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High-resolution liquid- and solid-stafé°Sn NMR spectroscopy was used to study the bonding environment in
the series of monomeric, two-coordinate Sn(ll) compounds of formula SBE)Z,6-Trip, (X = CI, Cr(y®-
CsHs)(CO), t-Bu, Sn(Me)CeH3-2,6-Tripy; Trip = CeH2-2,4,6-i-Pg). The trends in the principal components of

the chemical shift tensor extracted from the solid-state NMR data were consistent with the structures determined
by X-ray crystallography. Furthermore, the spectra for the first three compounds displayed the'{&8gesMR
chemical shift anisotropies (up to 3798 ppm) of any tin compound for which data are currently available. Relaxation
time based calculations for the dimetallic compound 2,62‘H§@6Sn—Sn(Me)zC6H3-2,6-Tripz suggests that the
chemical shift anisotropy for the two-coordinate tin center may be as much as ca. 7098 ppm, which is as broad
as the 1 MHz bandwidth of the NMR spectrometer.

Introduction SnSnR (R = CH(SiMe;),), which consist of weakly dimerized
SnR units, clearly demonstrate large chemical shift anisotropy,
as evidenced by the principal valuég = 1600, d,, = 400,
anddsz = 1004+ 20 ppm, which is an order of magnitude greater
than that seen in Sn(lV) species. These values suggest strong
deshielding along the axis in the Spdigand plane and
perpendicular to the SrSn bond (i.e.f11) and much greater
shielding along the axis perpendicular to the $o@ordination
plane at tin (i.e.¢33). We were therefore anxious to record the
solid-state spectra of some monomeric two-coordinate Sn(ll)
species with the expectation that such a study would reveal large
anisotropies in their chemical shift tensors which would help
elucidate the nature of the bonding in these complexes. The
results of these studies are now described.

The use of'1%Sn NMR spectroscopy has proven to be an
invaluable structural probe in all areas of tin chemidtéylarge
body of data is now availablevhich demonstrates that°Sn
NMR studies provide accurate, relatively easily obtainable
information on the bonding to the tin atom. In many cases the
most important spectroscopic parameter available from these
studies is the value of the chemical shif).(While much of
the chemical shift data concern isotropi¥’Sn shift values
measured in solution, solid-staté’Sn NMR measurements
usually afford more detailed information involving the;, 622,
anddsz components of the nuclear shielding tensor, information
that can provide considerably more insight into the bonding at
tin.® Monomeric, two-coordinate tin(ll) compounds (e.g., $nR
R = alkyl,* aryl,> amide® or alkoxid€' groups) whose bonding
is often more complex than that in tin(IV) compounds owing
to the presence of a formally empty, nonbonding p-orbital and ~ The synthesis of Sn(CIMs-2,6-Trip® and {Sn(Cl)GHs-2,6-

a stereochemically active lone pair (in an orbital that is mostly Mes}2'® (Mes= C¢H»-2,4,6-(CH)s) have been previously reported.
5s in character) at the tin centers, are particularly amenable to "€ compounds Sn(X)&ls-2,6-Trip; (X = Cr(y®>-CsHs)(CO), -Bu,
solid-state'’Sn NMR investigation. Unfortunately, there are o Sn(Me)CeHs-2,6-Tripy) were synthesized by the reaction of Sn-

. . o (Cl)CeH3-2,6-Trip, with Na[Cr(;°-CsHs)(CO)], t-BuLi, or MeLi,
no such studies available for this important compound class. respectively. Full details of the synthesis, structural characterization,

T_h's may be due to the fact that monomeric Compou_nds of this anq reactions of these three compounds will be provided sepathtely.
kind are not numerous and that they usually require careful solid-state'!%n NMR spectra were recorded under conditions of magic
handling owing to their extreme air and moisture sensitivity. angle spinning at 9.4 T using a Chemagnetics Infinity NMR spectrom-
Nonetheless, studig®n the related compounds such as R eter and probehead configured for 7.5 mm (o.d.) rotors. A combination
of fast relaxation and restricted sample quantities typically limited data

Experimental Section
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Liquid 119Sn NMR Spectroscopy of Sn(ll) Compounds
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Figure 1. Model of the Sn(Il) metal center structure in the compounds
used in this study. The bond lengths between Sn and A= 2,6-
Trip,CsHs and r, between Sn and X% Cl, Cr(°-CsHs)(CO), t-Bu,

and Sn(Me)(CsHs-2,6-Trip,) and Ar—Sn—X bond angled determined
by X-ray crystallography are summarized in Table 2.

Table 1. Summary of'**Sn Liquid State Chemical Shifts of
2,6-TripHsCeSnX (Trip = CeH,-2,4,6-i-Pg, X = Cl,
Cr(>-CsHs)(CO), t-Bu, Sn(Me)CeH3-2,6-Trip,)

X Oiig(ppm) reference
Cl 793.4 10
Cr(37°-CsHs)(CO) 2,297.9 11b
t-Bu 1,904.4 1la
Sn(Me}CeHz—2,6-Trip2 2856.9 1la
257.4
{Snu-Cl)CsHs—2,6-Mes}, 625.2 9

a Chemical shift of the tetravalent tin atom.

system and a Varian Inova NMR spectrometer operating at 9.4 T. Solid-
state isotropic chemical shifts for samples giving several rotational
echoes were obtained from the magic angle spinning centerband.

Results and Discussion
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Since the HOMG-LUMO gap in group 14 carbene analogues
increases with more electronegative substituents, a smaller
contribution to the paramagnetic shielding is expected to produce
a more upfield resonance (since paramagnetic effects augment
the applied field). This consideration has been used to account
for the higher field shifts for tin(ll) amides and alkoxidek!15
However, the observed isotropic chemical shift is not only a
sum of paramagnetic and diamagnetic terms, but also a function
of directionally dependent components.

In the absence of unusual averaging effects, the liquid-state
shift is equal to the isotropic chemical shift, the average=
(011 + 022 + 033)/3 of the three principal componenis;, 622,
andodssz of the chemical shift tensor. Hefa; andds3 label the
downfield and upfield edges of the observed NMR spectrum in
the solid state wheread,, represents the frequency that
corresponds to a singularity in the powder pattern where the
spectral amplitude tends to infinity. Physically, théggvalues
describe the shape of an ellipsoid in three dimensions in the
principal axis system of the chemical shift tensor. This shape
is related to the topology of the electronic wave function at the
site of the nucleus and can therefore lead to details about
chemical bonding. The size of and difference betw&gvalues
for a particular site is a strong function of the symmetry and
structure of the bonding environment. This structural dependence
is illustrated by a comparison of shift tensor values for
tetraphenyl tin, SnP8 and the already mention@B,SnSnR
(R CH(SiMe3),) dimer (which is dissociated to SaR
monomers in dilute solution) which have the valdgs= —117
ppm and+700 ppm, respectively. The relaxed tetrahedral
environment at tin in SnRlyields an axially symmetric powder
pattern withdi11 = —90 ppm anddz, = d33 = —130 ppm
whereas the less symmetric environment $RSnR generates
011 = +1600 ppm,d,, = +400 ppm, anddzz = +100 ppm,

To better understand bonding and electronic structure in thethereby affording an asymmetric powder pattern with record

series of compounds of formula Sn(gHG-2,6-Trip; illustrated
schematically in Figure 1 where % Cl, t-Bu, Cr(>-CsHs)-
(CO), and Sn(Me)CeHs-2,6-Trip), 11°%Sn NMR data in both
the liquid phase and the solid state were recorded. It is well-
known that the isotropic liquid statéSn chemical shiftiq is
sensitive to both valence and electronic structi#riéor example,

anisotropyy = 3(d11 — Jiso)/2 = 1350 ppm.

Chemical Shift Trends in the Sn(X)GH3-2,6-Trip, Com-
pounds (X = ClI, Cr(n5-CsHs)(CO)s, and t-Bu) and Related
Species.The 1195n solid-state NMR spectra shown in Figure
2a—c correspond to the mononuclear compounds in Figure 1
with X = Cl, Cr(°-CsHs)(CO), and t-Bu, respectively. The

Sn(IV) compounds tend to be more shielded and resonate furthergq)iq jines represent the actual experimental data while the

upfield (—1100 ppm< ;4 < +200 ppm) than deshielded Sn-
(1) compounds 4200 ppm< Jjiq < +5000 ppmy A summary

of djiq in ppm for the compounds in Figure 1 is shown in Table
1, along with additional data for the related dinuclear tin com-
plex{Sn{-Cl)CsHs-2,6-Mes} ,1° which is associated through
chloride bridging. The shifts for all of the compounds shown
in Figure 1 are greater than 200 ppm which indicates that the
tin is in the oxidation state-2 (note that the formal oxidation
states of the tin atoms in 2,6-TpiPCeSn—Sn(Me}CeH3-2,6-

dashed lines represent fits used to ext@gtvalues. Thednn
values for these spectra and the spectra (not shown) for 2,6-
Trip2H3CsSn—Sn(Me)CeHs-2,6-Trip, and{ Sn{u-Cl)CgH3-2,6-
Mesy}» are included in Table 2 along with a calculation of the
isotropic chemical shift and the AISn—X bond angled, Car—sn
bond lengttr s, and Sa-X bond lengthry values obtained from
X-ray data. It is important to note that the anisotropic chemical
shift tensor values for the X Sn(Me)C¢H3-2,6-Trip, com-
pound represent only the Sn(lll) site wih, = 257.4 ppm in

Trip; are Sn(l) and Sn(lll) although they are divalent and Tape 1. All attempts at obtaining solid-state data for the Sn(l)
tetravalent). However, there seems to be no apparent trend ingjie fajled, presumably, as discussed later, because the anisotropy
the chemical shifts of the series with % CI, Cr(y>-CsHs)- % is too large to measure by pulse-Fourier transform techniques
(CO), t-Bu, and Sn(MeJCeHs-2,6-Trip,). For example, the 5 this field strength.

electronegativity of the atoms bound to tin increases in the Although the trend i, values in Table 1 for the compounds
order: Cr(1.6), Sn(1.96), C(2.55), Cl(3.16), suggesting that i, the series X= Cl, Cr(;>-CsHs)(CO), and t-Bu is not obvious,

electron density at the tin nucleus shou!d be (_jepleted in th?the variation of each of thé,, components of the chemical
same order and thereby generate a chemical shift trend opposite

to what is observed. Other explanations for the orde¥;gfor (13) Albcrihght,_Tt- A\'/;v !?urde’\tlt, J-\*{<-: llellgg%bo, {VIZ-;Orbital Interactions

; : : in Chemistry Wiley: New York, i p .
these_ compounds_ b_ased on ligand _electron W_|thdraW|ng and(14) Braunschweig, H.; Chorley, R. W.: Hitchcock, P. B.: Lappert, M. F.
donating characteristics as well as theiback-bonding capacity J. Chem. Soc., Chem. Commu®92 1311.
also lead to predictions inconsistent with the obseidgdrend. (15) Wrackmeyer, BUnkorventionelle Wechselswirkungen in der Chemie
One plausible explanation is that the paramagnetic shielding, a ~ Metalischer Elementekrebs, B., Ed.; VCH: Weinheim, 1992; pp
reflection of the mixing of ground and excited states, is increased (16) Komoroski, R. A.; Parker, R. G.; Mazany, A. M. Magn. Res1987,
rather than decreased by more electronegative substittfents. 73, 389.




5452 Inorganic Chemistry, Vol. 39, No. 24, 2000

¥ 1
2000 -2000

ppm

]
4000

(b)

¥ T 1 Ll
6000 4000 2000 -2000

ppm
T 1 1 T 1
6000 4000 2000 0 -2000
ppm

Figure 2. Examples of solid-stafé°Sn NMR powder patterns observed
in this study. The solid lines represent experimental data for the X
Cl, Cr(>-CsHs)(CO), and t-Bu compounds in a, b, and c, respectively.
The dashed lines indicate the fits used to extractothedz,, anddss
shift tensor components.

shift tensor for these compounds can be directly related to
structure. Consider both the downfiettl; and upfield 633

Eichler et al.

from largest to smallest as % Cr(;7°-CsHs)(CO)s, > t-Bu, >

Cl, can be rationalized in terms of the variation of the-Ar
Sn—X bond angled. As 0 decreases from 110.18 99.68 in
Table 2, the hybrid orbital containing the lone pair gains more
s character. This gain in s character at tin translates into
increased shielding owing to the increased electron density at
the119Sn nucleus. Thus the most shield&d value of—165.1
ppm is observed for the most electronegative substituent X
Cl since this compound has the narrowest interligand angle at
tin. The narrowing of the angle is apparently caused by the
tendency of the more electronegative ligands to attract the most
p-character into the orbitals from the central element to which
they are bound, thereby allowing the s-character of the lone
pair to increase. Finally, the trenddn, values can be explained
from the X-ray data and the structure in Figure 1. Since the
direction of thed,, components must be orthogonal to each
other,d2; must lie in the Ar-Sn—X plane and at an angle of
90° with respect to both;; and d33. In other words, thed,,
component lies in the coordination plane of tin at a right angle
to thedsz component that is directed through the lone pair. From
Table 2 it can be seen that balk, andr, decrease in the order

X = Cr(®>-CsHs)(CO), > Cl, > t-Bu which supports the
suggestion that the direction 66, was at an angle of 90to

the 33 direction and close to the -SK bond direction in Figure

1. The correlation 0b,, with bond length is possibly easier to
rationalize than the trends for, and d33. Here the increased
bond length indicates that electron density will be depleted from
around the metal center thus deshielding*¥&n nucleus and
causing the %= Cr(7°-CsHs)(CO); compound to resonate farther
downfield than the X= t-Bu and Cl compounds. It is important
to note that differing energy gaps corresponding to directionally
dependent HOMO and LUMO’s as obtained from ab initio
calculations, such as those performed on a family of singlet

components of the shift tensor. These matrix elements cor- carbene molecules where similar trends are obséfrauld

respond to the minimum and maximum values of the chemical
shielding or the minimum and maximum electron density along
orthogonal directions in the principal axis system of the chemical
shift tensor. With regard to the structure shown in Figure 1,
which has both an empty p-orbital and lone electron pair, it is
most likely that the 11 direction lies along the symmetry axis
of the empty p-orbital whereas the 33 direction involves the
hybrid orbital containing the lone electron pair. To be absolutely
certain of the orientation of the principal axis system of the
shift tensor in the molecular frame, either single crystal

measurements or investigation of the relationship between a

known dipolar coupling and the principal axis system of the

shift tensor would be required. However, in the absence of suchyy,i the x= Cr(y

provide further insight into the observed trends in g
components by carefully tracking both the paramagnetic and
diamagnetic contributions tdn.

Comparison of Liquid- and Solid-State Isotropic Shifts.
It is interesting to comparéiq for each compound in Table 1
with diso in Table 2 calculated from thi,, values and the magic
angle centerband isotropic shift,asin Table 2. The difference
betweendis, and dmas gives an estimate for the uncertainty of
the powder pattern fitting routine due to linebroadening and
noise in the spectral data. It is obvious from comparison that
g IS not equal tadiso. Closer inspection of the data reveals
that there is a ca. 5% difference betwegnandodis, values for
5-CsHs)(CO) and t-Bu compounds. In terms

measurements this assignment of the 11 and 33 directionsys e gata sets shown in Figure 2, this 5% difference translates

appears to be consistent with back-bonding trends and X-rayiniq a change iNdm

values of less than four points. More

structural data. The structure in Figure 1 indicates essentially 5ihersome. however. are the 17% and 35% difference between

zero electron density along the 11 direction. Therefore, one
would expect1; for these compounds to tend toward the bare
nucleus value. The finite but large value b, coupled with

its variation in the order smallest to largest in the sequence X
= Cl, < Cr(5®-CsHs)(CO)s, < t-Bu can be explained by back-
bonding. The filled nonbonding orbitals in the CI ligand more
efficiently overlap the p-orbital on tin than either the d-orbitals
on the chromium in the Cyf-CsHs)(CO) moiety or any
projection of C-C ¢ bond electron density from the t-Bu ligand.

Jiiq anddiso for the Sn(ll) sites in th¢ Sn{u-Cl)CsH3-2,6-Mes} »

and X = Cl compounds respectively and the 19% difference
for the Sn(lll) site in the X= Sn(Me)(CgHs-2,6-Trip,)
compound. Barring incomplete averaging effects, chemical
exchange, or unusual solvent effeaig, should always equal
Jdiso- The 17% and 19% difference recognized in the dinuclear
tin compounds could be due to any or all of these possibilities.
These two dinuclear complexes also have two bulky aromatic
ligands and are nearly twice the size of the other compounds,

Of these three X ligands, CI back-donates the most electron , ;g forcing the tumbling rate in solution to be slower. The

density to the tin, thus shielding th&°Sn nucleus and causing

thed11 value to appear farther upfield. The same argument holds

for the Cr;®-CsHs)(CO); ligand in comparison to the t-Bu
ligand since back-bonding orbital overlap is likely to be greater
for the former moiety:1415 The trend inds3 values in order

decreased tumbling rate in the liquid could lead to incomplete
averaging of the shift tensor components and yield a skewed

(17) Wiberg, K. B.; Hammer, J. D.; Keith, T. A.; Zilm, K. Wl. Phys.
Chem. A1999 103 21.
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Table 2. Summary of!°Sn Solid-State NMR Data and X-ray Parameters in ArSnX Compounds=(8gH3-2,6-Tripy; X = Cl,
Cr(i°-CsHs)(CO)s, t-Bu, Sn(Me)CeH3z-2,6-Trip,)

X d11(ppm)  O22(ppm) sz (PPM)  Siso(PPM)  Smas(PPM) x 6 (deg) (A ra(R)
cl 3021 826 —165 1227 1176 2691 99.68  2.409 2.180
Cr(5-CsHs) (CO)s 4426 1322 814 2187 — 3358  110.13  2.847 2.214
t-Bu 4494 697 697 1962 1829 3798 10179  2.228 2.211
Sn(Me)yCsHa-2,6-Trip2 781 111 58 317 263 — 1193 2.891 2.201
{Sn-Cl)CeHz-2,6-Mes} 1643 866 —259 750 - - - - —t

@ Chemical shift tensor information for only the Sn(lll) site.

value for diq. The other possibility for this discrepancy, Purcell technique give$, = 3.8 ms for the Sn(lll) site abjq
applicable also to the Sn(CI}ds-2,6-Trip, compound, is = +257.4 ppm andl, = 38 us for the Sn(l) site abjq =
chemical exchange. As nofelly Zilm and co-workers, th&-%Sn +2856.9 ppm. An estimate of the size of the chemical shift
NMR spectrum of RSnSnR (R = CH(SiMe),) in liquid phase anisotropy for the Sn(l) site can be made by assumingThat
displays effects of chemical exchange (between the dimer R is governed by this anisotropy, a reasonable assumption for
SnSnR and the monomer SnR and the true isotropic shift  large, heavy molecules far from the extreme narrowing lifhit.
can only be obtained from solid-state spectra. Examination of This relaxation rate in terms of tHé°Sn gyromagnetic ratig,
the X-ray crystal structures of the two dinuclear tin complexes magnetic field B, correlation timer, shift tensor elemeni,,
studied here, 2,6-TriplsCsSn—Sn(Me)CsHz-2,6-Trip; and and the isotropic shifdis, is given by
{Snu-Cl)Ce¢H3z-2,6-Mes},), and the monomeric X= CI o 2
compound, suggests that only in the casq 8n(u-Cl)CgHs- 1 _ 2y"By TC(((S _
2,6-Mes},, where a monomerdimer equilibrium is possible, T, 15 1
could such a process account for the discrepancy between the 2 12
solid- and quuFi)d-phase spectra. Paney (033 = 9isd)) x 10 (1)
Exploration of 2,6-Trip 2H3CeSn—Sn(Me),CeHs-2,6-Trip. where the 10'2is a conversion factor between ppm and absolute
To further investigate the source of this solid/liquid chemical shjelding. Takingdiso ~ diiq from Table 1,T, = 3.8 ms, and
shift discrepancy and to determine wHySn solid-state NMR  the ¢, values from Table 2 for the Sn(lll) site gives= 261
spectra for the divalent tin (formally Sn(l)) site in the 2,6- ns from eq 1. Using this. value along withT, = 38 us and
Trip2H3CsSN—Sn(Me}CeHs-2,6-Trip compound could notbe 5, = +2856.9 ppm for the Sn(ll) site, the approximation of
Obtained, its solutio®sSn NMR SpeCtra were studied in the an axia”y Symmetric shift tensa}zz = 633, and the definition
temperature range-80 °C to +25 °C. At room temperature  of §,;, = (011 + 022 + d33)/3 allows calculation 0b11 anddss
thellgsn solution NMR SpeCtl’um contains MO peak3-28569 from eq 1 ast+7589 ppm and-491 ppm, respectively_ Aithough
ppm and+257.4 ppm, each flanked by satellites due t&°&n— an axially symmetric tensor was assumed, these values are most
11%5nJ coupling value of 8332 Hz. It is likely that thé°Sn— likely accurate to within4+1000 ppm. Comparison of the
117Sn J coupling is also present, but this splitting is probably  anisotropy for these estimated componenits 7098 ppm with
within the brpad line Wldt_h of_the satellites. No ewdenc_e of , = 3798 ppm for the X= C(CHs)s compound, the widest
peak separation ear-marking different products and no evidencepowder pattern observed in this study, indicates that the Sn(l)
of new peaks were observed in this temperature range.JThe pattern will be about two times wider or about 1.0 MHz, well
coupling also remained constant with temperature. The chemicalpeyond both the excitation bandwidth and detection limits of
shifts diiq and line width did change with temperature. The shift the pulsed NMR spectrometer. These limitations were seen by
6qu for the Sn(l) site shifted Upf|e|d Whiléliq for the tetravalent investigating the Sn(|) site in this Compound usﬂ*hg—llgsn
(formally Sn(lll)) site shifted downfield as the temperature was cross polarization with th&Sn rf carrier set to the isotropic
decreased. LOWGI‘ing the temperature aISO increased the I|ne-i_28569 ppm shift. The resulting Spectrum was a 50 kHz wide
width of the spectrum for each site reflecting the longer Gaussian line, a width directly corresponding to the rf-excitation
rotational correlation time and shorter transverse relaxation time pandwidth of the NMR spectrometer. This result supports the
T2 at lower temperature. This variable temperature data (togetherexistence of an extremely broad chemical shift powder pattern

with bonding considerations) suggest that chemical exchangefor the Sn(l) site in the 2,6-TrisCeSn—Sn(MeyCeHa-2,6-
between different chemical compounds is unlikely to be the Trip, compound.

source of the discrepancy betweép, and diso values. The

change indjq with temperature suggests that it is more likely Conclusion

the_ Iarg(_e size o_fthe moIeches, coupled with the extremely Iarge The dan components of the shift tensor in the series of
s_h|ft anisotropies shown in Table 2, are the source of t_hls compounds with X= Cl, Cr(;5-CsHs)(CO)s, and t-Bu can be
qllfference. Larger molec_u!es trans_late into Ionger correlatlgn explained on the basis of chemical structure rather than
tmes anq thus less-efficient motional averaging. For shift electronegativity values of the substituents. It is this point which
anisotropies on the order of tens of ppm, it is likely that underscores the strength of solid-state NMR over liquid-state

decreased motion will not substantially chaniig from Jjq. : : : P
. . experiments where trends in chemical shift display no apparent
On the other hand, where anisotropies on the order of thousand% P Py PP

. . dorrela‘[ion with structural data.
of ppm are observed in the solid state, as they are here, decrease
motion could profoundly affect the difference betwekggp and Acknowledgment. We are grateful to the NSF for financial
Jiso- support. M.P.A. thanks The Packard Foundation for support.
Finally, it is important to comment on the absence of solid- |~,q05147
state data in Table 2 for the Sn(l) site in the 2,6-THgCs-

Sn—Sn(Me)(CeHg-Z,G_-Tripz) Compqund_. Measu_rement of the  (18) Poole, C. P.; Farach, H. ARelaxation in Magnetic Resonance
room-temperature spirspin relaxation timé, using the Carr- Academic Press: New York, 1971; p 75.

6iso)2 + (622 - 6iso)2 +






