analysis of the structure of diorganotin(IV) compounds and their complexes
in solutions from their *C and ''"Sn NMR spectra is substantially more com-
plicated. In this case, there are more factors that have a considerable e¢ffect on the
NMR parameters linked directly with structure. First of all, diorganotin(IV) com-
pounds have a higher number of coordination types (coordination numbers of {our,
five. six and sometimes even seven) with a large number of different. vet corres-
ponding polyhedra which are to be distinguished. NMR spectral parameters are also
considerably influenced by various deformations of coordination polvhedra which
occur frequently in diorganotin(IV) compounds. In some cases it is very difficult to
determine the coordination number unambiguously, because, besides there being
strong covalent bonds there are also weaker secondary coordination bonds in these
compounds and their complexes. Fast equilibrating processes between different
structural types with different NMR parameters, can also lead to erroneous results
because we obtained only one parameter on the NMR time scale with the value
given by a weighted average of the parameters corresponding to the compounds
involved in the equilibrium. In spite of the above difficulties, '*C and ""Sn NMR
spectra of diorganotin(IV) compounds and their complexes afforded valuable data
which could be used for the determination of their structure.

In this paper we have studied 'C and "?Sn NMR spectra of a selected series of
di-n-butyltin(IV) compounds and their complexes. The set studied covered all
structural types of these compounds. The NMR spectra of the compounds were
studied in their pure state. in solutions of non-coordinating (deuteriochloroform,
trideuterionitromethane). and coordinating (hexadeuteriodimethyvl  sulphoxide.
hexamethylphosphorotriamide) solvents. Some di-n-butyltin(iV}) compounds have
been studied using “C or 'Sn NMR spectra and there were also attempts to
classify the forms of coordination polyhedra based on the measured NMR parame-
ters. But only a few attempts were made 1o compare the results of the NMR spectra
of both isotopes. Therefore our uim was also to summarize our results and literature
data and to classify them so as to obtain a topical tool for the determination of the
structure of the molecules and the complex ions of di-n-butvitin(IVy compounds.

Experimental

All the compounds studied were prepared by published methods [4--14]. The V¥ C
and '"”Sn NMR spectra were measured at 25.047 and 37.14 MHz. respectively, on a
JEOL spectrometer JNM-FX 100 at 300 K. The compounds as measured were pure
liquids or ca. 20% (w/v) or saturated (in the case of poor solubility). solutions.
Chemical shifts, 8(1'Sn), are related to external pure tetramethvistannane, 8('C)
were referred to a suitable solvent signal and converted to the S-scale: deuterio-
chloroform (77.00 ppm), trideuterionitromethane (62.80 ppm). hexadeuterio-
dimethylsulphoxide (39.60 ppm) and hexamethylphosphorotriamide {36.00 ppm).
Positive values denote down-field shifts. A more detailed description of the experi-
mental conditions is given in refs. 1.2.

Results and discussion

The parameters of 'C and ''”Sn NMR spectra of the studied di-n-butyltin(IV)
compounds and their complexes, and other relevant di-n-butyltin(lV) compounds
are summarized in Tables 1 and 2. The number of signals in the ' C and "9Sn NMR
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TABLE 2
*C NMR CHEMICAL SHIFTS OF DI-n-BUTYLTIN(IV) COMPOUNDS AT 300 K

Compound “  Solvent 8(3C) * (ppm)
Cl) C@ C(3) C(4)  others

1 CDCl, 27.60 27.60 26.12 1335
hmpa 36.63 2728 2572 13.19
2 - 27.44 2744 2568 13.50
CDCl, 27.04 2753 2592 1345
hmpa 41.22 2796 2533 1319
3 2559  28.61 2490 13.50

CDCl; 2563 29.09 2543 13.49
hmpa ¢ 4224 2864 2474 1290

7 CDCl; ¢ 31.87 2719 2612 1345

8 CD;NO, 37.80 2810 2650 1353 52.81(CH,); 7.24(CH;)
dmso-d, 4028 2771 2526 1387 51.46(CH,); 7.29(CH,)

9 CD;NO, 41.60 3025 2567 1329 52.5%CH,); 7.20(CH;)

dmso-dy 4335 2849 2532 13.87 5169(CH,); 7.48(CH,)

10 - 1900 2754 2698 1350 51.84(CHj)
CDCl,4 1910 2719 2675 1335 51.95(CH,)
hmpa 2006 2713 2645 1314 51.26(CH,)
13 - 2487 26.85 2632 1350 181.45(COOy; 20.03(CH;)
CDCl, 2436 26.17 2583 1306 181.10(COO); 19.98(CH,)
hmpa 2913 2674 2596 1319 176.56(COO); 20.65(CH,)
14 CDCl, 2534 2656 2622 13.40 175.79(COO); 129.98(i); 130.37; 128.17;
133.00(p)
hmpa 3010 2689 259 13.15 172.22(CO0); 132.78; 129.18; 127.62;
131.38
21 CDCl, 3113 2762 2660 13.50  166.00(CO0); 92.68(CCl5)
2833 2698 2660 13.50
22 CDCl, 2546 2773 2675 1350 158.10(J(*°Sn-17C) = 26.9); 142.26;
138.16; 136.56; 130.03; 129 54; 120.91;
113.31; 112.48
hmpa 2469 2742 2625 13.09 157.70(J(*'°Sn-'3C) = 27.4); 142.10;
139.08; 136.01; 129.53(2C); 121.58;
112.37(2C)
23 CDCl, 3400 2822 2612 1358 198.91(CSS); 48.80(CH,); 11.86(CH;)
hmpa 33.42  27.80 2571 1322 197.6%CSS): 48.60(CH,); 11.45(CH;)
24 CDCl, 3433 2827 2618 13.63 200.69(CSS); 50.95(CH,N); 65.90(CH,0)
25 2731 2696 2608 13.50 190.24(CO); 99.44(CH); 27.31(CH,)

CDCl, 27.68 2680 2610 1352 190.50(CO); 101.10(CH); 27.68(CH ;)
hmpa 2682 2670 2576 1324 190.27(CO); 99.48(CH); 26.99(CH),)

4 3 2 1
“ See Table 1. * CH,CH,CH,CH,. € At 330 K. “§(**P) 34.8 ppm (standard 85% H,PO,).

spectra, the values of chemical shifts 8§(**C) and &(!'°Sn), and the coupling
constants "J(*'°Sn—*C), confirm the chemical composition and constitution of the
studied compounds. For the determination of the structure of the di-n-butyltin(IV)
compounds, §(**°Sn) and YJ(*°Sn-13C) are the most important parameters, and are
thoroughly discussed in this paper. Basic structural data resulting from the analysis
of the NMR spectra (coordination number of the central tin atom) and the values of
C-Sn-C angles in coordination polyhedra of the di-n-butyltin(IV) compounds are
also shown in Table 1.
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Chemical shifts

The values of the chemical shift §(1'°Sn). of the compounds listed in Table 1 lie
in a relatively broad range (from +127.2 to —404.6 ppm). this covers nearly the
whole range of the hitherto known 8('"’Sn) values for di-n-butyltin(IV) compounds.
Extreme values were obtained; 8(''°Sn) +193 ppm for Bu,SnSCH.CH.S [22] on
the one hand, and 8(''"Sn) —469 ppm for Bu,Sn[OP(O)OBu,).], [23] on the
other. From Table 1 a general trend of up-field shift of 8(''°Sn) with increasing
coordination number of the tin atom can be seen. Moreover, the values of chemical
shifts covers the whole of the above given range without dividing limits. which, from
the boundaries of regions with characteristic values of 8(''“Sn), could be typical of
various groups corresponding to particular coordination numbers of the tin atoms.
Therefore we assume that the whole range from + 200 to — 470 ppm can be taken as
characteristic of di-n-butyltin(IV) compounds. This range is a little broader than
that for dialkyltin(IV) compounds with coordination numbers of {four. {ive and six
(+200 to —365 ppm) as given by Clark et al. {24].

The values of chemical shifts for the dihalides (compounds 1--3), the dithiolate
(compound 4) and the monomer alkoxides (compounds 5 and 6} in the pure state
and in solutions of non-coordinating solvents (CDCl,, CCl,) give a range of
+127.2 to —57.0 ppm. These compounds. which have a small tendency towards
association, exist both in the pure state, and in solutions of non-coordinating
solvents, as almost isolated quasi-tetrahedral moiecules (see helow), with a four-co-
ordinate central tin atom. The value of 8('*°Sn) —57.0 ppm for compound 3 is an
extreme value for four-coordinate di-n-butyltin(IV) compounds compared with the
range +200 to 0 ppm as roughly delimited by Clark et al. [24]. We would like 1o
add that our proposed region includes all hitherto known values of 8(''*Sn) of
quasi-tetrahedral four-coordinate di-n-butyltin(IV) compounds those mentioned
above and other compounds. e.g. simple and cyclic dithiolates, monomer dial-
koxides, halogenothiolates, halogenoalkoxides. diamides and the compounds with a
tin—transition metal bond {16.18.25,26].

Chemical shifts 8(''”Sn) of six-coordinate chelate complexes (compounds 22- 31)
lie in the range — 260 to —404.6 ppm. Lower values (—222.7 to ~ 348.6 ppm) were
found for dihalides (1--3) and dicarboxylates {compounds 13-15) in a solution of
hexamethylphosphorotriamide due to the formation of adducts with two molecules
of this coordinating solvent. The chemical shifts of other six-coordinate complexes
and adducts of di-n-butyltin(IV) compounds such as the dithiocarbamates and some
higher aggregates of the cyclic dialkoxides, also lie in the range —210 (0 - 340 ppm
[26--29]. The wvalue &8(''"Sn) 469 ppm [23] found for the compound.
Bu ,Sn[OP(O)OBu, ), ],. seems to be very high. As it is unusual and atypical of
six-coordinate di-n-butyltin(lV) compounds, we therefore assume that the region
roughly bounded by —210 to —400 ppm of §('!?Sn) to a good approximation can
be taken as being characteristic of six-coordinate di-n-butvltin{IV) compounds. This
region is a little broader. and is shifted a little up-field compared with those given in
other papers [24,29].

The middle part of the range of 8(''”Sn) values of di-n-butvltin(1V) compounds
and be ascribed to compounds with a coordination number for the central tin atom
equal to five, this can be both real and /or apparent (average). In Table 1 both such
compounds can be found. The complex anions Bu,SnX,  of compounds 8 and 9,
the chelate complexes 11 and 12 and the dimer of compound 10 in non-coordinating




305

solvents such as deuteriochloroform, in weakly coordinating trideuterio-
nitromethane or in the pure state represent compounds with a real coordination
number of five [6,18,26]. Their chemical shifts range from —119.7 to —164.2 ppm.
The values §(*'°Sn) of other compounds with a confirmed five-coordinate tin atom
such as chelate Bu ,Sn(oxin)Cl (8(*¥Sn) — 112 ppm [30]), dimeric alkoxides (8('!°Sn)
from ca. —105 to — 165 ppm) [7,16,18,25,26] and their complexes with some N- or
O-donor ligands [31] are also close to or fall within this range. The value of §(*!°Sn)
—189 ppm for Bu,SnOCH,CH,O seems to be ‘“unnatural”. This value is a
weighted average for two different groupings (with coordination numbers five and
six) as a result of a fast equilibrating process on the NMR time scale [29]. Relatively
high values of 8(1'°Sn) for poly(di-n-butyitin(IV) oxides) [32] could be the resuit of
the same effect. We assume that their interpretation will be revised. Chemical shifts
of compound 21 and the other tetranuclear dimer distannoxanes of the type
(Bu,Sn(X)OSnBu,Y),, range from —82.8 to —218.4 ppm [33]. For these com-
pounds it is possible to observe two distinctly resolved signals corresponding to two
non-equivalent groups Bu,Sn0,X and Bu,SnOXY. Chemical shifts of the first
group (—131.3 to —175.5 ppm) correspond to the five-coordinate Bu,SnO,X,
except in the compounds where X =Y = CH,COO, where 8('!"Sn) —202.2 ppm.
Also most of the chemical shifts of Bu,SnOXY lie in the region typical of
five-coordinate di-n-butyltin(IV) compounds (—138.4 to —168.2 ppm). There are
exceptions, for Bu,SnOBr, and Bu,SnOCl, (—82.8, —92.0 ppm, respectively) and
for Bu,SnO(OH)NCS, Bu,SnO(OPh)NCS and Bu,SnO(CH,COO), where 8§(*'°Sn)
are —211.8, —202.9 and —218.4 ppm, respectively. For the first two groups this
could be caused by a weak intramolecular interaction of halogen atoms with the
central tin atom in dimers of the compounds. The value of 8(*1°Sn) —82.8 ppm is
the lowest value hitherto found for five-coordinate di-n-butyltin(iV) compounds.
According to our previous papers [8,34], in groups of the second type we assumed
the presence of a six-coordinate tin atom and a bidentate function of the carboxyl
(and perhaps also the NCS) ligand. In such a case, the value of —149.0 ppm for the
monomeric 1,3-diacetoxytetrabutyldistannoxane, (Bu,SnCH,C0OQ0),0 [33], would
correspond well to a five-coordinate central tin atom. Thus, a five-coordinate
di-n-butyltin(IV) compound, according to the above discussion, can be char-
acterized by chemical shifts §(!!°Sn) between —90 to —190 ppm. This is also
different from the range given by Clark et al. [24], but its lower limit is in
accordance with the results of Otera et al. [30,35]. Roelens and Taddei {29] consider
the values of &8(!1°Sn)~ —190 ppm as the upper limit for five-coordinate
dialkyltin(IV) compounds.

In the region of the values of chemical shifts typical of five-coordinate com-
pounds we also find other compounds from Table 1. A slight up-fieid shift for
compound 10 observed during its transition from non-coordinating solvents into
coordinating hexamethylphosphorotriamide corresponds to the formation of five-co-
ordinate complexes of the monomer with one solvent molecule, as in the case of the
other dialkoxides [31]. This reaction, linked with a dedimerization of the initial
dialkoxide, proceeds without a change in coordination number. As the chemical
shift of the complex lies at the upper limit of five-coordinate di-n-butyltin(IV)
compounds, it is suggested that the formation of the adduct of these compounds
with two solvent molecules is described by eq. 1.

hmpa hmpa

Bu,Sn(OMe), == Bu,Sn(OMe), - hmpa ==Bu,Sn(OMe), - 2hmpa (1)
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The small differences between 6(1'Sn) of the six-coordinate chelates 22. 23 and
25 in deuteriochloroform and hexamethylphosphorotriamide solutions, give similar
equilibrium reactions without changes in coordination number of the central tin
atom. Values of chemical shifts of compounds 8 and 9 in hexadeuteriodimethyl
sulphoxide also correspond to the equilibrium of formation of the complexes. The
value of 8§('*”Sn) of compound 9 (—225.2 ppm) belongs in the range of six-coordi-
nate compounds, the chemical shift of compound 8 in hexadeuteriodimethyl
sulphoxide is only slightly higher than that in trideuterionitromethane. Thus, in the
first case the octahedral complex anion [Bu,SnBr,-dmso] predominates in the
equilibrium mixture, while in the second case the equilibrium is substantiallv shifted
in favour of the five-coordinate anion Bu,SnCl,”. The §(''"Sn) value for compound
7 is also “unnatural”. Tt corresponds to the equilibrium of the four-coordinate
di-n-butyltin(IV) dichloride and the five-coordinate complex Bu,SnCl, - dppoe [15].

Dibutyltin(1V) carboxylates (compounds 13-20) represent an apparent five-coor-
dinate group, 8(''”Sn) ranging from - 110.5 to —161.1 ppm. As we found earlier
[8.34], in these compounds every carboxyl group is bidentately linked to the tin
atom thus forming an asymmetric chelate arrangement with Sn-QO bonds of various
strengths. The two types of bonding can be considered to be a transition state of
four-coordination and six-coordination, showing an average coordination number of
five. We assume that similar situations can be found in other asvmmetric chelates
such as diorganotin(1V) O.0-alkvlenedithiophosphates [36].

Coupling constants 'J('?Sn-"7C)

Important information relating to the structure of coordination polyhedra of
di-n-butyltin(IV) compounds and their complexes can be obtained from the values
of the coupling constants Y(!'°Sn-'*C), because they are directly linked to the size
of the C-Sn-C angle (#) according to the equation given in our recent paper {15]:

|T(MSn—BCY [ =(9.99 + 0.73)8 — (746 + 100) (r=0.989. n=9) (2)

The values of 8 of the studied compounds, calculated from this equation. are given
in Table 1.

Four-coordinate di-n-butyltin(lV) dihalides (compounds 1-3) give values of # in
range 109-117°, i.e. tetrahedral or slightly greater angles. Comparing these angles
with those obtained by direct diffraction methods is not possible owing to the lack
of data for di-n-butyltin(1V) compounds. However. monomer molecules of
(CH,),SnCl, in the vapour state reveal the angle 109.5°. while in the solid state this
angle 1s 123.5° due to the formation of six-coordinate polymers [37.38]. Not onlv the
values of 8 of other polymer dihalides, R,SnX, (X = Cl, R = C.H.. CICH,. C H,
and cyclo-C¢H,;: R=C,H,, X = Br and 1), but also of the monomer. bis(biphen-
yiyl-2)tin(1V) dichloride, lic in the range 125-135° [39.40]. Therefore it is evident
that the values of 6 and the coupling constant J('"?Sn- "y are determined not
only by the coordination number of the central tin atom [19], but alse by steric and
electronic factors. In the case of compounds 1-3 we assume that there is deforma-
tion of the tetrahedral structure of the monomer molecule caused by the repulsion
of differentially polarized n-butyl and halide ligands, because this deformation
increases in the order Bu,Snl, (6 109°) < Bu,SnBr, (# ~ 114°) < Bu,SnCl, (#
117°). with increasing electronegativity of halogen atoms. Compound 4 and other
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simple di-n-butyltin(IV) thiolates [17] give Y(*'*Sn—-12C)s similar to those of di-
halides (342.0 to 385.7 Hz) which correspond to near-tetrahedral angles (109-113°).
However, calculated values of # for four-coordinate compounds 5 and 6 are a little
higher (8 126° and 124°, respectively), nevertheless they are 10-15° lower than
those of dialkoxide dimers (see below). It is possible that beside the repulsion effect
(8 of dialkoxides > @ of dithiolates) steric and coordination effects (the equilibria,
monomer = dimer = polymer) are also involved.

Electronic, steric, and perhaps, stereochemical effects cause the deviation of the
real structure of all the organotin(IV) compounds and ions of the type R,SnX,
from ideal cis-trigonal-bipyramidal structure. These deformations result in the
opening of # angles compared with the ideal angle of 120°. All five-coordinate
compounds given in Table 1 give values of Y/(11?Sn-'3C) above ca. 452 Hz which is
the value corresponding to the angle of 120° as derived from eq. 2. The value of 4
in compound 8, 142° is in good agreement with the C-Sn-C angle of the
(CH,),SnCl;” anion (140 + 2°) in the compound [(CH,),SnCl - terpy]*
[(CH,),SnCl,]" [41]; the C-Sn-C angle in the Bu,SnBr, ™ anion (136°) is a little
lower owing to repulsion. The values of § calculated from (1'*Sn--13C) values for
compound 10 (~ 138° and 139°, respectively) are almost identical with # for the
related compound Bu,Sn{OCH,CH ,0), as determined by diffraction measurements
(138.6° [42]). Lower values of 8 (~ 130°) were found for the compounds 11 and 12
due to a characteristic geometry of the tridentate ligand [20]. The values of # and
(1°Sn-13C) of compound 21 were used for the correlation of eq. 2 [15].

Also the structure of six-coordinate diorganotin(IV) complexes cannot be simply
described in terms of cis- or trans-symmetry owing to the effects discussed above.
The values of 8 of the di-n-butyltin(IV) compounds calculated from eq. 2 vary in a
broad region (129-176°), but most lie in the range 129-146° (carboxylates 13-20
in the pure state or in a CDCl; solution, oxinate 22, picolinate 28 and dithio-
carbamates 23 and 24) or are close to 180° (162-176°). In accordance with the
literature [43] we designated the first group as irregular trapezoidal-bipyramidal
(skew) and the second as a slightly distorted rrans-octahedral structure (compounds
1, 2, 13, 14 in hexamethylphosphorotriamide, 9 in hexadeuteriodimethyl sulphoxide,
25, 26, 27, 30 and 31). The other six-coordinate complexes listed in Table 1 possess a
transition structure between skew- and trams-types. Moreover, we should remark
here that there is also good agreement between the values of 8 calculated from eq. 2
and those determined by other methods within their limits of accuracy (see ref. 15).
This can be shown by the compounds 13 and 14 where the angles, # 133° and 134°
as calculated from eq. 2, are in good agreement with those calculated from the
quadrupole splitting of Mdossbauer spectra (141° and 143°, respectively) (mean
values QS 3.47 and 3.52 mm s~!, resp.) [44] using the equation of Sham and
Bancroft [45].

Conclusion

From the results of our study of 1*C and !'°Sn NMR spectra of di-n-butyltin(IV)
compounds and their complexes we have found that it is possible to describe
semiquantitatively the shape of coordination polyhedra of these compounds by
analysis of their chemical shifts §('1°Sn) and their coupling constants Y(1**Sn-2C).
As these parameters are only slightly dependent on the types of alkyl substituents, it
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is possible to use these results for a rough estimation of the structure of other
dialkyltin(IV) compounds.
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