J. Am. Chem. Soc. 1987, 109, 7015-7020 7015

correct the MP4 calculations, the average difference in the relative
energies is less than 2 kcal/mol. In HOCH,CH,, the barriers
for the [1,3] shift to form ethoxy radical and for the loss of H
to form vinyl alcohol are close in energy, but slightly higher than
decomposition to HO + C,H,; the [1,2] shift is the least favorable
reaction. The three lowest energy pathways for unimolecular
decomposition of HOCHCH]; are nearly equal in energy: isom-
erization to ethoxy radical, loss of H to form acetaldehyde, and
loss of H to form vinyl alcohol (not shown, ca. 1.5 kcal/mol relative
to OH + C,H,). The other [1,2]-shift transition state to form

HOCH,CH, is at least 10 kcal/mol higher. Decomposition of
ethoxy radical occurs via loss of CH;. The loss of H, the [1,2]
shift, and the [1,3] shift require substantially more energy.
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Abstract: Solid-state '*C NMR data are reported for 52 methyltin(IV) compounds. The dependence of NMR parameters
(chemical shift and tin—carbon J coupling, |'J(*'*Sn,'3C)|) on molecular structure has been investigated with reference to the
X-ray structures known for many of the compounds. '*C chemical shifts of the tin—methyls generally increase (are more deshielded)
in the series tetra- < penta- < hexa- < heptacoordinated methyltin(IV) and tri- < di- < monomethyltin(IV) compounds, although
there is considerable overlap between several of these groups. |'J(*'*Sn,'3C)| values were determined for 29 compounds whose
X-ray structures are known; a linear regression of the data for 28 compounds yields the equation |'J(***Sn,'*C)| = 10.7 (Me-Sn-Me
angle) — 778 (r = 0.975). A Fermi contact term-tin hybridization model is used to rationalize the general behavior; changes
in the effective nuclear charge of tin may be responsible for the several poorly behaved compounds that have been identified.
Cases have been found in which more than one |'J(*'*Sn,'3C))| value exists for the methyls in di- and trimethyltin(IV) compounds.
This appears to arise in cases where the tin atom bonds to different methyls with substantially different hybrid orbitals.

We have suggested? that solid-state NMR provides a powerful
means for discovering and for evaluating relationships between
NMR and structural parameters. In a preliminary communication
we reported’® our finding that the magnitude of tin—carbon J
coupling, 'J(''*Sn,'3C) (|'J]), measured for structurally charac-
terized methyltin(IV) compounds by solid-state '*C NMR, is
linearly related to the Me-Sn—Me angle for di- and trimethyl-
tin(IV)s. To account for this simple behavior we have offered
a hypothesis that depends on the contribution of the Fermi contact
term, FCT (commonly assumed to dominate J coupling inter-
actions of organotin(IV) compounds), to |'J).*7 The FCT depends
strongly on the s character of the bonding orbitals of the coupled
nuclei, as should the Me—Sn-Me angle (larger angles in orga-
notin(IV) compounds are believed® to reflect increased s character
in the bonding orbitals); therefore, changes in the angle should
be accompanied by corresponding changes in |'J].

The data for most methyltin(IV) compounds are well-behaved
and the empirical |'J]/angle relationship provides a useful tool
for the structural analysis of uncharacterized methyltin(IV)
compounds.»'® |'J] can also be determined for many methyl-
tin(IV) polymers, and it provides one of the few probes of mo-
lecular structure for amorphous or microcrystalline methyltin(IV)
compounds.!! Because |'J] can be measured in solution, the
solid-state NMR-derived relationship also can be used to estimate
molecular structures in solution and to evaluate medium effects
on the structure of methyltin(IV) compounds.'%!2

Given the potential utility of the empirical relationship between
|1J] and the Me-Sn—Me angle, it is important that its accuracy
and limitations be broadly investigated. The physical basis for
the simple empirical relationship is also of interest and, it is hoped,
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may be elucidated in part by the identification of compounds
displaying exceptional behavior. In this paper we report solid-state
13C NMR data for a large number of methyltin(IV) compounds.
Data for several fall outside the simple relationship and raise
interesting questions about the mechanism of tin~carbon J coupling
in these molecules.

Results and Discussion

NMR of Methyltin(IV) Solids. Structure Correlations. Sol-
id-state '3C NMR data for 52 compounds are reported in Table
I (along with solution data for Me,Sn). For 41 of these compounds
one or, usually, both of the tin-carbon J coupling satellites were
visible and |'J] could be determined. The major difficulty en-
countered in observing the ''7!'Sn satellites and determining |'J]
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Table I. Solid-State '*C NMR Data for Methyltin(IV) Compounds

Lockhart and Manders

X-ray
structure data
Sn—methyl |'J(**Sn, B C))¢ Me-Sn-Me
compound, structure type® chemical shift® (ppm) LW¢ (Hz) (Hz) angle (deg) ref
tetracoordinated
Me,Sn (1) 0 336° 109.5
[Me,SnS]; (2) 12.2,83,7.5 <10 430 (av) 118 (av) 46
Me,SnPh,-2Cr(CO); (3) 6.7 40 380 115.5 47
MeSnPh, (4) -8.8, —6.9 14 5108
pentacoordinated
Me,;Sn[ON(Ph)COPh] (5) 5.6 35 410 109.7 (av) 48
Me;SnCl (6) 4.1 160 470 117.2 h
Me;SnNO4-H,0 (7) 1.0 27 490 120 (av) 49
Me;Sn[0,C(1-Np)] (8) 3.9, 1.8 20 490 119.6 (av) 38
Me,;SnNO; (9) 0.9 30 500
Me;Sn[0,C(c-C¢Hy;y)] (10) 22,01 20 510 (av) 119.6 (av) 38
Me,Sn[0,C(p-C(H,NH,)] (11) 1.5 30 530 119.5 (av) 38
Me,SnOAc (12) 1.7, -0.1 <10 540 120 65
Me,SnF (13) 2.3 120 550
[(Me,Sn),CO;], (14) 0.4 43 590
Me;SnOH (15) 6.2, 3.5 18 600
Me;Sn(S,CNMe,) (16) 3.5 90
Me,PhSnOAc (17) 2.1 12 610 128.1 50
Me,Sn(C1)(S,CNMe,) (18) 13.3 130 580 128 51
Me,Sn(Cl)(cysteine ethyl ester) (19) 10.1 130 600 119.5 22
Me,Sn(glycylmethioninate) (20) -0.1 <10 640 123.8 23
Me,Sn(NO,;)(OH) (21) 9.6 15 730 139.9 24
Me,Sn(Cl)(o-C¢HNMe,) (22) 1 100
[Me,Sn0], (23) 6.4 21 660
hexacoordinated
Me,Sn(S,PMe,), (24) 16.9 <10 470 122.6 20
Me,Sn(S,COEt), (25) 9.9 <10 570 130.1 21
Me,Sn[ON(H)COCH;], (26) 7.3 30 600 109.1 17
Me,Sn(oxinate), (27) 10.7, 7.5 30 630 110.7 18
Me,Sn(OAc), (28) 4.0 <10 660
Me,Sn(NCS), (29) 14.1 17 670 147.4 26
Me,Sn(S,CNMe,), (30) 17.9 <10 670 136 52
Me,Sn(S,CNEt,), (31) 15.2, 16.5 <10 680 135.6 12
[Me,SnClysalicylaldehyde], (32) 14.6 150 680 131.4 19
Me,Sn[S,CN(CH,)4]5 (33) 18.0 20 705 137.4 9
Me,Sn(laurate), (34) 5.2 <10 720
Me,SnPO H (35) 13.0,11.5, 10.6 20 780
[Me,SnCly1utN-0], (36) 19.0 150 810 145.3 53
[Me,Sn(0,CCH,CN],0 (37) 11.7 40 820 152 (av) 54
Me,SnCl,-2DMF (38) 242 i 990 165.0 55
Me,SnCl,:2DMSO (39) 28.5, 23.5 14 1060 170 56
Me,SnCl,-2pyrN-O (40) 19.6 90 1120 180.0 57
Me,Sn(acac), (41) 11.4 <10 1175 180.0 58
Me,SnF, (42) 11.9 250
Me,SnCl, (43) 16.8 200
Me,SnCl,-2pyr (44) 26 110
Me,SnClybpy (45) 29 150
[Me,SnCl,-diphenylcyclopropenone], (46) 17.5 142
[Me,SnCl,-dibenzyl sulfoxide], (47) 16.1 70
Me,SnClysalenH, (48) 25.1 60
MeSn(C1)(S,CNMe,), (49) 31.6 90 950 £ 50
[MeSn(O)OH], (50) 16.2, 10.0 70 1160, 1030
heptacoordinated
MeSn(S,CNEt,); (51) 37.1 17 1015

4 Abbreviations: 1-Np = l-naphthyl; ¢-C¢H,; = cyclohexyl; OAc = acetate; oxinate = 8-oxyquinoline; lutN-O = 2,6-lutidine N-oxide; DMF =
dimethylformamide, DMSO = dimethyl sulfoxide; pyrN-O = pyridine N-oxide; acac = acetylacetonate; pyr = pyridine; bpy = 2,2’-bipyridine;
salenH, = bis(salicylaldehyde)ethylenediimine. ®Chemical shifts relative to internal secondary standard delrin [89.1 + 0.3 ppm (Me,Si = 0 ppm)].
°LW = line-width at half-height. ¢|'J} values rounded off to nearest decade and are £10 Hz. Exceptions are 33, 41, 51 (+5), and 49 (+50) Hz.
¢ Average solution value in ref 35a. /Tetrahedral geometry assumed. 8J coupling constant of tin to phenyl carbon (C,). *Lefferts, J. L.; Molloy, K.
C.; Hossain, M. B.; van der Helm, D.; Zuckerman, J. J. J. Organomet. Chem. 1982, 240, 349. 'Could not be measured due to partial overlap with

adjacent resonance.

arose in compounds containing halogen or nitrogen since the
presence of these high-abundance, spin-active nuclei causes sub-
stantial line broadening.!> In this context we mention the striking
observation that the line width at half-height, LW, of one di-
methyltin(IV) dihalide, bis(DMSQO) complex 39, was 14 Hz,

(13) Fleming, W. W,; Fyfe, C. A.; Hyerla, J. R.; Vanni, H.; Yannoni, C.
S. Macromolecules 1980, |3, 460. Wasylishen, R. E.; Fyfe, C. A. Annu. Rep.
NMR Spectrosc. 1982, 12, 1.

whereas for all the other halide complexes, including the other
coordination complexes, LW'’s from 60 to 250 Hz were found.

X-ray structures have been reported for 29 of the compounds
whose |'J] values were measured, and a plot of |'J] versus the
Me-Sn—Me angle was constructed (Figure 1). Visual inspection
of the plot reveals that data for the majority of tetra-, penta-, and
hexacoordinated di- and trimethyltin(IV) compounds closely define
a linear relationship. A least-squares linear regression with data
for all compounds except hexacoordinated cis dimethyltin(IV)s



Solid-State 1*C NMR Investigation of MeSn'" Compounds

1200 o
! o
.
38
1000
- 2
E 800 M 37
= 21
—_ 23 ®
az
) 32 :n.;o A
e 27
. 2 4
800 28, 19¢ .
{8026
11‘."
10
/8 024
s .2
.
400 "
ot
. N . N M .
100 110 120 130 140 180 180 170 180

Me-Sn-Me Angle (deg)

Figure 1. Plot of Me-Sn—-Me angle versus |'J] (|'**Sn,'*C)) for 30 me-
thyltin(IV) compounds (numbers defined in Table I). Least-squares line
based on 28 points (excluding 26 and 27, see text).

26 and 27 (which lie some 200 Hz above the line) gives eq 1, where
|'J] is in Hz, and the Me—Sn—Me angle is in degrees. The average

I'J) = (10.7 % 0.5)(Me-Sn—Me angle) — (778 % 64) 0
(r = 0975, n = 28)

deviation between C—Sn—C angles predicted and found was 3.3°
(standard deviation 2.1°). The error between predicted and actual
Me—Sn—Me angles is <3° for 68% and <5° for 83% of the 28
compounds used in calculating eq 1. Equation 1 agrees well with
that reported in a preliminary communication?® |'J] = 11.3(Me-
Sn—Me angle) — 875; the predicted |'J) values and angles at both
ends of the likely range of bond angles (90 and 180°)'* agree
within 34 Hz, or about 3°. The difference between the two
equations results largely from the new data for 19, 20, and 29,
which together reduce the slope by 4% (r for the remaining 25
points is 0.990). The unusual behavior of these three compounds
and 26 and 27 will be considered further below.

It has long been recognized'’ that there is a general trend
between |'J] and the tin coordination number. This reflects the
fact that the Me—Sn—Me angle increases in going from tetraco-
ordinated tetrahedral to pentacoordinated trigonal bipyramidal
to hexacoordinated skew or trans octahedral methyltin(IV) con-
figurations. It is clear from the data, however, that a crossover
of |'J] values can occur for certain tetra-, penta-, and hexa-
coordinated methyltin(IV) geometries. For this reason, ligand
structure and possible medium effects on coordination must be
taken into account when assigning coordination number or mo-
lecular configuration with eq 1.

The data in the table can be used to examine the relationship
of the '3C chemical shift of methyls bonded to tin to the tin
coordination number or to the nature of the substituents at tin.
The tetracoordinated methyltin(IV) compounds have tin-methyl
chemical shifts from -8.8 to +12 ppm, pentacoordinated tri-
methyltin(IV) compounds from —0.1 to +6.2 ppm, penta-
coordinated dimethyltin(IV) compounds from —0.1 to 4+13.3 ppm,
hexacoordinated dimethyltin(IV) bis(chelate) compounds from
4 to 18.0 ppm, and hexacoordinated Me,SnCl, compounds from
14.6 to 29 ppm. The largest tin—-methyl '3C chemical shifts were
found for monomethyl, hexacoordinated 49, 31.6 ppm, and mo-
nomethyl, heptacoordinated 51, 37.1 ppm. These shifts are
consistent with the idea that the methyl group becomes in-
creasingly deshielded as additional electronegative substituents
are brought into the coordination sphere of tin, although there
is a surprisingly large range of '*C chemical shifts within each

(14) A bibliography of organotin X-ray structures is given in the following:
Smith, P. J. J. Organomet. Chem. Library 1981, 12, 97.

(15) Mitchell, T. N. J. Organomet. Chem. 1973, 59, 189. Davies, A. G.;
Smith, P. J. In Comprehensive Organometallic Chemistry; Wilkinson, G.,
St(()ine,aF. G. A, Abel, E. W., Eds.; Pergamon: Oxford, 1982; Vol. 2, pp 529
and 530.
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class of compounds. Only a modest correlation of '3C chemical
shift with |'J] (or the Me—Sn—Me angle) is found: '3C shift (in
ppm) = 0.063 ()'J]) - 32 (r = 0.70, n = 41 points).

If |'J] depends largely on the percent s character of the bonding
orbitals, then one would expect |'J] to correlate with the Sn—C
distance, Dg, ¢, as well as with the Me—Sn—Me angle. However,
no systematic trend is found: Dg, ¢ values for the tetracoordinated
compounds lie in the middle of the range defined by the penta-
coordinated compounds (2.10-2.19 A), which is nearly coincident
with that of the hexacoordinated dimethyltin(IV) compounds
(2.09-2.23 A). The accuracy of this analysis is limited by the
fact that the average uncertainty in the Dg, values for the
compounds in Table I is between 0.01 and 0.02 A, about 10% of
the total range of Dg,_ observed (Ds,_ varies from 2.09 to 2.23

Methyltin(IV) Compounds That Deviate from the NMR-
Structure Correlation. It should be emphasized that the |'J]/
Me-Sn-Me angle correlation, independent of its success®!? in
predicting bond angles of methyltin(IV) compounds, is wholly
empirical and without an explicit theoretical basis.'s To the extent
that significant deviations from eq 1 will not be anticipated, the
utility of the correlation is lessened. Our expanded investigation
has turned up several compounds which lie significantly far from
the empirical line.

We noted earlier that data for 26 and 27 fall far above the line
in Figure 1. These two compounds are structurally unique, having
the smallest Me-Sn—Me angles (110.7°'" and 109.1°,' respec-
tively) known for hexacoordinated dimethyltin(IV) compounds.
Twelve of the thirteen other hexacoordinated dimethyltin(IV)
compounds examined lie within 6° of the line [Me,Sn(NCS), lies
12° below the line], suggesting that the unusual configuration and
relatively large |'J] values of 26 and 27 may be related. Several
lines of evidence suggest that substituent electronegativity is also
an important parameter in deviations from the empirical rela-
tionship. For example, hexacoordinated [Me,SnCl,salicyl-
aldehyde], (32) bears both strongly electronegative substituents
(Cl and oxygen) and adopts a relatively small Me-Sn—Me angle
(131.4°1%); it lies somewhat farther than average (5°) above the
line in Figure 1 [four other hexacoordinated Me,SnCl, complexes
examined (36 and 38-40), all with larger Me-Sn-Me angles,
adhere closely to the relationship]. However, two other hexa-
coordinated dimethyltin(IV) compounds with similar, small
Me-Sn-Me angles, Me,Sn(S,PMe,), and Me,Sn(S,COEt), (24
and 25, Me-Sn—Me angles 124°%° and 130°,”' respectively), do
follow the empirical relationship closely. These two compounds
differ from 32 (and also 26 and 27) in having chelating ligands
bonded to tin through less electronegative atoms (sulfur rather
than oxygen and nitrogen).

Two of the pentacoordinated dimethyltin(IV) compounds, 192
and 20,2 also have estimated Me-Sn—Me angles significantly
greater (9° and 7°, respectively) than found by X-ray. These
compounds, too, bear strongly electronegative substituents and
have relatively small Me-Sn—-Me angles (<124°). In contrast,
two other pentacoordinated dimethyltin(IV) compounds, one
having less electronegative substituents (18) and the other a large
Me-Sn—Me angle (21%*), are well behaved.

(16) See, however, an attempt of Holmes and Kaesz [Holmes, J. R.; Kaesz,
H. D. J. Am. Chem. Soc. 1965, 83, 3902] to relate |2/(!!Sn,'H)| to the
tin—carbon bond percent s character (a relevent cautionary note has been
published: Grant, D. M.; Litchman, W. M. J. Am. Chem. Soc. 1965, 87,
3994].

(17) Harrison, P. G.; King, T. J.; Phillips, R. C. J. Chem. Soc., Dalton
Trans. 1976, 2317.

(18) Schlemper, E. O. Inorg. Chem. 1967, 11, 2012.

(19) Ng, S.-W.; Zuckerman, J. J. J. Chem. Soc., Chem. Commun. 1982,
475,

(20) Molloy, K. C.; Hossain, M. B.; van der Helm, D.; Zuckerman, J. J.;
Mullins, F. P. Inorg. Chem. 1981, 20, 2172.

(21) Dakternieks, D.; Hoskins, B. F.; Tiekink, E. R. T.; Winter, G. Inorg.
Chim. Acta 1984, 85, 215.

(22) Domazetis, G.; Mackay, M. F.; Magee, R. J.; James, B. D. Inorg.
Chim. Acta 1979, 34, L247.

(23) Compound 20 and details of its unpublished X-ray structure were
kindly provided by Prof. F. Huber (University of Dortmund, FRG).
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The apparent influence of ligand electronegativity on |'J], in-
dicated by the examples discussed above, can be rationalized within
the FCT model by considering that the FCT depends not only
on the hybridization of the orbitals bonding the coupled nuclei
but also on their effective nuclear charge.? More electronegative
substituents on an atom tend to increase orbital electron density
at the nucleus and lead to a decrease in the magnitude of the FCT
contribution to the J coupling of that atom. The electronegative
substituent effects described above, and the fact that these com-
pounds fall above the empirical line, are consistent with a role
of the effective nuclear charge of tin in producing the unusually
large values of |'J]. Alternately, it can be postulated that the
|'J)-structure correlation depends principally on the FCT but that
the scatter derives from small changes in the other spin coupling
mechanisms, induced by structure or substituent effects.

Me,Sn(NCS), is unique among the compounds studied in
having a Me-Sn—Me angle? substantially smaller (12°) than that
predicted from its }'J] value. Notably, whereas all the other ligands
employed in this study are hard bases (and R,Sn™ is a hard acid),
NCS- is a soft base.?” With NCS~ there is also a possibility of
p(m)-d(m) back-bonding from nitrogen to tin which would reduce
the effective nuclear charge of tin and |'J). The three tetraco-
ordinated methyltin(IV) compounds examined (1-3) have esti-
mated angles 5-7° below the empirical line. This could also reflect
the low number of electronegative substituents and a lower ef-
fective nuclear charge of tin.

The data for pentacoordinated Me,;SnX compounds 6-15
(which are coordinative polymers owing to bridging of the ligand
X in the solid state), however, do not fit easily with the picture
drawn above. While the deviation is slight (<3°) for seven
compounds (6-12), data for three (13-15) indicate angles 4° or
more above the line (9,28 13,° 14, and 15% happen to be poorly
characterized, or uncharacterized, by X-ray; nevertheless, for a
trimethyl-substituted tin the maximum average Me-Sn-Me angle
cannot exceed 120°). The relative group electronegativities of
hard basic ligands can be crudely estimated by comparing their
basicities (pK,) toward the proton.”* The K,’s (electronegativities)
of these ligands decrease in the order HC1 > HNO; > HF >
RCO,H > HCO; > H,0. With the inversion only of HF and
the carboxylic acids, this order is the reverse of the magnitude
of the deviations from eq 1 observed for Me;SnX compounds.

The experimental results discussed above suggest that both
structural and substituent effects may influence the magnitude
of J coupling in methyltin(IV) compounds. To some extent,
consideration of the electronegativity of substituents bonded to
tin and how acute is the magnitude of the predicted bond angle
provides a means of estimating the reliability of Me=Sn—Me angles
derived from |'J]. Alternate hypotheses which invoke the other
(orbital-dipole and magnetic dipole—dipole) J coupling terms or
other effects (such as the varying involvement of d orbitals in the
tin-methyl bonds) might also be proposed to account for scatter
in the J coupling—structure correlation; however, their poorly
developed theoretical basis for heavy nuclei makes them difficult
to apply.

Comparison of |'J| and |2J|. Equation 1 will be most useful
for making structure determinations if it is possible to identify
those methyltin(IV) compounds that are likely to deviate from
the NMR /structure relationship. From the data in Table I it is

(24) Domingos, A. M.; Sheldrick, G. M. J. Chem. Soc., Dalton Trans.
1974, 475. Although assigned a coordination number of 5, an additional, short
intramolecular Sn~O distance (2.92 A) raises the possibility of hexa-
coordination at tin.

(25) Webb, G. A. in NMR and the Periodic Table; Harris, R. K., Mann,
B. B\, Eds.; Academic: New York, 1978; pp 65-70.

(26) (a) Chow, Y. M. Inorg. Chem. 1970, 9, 794. (b) Forder, R. A,;
Sheldrick, G. M. J. Organomet. Chem. 1970, 22, 611.

(27) (a) Pearson, R. G. J. Am. Chem. Soc. 1963, 85, 3533. (b) Huheey,
J. E. Inorganic Chemistry: Principles of Structure and Reactivity; Harper
and Row: New York, 1978; pp 278 and 279.

(28) Unpublished X-ray study cited in ref 14.

(29) Clark, H. C.,; O’Brien, R. J.; Trotter, J. J. Chem. Soc. 1964, 2332.

(30) Kasai, N.; Yasuda, K.; Okawara, R. J. Organomet. Chem. 1965, 3,
172

(l31) See discussion in ref 27b, pp 280-288.
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clear that predicted Me-Sn—Me angles must be treated as suspect
for dimethyltin(IV) compounds which are likely to be hexa-
coordinated, have |'J] values less than about 650 Hz, and bear
three or four strongly electronegative atoms (O, N, Cl) bonded
to tin. Also, data for 19 and 20 indicate that pentacoordinated
dimethyltin(IV) complexes with a strongly electronegative atom
in the trigonal plane also tend to have Me—Sn—Me angles that
are overestimated.??

Interestingly, comparison of |'J] and 2J(}'*Sn,'H)| (|2J]) values
measured in solution may provide a means for determining which
compounds may deviate from the correlations. We have de-
scribed® the construction of a plot of |2J] versus Me-Sn—-Me angle
(the latter derived from |'J]) using data obtained from solution
13C and '"H NMR spectroscopy. This analysis revealed some
interesting features of the relationship between |2J] and the
Me-Sn—Me angle; most notably, a nonlinear |2J]/angle rela-
tionship (eq 2) was found for di- and trimethyltin(IV) compounds
[dimethyltin(IV) dihalides and their complexes describe a distinct,
second curve].  Surprisingly, Me-Sn—Me angles for hexa-

Me-Sn-Me angle (deg) = 0.0161(|2J])? - 1.32()2J)) + 133.4
)

coordinated cis dimethyltin(IV) complexes appear to be much
better described by eq 2, using |2J] values, than by eq 1 (i.e., much
smaller Me-Sn—Me angles are indicated by |2J]). Thus, while
the difference between Me—Sn—Me angles predicted by the two
equations is less than 3° for most compounds, the difference
between the predicted angles is much larger for the cis di-
methyltin(IV) complexes. For example, the solution |'J] and |2J]
values for Me,Sn(oxinate), (27) give estimated Me-Sn—Me angles
differing by 11°. Similarly, differences of 12° and 5° are predicted
for Me,Sn[ON(H)COCH;], (26) and Me,Sn(Cl) (cysteine ethyl
ester)’* (19), respectively (the solid-state structures of 19, 26, and
27 are believed to be retained in solution, since the solid-state and
solution |'J] values differ by less than 10 Hz for 19 and 27, and
about 60 Hz for 26). These examples suggest that compounds
for which the Me—Sn—Me angles predicted from solution |'J] and
|2J] values differ by more than about 5° may not be well-behaved
and that estimates of their Me—Sn—Me angles from solid-state
or solution 13)C NMR are unreliable.

The better overall adherence of compounds to eq 2 thaneq 1,
in spite of the former being an indirectly derived relationship and
relying on a long-range J coupling constant, is curious. Petrosyan
and Roberts®® have argued that non-FCT factors are more im-
portant for the direct coupling |'J] than for |*J]. Since it is difficult
to see why changes in the tin effective nuclear charge should
influence |2J] differently than |'J] in cis hexacoordinated di-
methyltin(IV) compounds, these data may point to a non-FCT
role in the deviation of these compounds.

Methyltin(IV) Compounds with Multiple |'J| Values. A clear
conclusion from this structural investigation is that |'J] and the
Me-Sn—Me angle are closely related. This relationship, however,
must have its basis in a co-dependence on some other factor(s).
After all, |'J] and |2J] values are observed for monomethyltin(IV)
compounds, and they are comparable to those of dimethyltin(IV)
compounds of the same coordination number [cf. 49 and 50 in
Table I, and solution NMR data in ref 36]. As stated previously,

(32) This suggests, for example, that the Me~-Sn-Me angle estimated from
the ['J] value for [Me,SnO],, (ref 11), a pentacoordinated compound with
oxygen in the trigonal plane, may be as much as 5-10° too large.

(33) Lockhart, T. P.; Manders, W. F. Inorg. Chem. 1986, 25, 892,

(34) NMR data reported in: Domazetis, G.; Magee, R. J.; James, B. D.
J. Organomet. Chem. 1978, 162, 239.

(35) (a) Petrosyan, V. S.; Permin, A. B.; Reutov, O. A.; Roberts, J. D. J.
Magn. Reson. 1980, 40, 511. (b) See, however, ref 4 for a cautionary note.

(36) Honda, M.; Komura, M.; Kawasaki, Y.; Tanaka, T.; Okawara, R. J.
Inorg. Nucl. Chem. 1968, 30, 3231. Kawakami, K.; Okawara, R. J. Orga-
nomet. Chem. 1966, 6, 249. Otera, J.; Kawasaki, Y.; Tanaka, T. Inorg. Chim.
Acta 1967, 1, 294. Drager, M.; Guttman, H.-J. J. Organomet. Chem. 1981,
212,171. Tzschach, A.; Weichmann, J.; Jurkschat, K. J. Organomet. Chem.
Library 1981, 12, 293. van Koten, G.; Jastrzebski, J. T. B. H,; Noltes, J. G.;
Verhoeckx, G. J.; Spek, A. L,; Kroon, J. J. Chem. Soc., Dalton Trans. 1980,
1352. Mitchell, T. N.; Walter, G. J. Organomet. Chem. 1976, 121, 1717.
Clark, H. C.; Jain, V. K.; Mehrotra, R. C.; Singh, B. P.; Srivastava, G.;
Birchall, T. J. Organomet. Chem. 1988, 279, 385.



Solid-State °C NMR Investigation of MeSn'Y Compounds

e Sni;d H
2l J_AQ@

L I n
80
Figure 2. Solid-state magic angle splnnlng 13C NMR spectra of 52 and
53 (15.08 MHz). J coupling interactions (|'J}) indicated for resonances
of methyl groups bonded to tin. Broad resonances in the upper spectrum
arise from coupling to quadrupolar '*N nucleus.
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Table II. Solid-State *C NMR for Me,Sn(SCH,CH,),X

chemical shift,? |'J(**%Sn,2C)),b
compd X ppm Hz
52 NCH, 48 465
11.4 325
53 0 33 430
7.0 315

4Relative to Delrin internal standard (89.1 £ 0.3 ppm). ?Calculated
from |'J(171Y%Sn,13C)| observed.

the hybridization of tin orbitals directed toward carbon should
largely determine both the magnitude of the Me-Sn—-Me angle
and the magnitude of the FCT contribution to |'J]. If, in a di-
or trimethyltin(IV) compound, tin does not employ identical
orbitals in bonding to each (inequivalent) methyl, then each methyl
ought to have a unique value of |'J]. Although the methyl groups
are inequivalent in most of the compounds in Table I (as indicated
by the tin—methyl '3C chemical shift multiplicity, and X-ray crystal
structure), only for one compound, trimethyltin(IV) cyclo-
hexanoate (10), was more than one |'J] value clearly observed.’’
From X-ray the three methyl groups in 10 are known to reside
in different environments and the Me—Sn—-Me angles are 116.9
(4), 117.6 (4), and 124.2 (4)°.*® In the solid-state '*C NMR
spectrum an approximately 2:1 ratio of methyl signals is observed,
with |1J] values of ca. 485 and 550 Hz, respectively. This cor-
responds to Me—Sn-Me angles of 118 and 124°, in good agree-
ment with the X-ray result.

This result encouraged us to look for methyltin(IV) compounds
in which the methyls are even more markedly unique. The syn-
thesis of one such compound, 52, was recently reported by
Tzschach and co-workers.’®#® In the modestly distorted trigo-
nal-bipyramidal conformation,* one methyl group clearly resides
in the equatorial plane and the other in an apical position [Me—
Sn—Me angle = 107°, Me(apical)-Sn-N angle = 167°;% see
drawing in Figure 2]. Solution NMR data,* in fact, hint at the
unusual character of this compound: two '3C methyl resonances
are observed, each with a distinct |'J] value (472 and 341 Hz).

(37) At the field strength employed in the present study (1.4 T, 15.08 MHz
for 13C), small differences in |'J] values are not resolved. We have recently
observed inequivalencies of 20-40 Hz in ['J] values for the methyls in a
hexacoordinated dimethyltin(IV) at higher field strengths (7.0 T, 75.5 MHz).
In general, |'J] values for different methyls in a compound appear to be very
similar; eq 1 should apply to averaged values of |'J] in these cases.

(38) Compounds 8, 10, and 11 and details of their X-ray structures were
kindly provided by Prof. R. R. Holmes, University of Massachusetts.

(39) Mugge, C.; Jurkschat, K.; Tzschach, A.; Zchunke, A. J. Organomet.
Chem. 1979, 164, 135,.

(40) Tzschach, A.; Weichmann, H.; Jurkschat, K. J. Organomet. Chem.
Library 1981, 12, 293,

(41) Drager, M. J. Organomet. Chem. 1983, 251, 209. Swisher, R. G.;
Holmes, R. R. Organometallics 1984, 3, 365.
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The solid-state '*C NMR spectrum of crystalline 52 (Figure 2)*
also contains two '*C resonances, with coupling constants of 465
and 325 Hz, respectively (similarly for the oxygen analogue 53,
Table II).

The data for 10, 52, and 53 demand the conclusion that tin
employs dissimilar orbitals in bonding to methyls which reside
in dissimilar environments in a molecule and that they can have
distinct, resolvable |'J] values. A further, striking conclusion for
52 and 53 is that tin must not employ (nearly) pure p or dp orbitals
to bond to the apical methyl carbon in these compounds: the |'J]
values, 325 and 315 Hz, are not substantially different from
sp>-hybridized Me,Sn (336 Hz*52)! It appears that a simple sp’d
hybridization description is inappropriate for these compounds.

Conclusions

Determining the solid-state '*C NMR spectra of a number of
structurally characterized methyltin(IV) compounds has made
it possible to examine in greater detail the dependence on structural
parameters of |'J] and the chemical shift of methyls bonded to
tin. In particular, the large data base has provided more insight
into the occurrence of exceptions to the simple, linear relationship
between |'J] and the Me-Sn—-Me angle. For dimethyltin(IV)
compounds with Me-Sn—-Me angles greater than 140°, only
compound 29 is poorly behaved. For |'J] less than about 650 Hz
estimated angles may be too large if the other ligands are bonded
to tin through three or four highly electronegative atoms. It
appears that the comparison of Me—Sn—Me angles estimated from
solution |'J] and |%J| values may provide an indication of com-
pounds that strongly disobey eq 1. In cases where discrepancies
of 5° or more in the estimated solution angles are found, the
estimated angles (from solution or solid-state NMR data) should
be used with caution.

It has been proposed that the dependence of |'J} on the Me-
Sn—Me angle reflects the dominant contribution of the FCT to
tin—carbon J coupling. However, this model is only partly suc-
cessful in rationalizing the sometimes large scatter observed in
the empirical |'J]-structure plot. In the absence of a sophisticated
theoretical treatment of tin—carbon J coupling, for which the
NMR-structure data set reported here should provide a unique
resource, it may be difficult to develop a model with more pre-
dictive power.

Perhaps the most remarkable thing about the empirical
NMR-structure correlation is that the large difference in type
and number of substituents at tin have such a modest effect on
|'J]. Comparison may be made to a correlation that has been
drawn between the ''®™Sn Méssbauer quadrupole splittings and
Me-Sn-Me angles of hexacoordinated dimethyltin(IV) complexes.
Although a concise theoretical basis for the Méssbauer—structure
correlation has been developed,* large, apparent substituent effects
substantially limit the reliability of the structural estimates thus
derived.*-#

The finding that methyl groups in a di- or trimethyltin(IV)
compound can have individual J coupling values, if they reside
in sufficiently dissimilar bonding environments, indicates that the
hybridization of the orbitals used by tin in bonding to methyl
largely determines |'J]. This provides further insight into the basis
of the |'J|/Me-Sn—Me angle correlation and suggests that the
correlation of |'J] with Me-Sn—-Me angle is in some sense for-
tuitous: it works only because, for most compounds, tin bonds
to different methyls in a molecule with similarly hybridized or-
bitals, and because the Me-Sn-Me angle and |'J| depend on
common factors (i.e., Sn orbital hybridization).

Experimental Section

Materials. Compounds 1, 2, 4, 6, 15, 23, 34, 42, 43, and 50 were
obtained from commercial sources. Crystals of 4 were obtained upon
slow evaporation of a saturated methanol solution at room temperature.

(42) Samples of 52 and 53 were kindly provided by Prof. A. Tzschach
(Martin-Luther-Universitat, GDR).

(43) Sham, T. K; Bancroft, G. M. Inorg. Chem. 1975, 14, 2281.

(44) Molloy, K. C., University of Bath, UK., private communication.

(45) See ref 43, Figure 2, and discussion in ref 9.
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The purification of 15 and 50 has been described previously.!! Crystalline
samples of 2,% 3,47 54 74 8 10, and 11,3 17,5 18! 19,4 20,2% 21,
25’21 26,'7 27’18 29’26 30’52 31’12 32’19 33’9 36,53 37’54 38,55 39’56 40’57 41’58
44 and 45,%° 46,%° 48,5! 49,52 and 51 were obtained by using the methods
described in the papers reporting their X-ray structures or syntheses.

The syntheses of 9, 12,55 13,56 14,67 22,68 24,59 28,10 35,11® apd 4770

(46) Menzebach, B.; Bleckmann, P. J. Organomet. Chem. 1975, 91, 291.

(47) Schubert, U.; Willeford, B. R.; Zuckerman, J. J. J. Organomet. Chem.
1981, 215, 367.

(48) Harrison, P. G.; King, T. J.; Molloy, K. C. J. Organomet. Chem.
1980, /85, 199.

(49) Drew, R. E; Einstein, F. W. B, Acta Crystallogr. 1972, B28, 345.

(50) Amini, M. M_; Fidelis, K. A.; Heeg, M. J.; Muchmore, C. R.; van der
Helm, D.; Zuckerman, J. J., University of Oklahoma, private communication.

(51) Furue, K.; Kimura, T.; Yasuoka, N.; Kasai, N.; Kakudo, M. Bull.
Chem. Soc. Jpn. 1970, 43, 1661.

(52) Kimura, T.; Yasuoka, N.; Kasai, N.; Kakudo, M. Bull. Chem. Soc.
Jpn. 1972, 45, 1649.

(53) Rheingold, A. L.; Ng, S.-W.; Zuckerman, J. J. Organometallics 1984,
3,233,
(54) Valle, G.; Peruzzo, V; Tagliavini, G.; Ganis, P. J. Organomet. Chem.
1984, 276, 325.

(55) Aslanov, L. A;; Ionov, V. M.; Attiya, V. M.; Permin, A. B.; Petrosyan,
V.S. J. Struct. Chem. 1978, 19, 91.

(56) Aslanov, L. A;; Ionov, V. M,; Attiya, V. M.,; Permin, A. B.; Petrosyan,
V. S. J. Struct. Chem. 1978, 19, 109,

(57) Blom, E. A; Penfold, B. R.; Robinson, W. T. J. Chem. Soc. A 1969,
913

(58) Miller, G. A.; Schlemper, E. O. Inorg. Chem. 1973, 12, 677.

(59) Beattie, I. P.; McQuillan, G. P. J. Chem. Soc. 1963, 1519.

(60) Ng, S.-W_; Barnes, C. L.; Hossain, M. B.; van der Helm, D.; Zuck-
erman, J. J.; Das, V. G. K. J. Am. Chem. Soc. 1982, 104, 5359.

(61) Randaccio, L. J. Organomet. Chem. 1973, 55, C58.

(62) Honda, M.; Komura, M.; Kawasaki, Y.; Tanaka, T.; Okawara, R. J.
Inorg. Nucl. Chem. 1968, 30, 3231.

(63) Morris, J. S,; Schlemper, E. O. J. Cryst. Mol. Struct. 1978, 8, 295.

(64) Clark, H. C.; O’Brien, R. J. Inorg. Chem. 1963, 2, 740.

(65) Chih, H.; Pennfold, B. R. J. Cryst. Mol. Struct. 1973, 3, 285.

(66) Krause, E. Chem. Ber. 1918, 51, 1447.

(67) Sato, H. Bull. Chem. Soc. Jpn. 1967, 40, 410.

have been described. Compound 12 was recrystallized from acetone, 13
from hot methanol, and 24 from CHCl;. Compound 32" was prepared
by the combination of benzene solutions containing equimolar amounts
of Me,SnCl, and salicylaldehyde. Concentration of the solution gave pale
yellow crystals (mp 55 °C) of 32. Compound 16 was prepared from
Me;SnCl and NaS,CNMe,.2H,0 with the method Bonati and Ugo”!
described for the synthesis of Et;Sn(S,CNEt,). Recrystallization from
acetone—hexane solution gave needles with mp 58-61 °C (lit.”> mp 63
°C).

The unit cells of crystalline 19 and 29 were determined to confirm
their identification.

NMR Spectroscopy. Solid-state >*C NMR spectra were obtained on
ca. 0.4 g of polycrystalline or amorphous methyltin(IV) compounds at
15.08 MHz with 60 MHz high-power proton decoupling. Magic angle
spinning at 2300 Hz in an Andrew-type rotor and spin-locking cross-
polarization with the 'H and '*C fields matched at 57 kHz for 2 ms were
used to obtain high-resolution solid-state spectra. With dwell times of
50 us and repetition rates of 3-20 s, generally 3 to 20 k scans were
required to determine |'J]. Chemical shifts (£0.3 ppm) are referenced
to the internal secondary standard, delrin [89.1 ppm (Me,Si = 0 ppm)].
The solution *C NMR spectrum of 26 was obtained on a DMSO-d,
solution at 100 MHz on a Bruker WM-400 spectrometer (400 MHz for
H). |'J] was 691.1 Hz and |*J] was 76.7 Hz at 304 K.
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(68) Amini, M. M.; Heeg, M.-J.; Zuckerman, J. J., University of Okla-
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(70) Kitching, W.; Moore, C. J.; Doddrell, D. Aust. J. Chem. 1969, 22,
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Abstract: Microwave spectra of a new molecule, monofluoramine, and its deuteriated isotopomers have been recorded and
analyzed, yielding data on the molecular structure, dipole moment, quadrupole coupling, and barrier to inversion. The results
are the following: A = 263271.534 MHz, B = 26 357.357 MHz, C = 25329.428 MHz, u, = 1.58 D, ptc = 1.63 D, sty =
2.27 D, x4 = 7.16 MHz, x, = -0.61 MHz, x.. = —6.55 MHz for the protonated species. The structural parameters are
as follows: ryp = 143.29 pm, ryy = 102.25 pm, ZFNH = 101.08°, ZHNH = 106.27°, Hyyy = 5200 cm™.

In recent years the investigation of substituted ammonia has
aroused considerable interest due to an increased understanding
of the effect of the inversion motion on the molecular spectra. As
to the elucidation of the electronic properties that govern the
inversion motion in a double minimum potential, one hopes that
the analysis of the molecular spectra of simple amines will provide
a better understanding.

Many of the simple amines, however, possess additional large
amplitude motions (lam), which can considerably complicate the
microwave spectra and blur the meaning of the inversion motion,

*Universitdt Tibingen.
tUniversitdt Dortmund.

as in HoNNH,' or H,NCN.? There are cases, however, where
these complications apparently do not arise, as in H,NOH,?
H,NNO,,* and H,NNC,’ but in order to isolate the inversion
motion, only molecules with one H atom substituted by another
atom should be considered. Until now, the only member of this

(1) Tsunekawa, S.; Kojima, T.; Hougen, J. T. J. Mol. Spectrosc. 1982, 95,
133-152.

(2) Brown, R. D.; Godfrey, P. D.; Kleibomer, B. J. Mol. Spectrosc. 1985,
114,257-273.

(3) Tsunekawa, S. J. Phys. Soc. Jpn. 1972, 33, 167-174.

(4) Tyler, J. K. J. Mol. Spectrosc. 1963, 11, 39-46.

(5) Schifer, E.; Winnewisser, M. Ber. Bunsenges. Phys. Chem. 1982, 86,
780-790.
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