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Fine-Tuned Characterization at the Solid/Solution Interface of Organotin
Compounds Grafted onto Cross-Linked Polystyrene by Using
High-Resolution MAS NMR Spectroscopy
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Abstract: The structural characteriza-
tion of organotin compounds that are
grafted onto insoluble cross-linked pol-
ymers has necessarily been limited to
elemental analysis, infrared spectrosco-
py, and in a few instances, solid-state
NMR spectroscopy. This important bot-
tleneck in the development of such
grafted systems has been addressed by
using high-resolution magic angle spin-
ning (hr-MAS) NMR spectroscopy. The

(1, 2). First, conditions suitable for the
application of hr-MAS NMR spectro-
scopy were identified by characterizing
the 'H resonance line widths of the
grafted organotin moiety following swel-
ling of the functionalized beads in eight
representative solvents. The presence of
clearly identifiable tin coupling patterns
in both the 1D 3C and 2D 'H-*C HSQC
spectra, and the incorporation of °Sn
chemical shift and connectivity informa-

tion from hr-MAS 1D "“Sn and 2D 'H-
11%Sn HMQC spectra, provide an unpre-
cedented level of characterization of
grafted organotins directly at the solid/
liquid interface. In addition, the use of
hr-MAS °Sn NMR for reaction mon-
itoring, impurity detection, and quanti-
fication and assessment of the extent of
coordination reveals its promise as a
novel tool for the investigation of poly-
mer-grafted organotin compounds. The

great potential of this technique is
demonstrated through the structural
characterization of diphenylbutyl-(3.4)
and dichlorobutylstannanes (5,6), graft-
ed onto divinylbenzene cross-linked

) . catalysts - tin
polystyrene by means of a suitable linker

Introduction

Next to conventional solution-phase methodologies, the
chemical transformation of a substrate present in solution is
also increasingly being achieved by using polymer-bound
reagents(h 2 or catalysts." 3 The development of such func-
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approach described here should be suf-
ficiently general for extension to a
variety of other nuclei of interest
in polymer-supported organometallic
chemistry.

tionalized polymers is motivated by the attractive properties
associated with chemistry at the heterogeneous polymer/
solution-phase interface.!! These include, the ease of separa-
tion of the supported species from the reaction mixture by
mere filtration, the possibility of recycling the supported
reagent or catalyst after regeneration, and better control of
environmental problems linked to the toxicity or smell of the
unsupported species.[ 4l

Organotin-functionalized polymers, having mostly divinyl-
benzene cross-linked polystyrene resins as insoluble supports,
are good examples of systems displaying such benefits.[" 4
Indeed, while organotin compounds enjoy widespread use as
versatile reagents or catalysts in a large variety of organic
transformations,> 9 their application is also limited by their
toxicity.l” 8 This adverse feature is further aggravated by the
generally difficult quantitative removal of organotin reagents
and their by-products from the reaction mixture,”! often
making them unsuitable for the synthesis of biological or
pharmaceutical derivatives.* 7] These concerns are resolved
by grafting the organotin reagent onto a solid support, thereby
creating so-called clean organotin reagents. Various applica-
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tions including transesterification!® 1 and lactonization,"!!
dehalogenations,'!  Barton—McCombie deoxygenations,"*!
free radical organic synthesis,'¥ ring enlargements,™ and
the carbon-carbon bond forming Giesel'! and Stille reac-
tions,'" illustrate the tremendous potential of grafting orga-
notin and more generally any organometal onto a solid
support.l 4 181 Unfortunately, the use of a solid support also
introduces severe limitations in the structural characterization
of the anchored chemicals.[* %23l While solid-state MAS and
especially gel-phase NMR techniques involving *C, °F, and
other spin %2 nuclei have been successfully used to character-
ize grafted molecules,? the assessment of purity, chemical
composition, stability under reaction conditions, and integrity
of the polymer-bound reagent or catalyst after multiple
application —regeneration cycles remains difficult or impos-
sible to address with these techniques. For the special case of
grafted organotin reagents, such information has mostly been
obtained from IR spectra and elemental analysis,* 7 supple-
mented in a few instances with 1*C and 'Sn solid-state NMR
data'[lo, 11, 25]

The development of solid-phase methods, especially in
medicinal and combinatorial chemistry, have boosted the field
of on-bead analysis by NMR spectroscopy,?*-%l mass spec-
trometry,?» 2! and other methods®*!. In particular, the
development of high-resolution magic angle spinning (hr-
MAS) NMR spectroscopy has considerably alleviated the
characterization bottleneck. This powerful tool allows the
application of most high-resolution techniques, well known
from solution-phase NMR, to the direct characterization of
molecules grafted onto solid-phase supports!>? in situ, at the
heterogeneous solid-liquid interface. This is achieved by
removing the contribution of magnetic-susceptibility-induced
line broadenings present in such heterogeneous systems,
through spinning at the magic angle.'>?3 This allows rapid
screening and study of reaction mixtures without any postsyn-
thesis processing.?* 2 More recently, impurity detection down
to 1%, quantitative monitoring of solid-phase organic
reactions,” and determination of enantiomeric excess ratios
directly on the resin have been demonstrated.*!l Despite these
impressive achievements, h-MAS NMR has almost exclu-
sively been used as a spectroscopic tool in solid-phase
synthesis,?'?* 2] driven in part by the need to dramatically
improve the speed and quality of structural characterizatio-
nl202-5.22. 231 of the increasing diversity of small molecules being
synthesized for medical and biological applicationst® using
combinatorial chemistry methods.*! Surprisingly, this method
basically seems to have been overlooked in interfacial
organometallic chemistry.

Herein we explore the potential of hr-MAS NMR to
characterize grafted organotin reagents. More specifically, 1D
and 2D 'H and ®C hr-MAS NMR spectroscopy has been
applied for the extensive characterization, directly at the
solid/solution interface, of a series of diphenyl- and dichloro-
butyltin functionalities grafted onto insoluble polystyrene
beads by a —(CH,),— linker (n =4, 6), developed as catalysts
for transesterification reactions.'’! As a novel development in
this field, the hr-MAS NMR technique has also been extended
to the '"Sn nucleus, allowing unprecedented fine-tuned
characterization of the grafted organotin compounds, close

3432

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

to what can be achieved in homogeneous solution.?**3¢1 The
additional information from 1D “Sn and 2D 'H-'"Sn hr-
MAS NMR spectroscopy regarding full spectral character-
ization, impurity detection, and quantification, compared with
that available from 'H and '3C NMR spectroscopy only, are
demonstrated and discussed. The application of hr-MAS
NMR spectroscopy presented here for grafted organotin
reagents demonstrates its tremendous potential towards
structural characterization of polymer-supported organome-
tallic compounds.

Results

Establishing conditions suitable for hr-MAS NMR: High-
resolution NMR spectra of polymer-supported species are
obtained when the solvent-swollen polymer matrix is spun at
moderate rates (2—4 kHz), under the magic angle (MAS).
The latter removes line broadening due to magnetic suscept-
ibility effects, while the solvent swelling eliminates a priori the
dipolar line broadening by introducing solution-like mobility
into the polymer matrix!!* 23238 The line width ultimately
obtained for the graft resonances has been shown to depend
on the resin type as well as the solvent used.*®! While
divinylbenzene-cross-linked polystyrene is a widely used
support for organometallic compounds,* '®! the obtainable
line widths under h-MAS NMR conditions remain rather
poor compared with othersP®! and may be influenced by the
nature of the graft.’?”) Therefore all four compounds 3-6 (see
Scheme 1) were screened against a panel of solvents with a
wide range of polarities to establish which solvents give rise to
the most suitable spectra for hr-MAS NMR application. To
allow a clear comparison between the solvents, spectral
quality was assessed by normalization of the line width at
half-height of the butyl methyl resonance against that of the
TMS reference signal.*®! The results for eight different
solvents in combination with 3—6 are presented in Table 1.
Not surprisingly, 'H hr-MAS NMR spectra recorded in
DMSO and methanol were devoid of resonances originating

1. BUL/TMEDA _
P-H — " P—(CHy)iCl In=4
2. Br(CHy),C/THF 2n=6
LiSnBuPhy
THF

P—(CHy)7SnBuCl, P—(CH)sSnBuPh, 3N=2
Cl(9) B

H
4 (CeH11)CH3
6

5n
6n

1 2 3 4
P—CHy-CHy-CHy-CHp-X

1 2 3 4 5 6
P—CH,-CHy-CHy-CHy-CHo-CHa-X X = Cl, SnBuPh,, SnBuCl,

om
4 y fB o |
CHs-CHz-CHz-CHQ—?nO p

Scheme 1. Synthesis and numbering scheme of the organotin grafts.
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Table 1. Normalized line width®® of the butyl methyl resonance in compounds 3- 6" observed in a variety of solvents.

Solvent P-(CH,),SnPh,Bu P-(CH,),SnPh,Bu P-(CH,),SnCl,Bu P-(CH,)(SnCl,Bu

(3) ) “@) ®) (6)

0.32 0.25ll 0.24( 0.30 0.24ll

[D,,]cyclohexane 17.1 18.0 20.6 very broad very broad
[Dg]benzene 14.0 15.2 24.64 ~ 601 ~ 504
CDCl, 13.5 14.5 20.4 15.8 14.6
CD,Cl, 15.6 15.7 18.8 19.4 18.1
[Dy]THF 10.9 142 19.3 17.1 16.9
[D,]DMF 23.81d 2424 29.0 18.3 17.7
CD;0OD le] le] [e] le]
[Ds]DMSO fe] fe] fel fe]

[a] The methyl line widths were measured at half height and normalized against that measured for TMS in the same spectrum. All spectra were recorded
under identical conditions, using between 5 and 10 mg of the functionalized resins in about 100 uL of the solvent. [b] The resin used for functionalization was
from PolySciences (3 and 4) and from Rohm and Haas (4, 5, 6). [c] Degree of functionalization, determined from elemental analysis.'l [d] The methyl
resonance displays a non-Lorentzian lineshape, indicative of a more complex relaxation behavior.”? [e] No resonances corresponding to the organotin

moiety could be observed.

from the anchored species, indicating the failure of these
solvents to penetrate and swell the polystyrene matrix. The
best overall results, with normalized line widths between 10
and 20, were obtained with THF, chloroform, and dichloro-
methane, regardless of the functionalized organotin polymer.
The length of the methylene spacer (n=4 or 6) has no
significant influence on the observed line widths. However,
consistently worse performance was found in compound 4’
relative to 4 (Table 1), the only difference being the commer-
cial source of the cross-linked polystyrene used. The broader
lines reflect a somewhat higher degree of cross-linking in the
polymer matrix of 4’ relative to 4. The nature of the organotin
functionality is also an important factor in the line widths that
can be achieved (Figure 1). In compounds 5 and 6, which

4 6
a) c)
L1, | DMF J’b’v \
I S I A e
8 6 4 2 8 6 4 2
b) d)
[I)lzlcyclohexanerM
L I B I L R R S
8 6 4 2 8 6 4 2
c) 8)
ChCh ,ng*bjw\
[ B AR N A e B
8 4 3 6 4 2
) |
CDCI3
T T R B I
8 ¢ 4 2 8 6 4 2
dlppm dlppm

Figure 1. 1D hr-MAS 'H NMR spectra of 4 (a,b,e,f) and 6 (c,d,g,h) shown
in various solvents, indicated on the left-hand side, which demonstrate the
effect of the organotin-functionalized graft on the '"H NMR line width, and
thus indirectly the mobility induced by solvent swelling. e,g) The spectra of
4 and 6 recorded in CDCl, illustrate the line widths under the conditions
used for spectral analysis. f,h) Same as e,g), except for the application of a
LED-based diffusion filter to remove all spectral contributions from
translationally mobile species.
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feature polar tin—chlorine bonds, swelling in DMF yields a
normalized line width of about 18, while broad resonances are
obtained for compounds 3 and 4 bearing phenyl groups. When
nonpolar cyclohexane is used as swelling solvent, the opposite
trend is observed, with 3 and 4 showing intermediate
normalized line widths of about 20 and the more polar 5§
and 6 displaying extremely broadened resonances (Figure 1).
Benzene also performs much better for the diphenylstannanes
3 and 4. This strong effect of the anchored moiety on the
solvent-induced line narrowing is easily rationalized when one
considers the degree of functionalization of the polystyrene
matrix in 3—6 (Table 1), which represents the highest possible
values achievable during synthesis.'” While THF, chloroform,
and dichloromethane perform equally well as swelling sol-
vents, we chose chloroform (Figure 1), since it has a signifi-
cantly higher boiling point than dichloromethane, thus avert-
ing problems due to solvent volatility, and THF was discarded,
as it was expected (vide infra) to coordinate to the tin atom,
and could therefore interfere with the structure character-
ization process.

Characterization of the functionalized polystyrenes: In the
spectroscopic analysis of compounds 1-6, we first focused on
the confirmation of the chemical identity of the grafted
compounds. Since the synthesis involves the sequential
generation of 1(2) from the cross-linked polystyrene, followed
by transformation into 3(4) and ultimately 5(6) (Scheme 1),['%)
we chose to perform the analysis in the same order.

The chlorinated alkyl chains of the organotin precursor
compounds 1 and 2, were investigated by using 1D 'H, °C,
and DEPT BC spectra, in combination with 2D 'H-'H
TOCSY and 'H-"*C HSQC correlation techniques, a typical
strategy in solution NMR analysis. The resonances from the
methylene moieties at both extremities of the spacer were
easily detected and assigned, because the presence of the
9styrene at one end (1-CH,), and the chlorine atom at the
other end (6-CH,) provided well-isolated resonances at
characteristic 'H chemical shifts. The assignment of the
remaining mutually overlapping methylene groups towards
their position in the spacer was achieved starting from the
1-(CH,) and 6-(CH,) diagonal peaks in TOCSY spectra
recorded with various mixing times. Precise H chemical shift
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value determination, as well as full *C spectral assignment
could then be achieved from the 'H-"C HSQC spectrum.
Furthermore, the assignments reveal the existence of a
remarkably regular correlation (Figure 2) between the peak
height of the individual *C resonances from the short
chloroalkyl chain and the distance of the associated methyl-
ene units from the anchoring point on the phenyl group of
polystyrene (vide infra). Also, the "H-"C correlation peak

from the 1-(CH,) unit closest to the polystyrene can system-
atically be resolved into two separate peaks (Figure 2), as the
result of the differences in the stereochemical microenviron-
ment of the atactic polymer chain.[!

The introduction of the organotin moiety in 3—6 was
expected to complicate the spectral assignment of the grafted
moiety, as the 'H and *C resonances of the methylene spacer
were now joined by those from the tin butyl fragment. Initial

inspection of the aliphatic region of

He Hs the 'H-'3C HSQC spectra of 3-6

H2,H4 invariably revealed a set of four

Hi ﬁ intense correlations accompanied

by another set of less intense ones.

j - These were tentatively grouped as

4 - — belonging to the butyl and spacer
c3 @2 P! @@‘ - 30 moieties respectively, based on the

cs -:3 - slppn assumption that the former enjoys a
c1 \3 T much higher conformational mobi-

) lity than the latter, which under hr-

MAS conditions results in narrower
and thus more intense resonances.

C64——J~»
T T T

4.0 3.5 3.0
d/ppm

Figure 2. Spectral analysis of the hexamethylene spacer in 2 from 1D 'H, °C, and 2D 'H-3C HSQC spectra
at 300 MHz. Individual methylene units are labeled in bold over the separately recorded 'H and '*C spectra,
shown on top and to the left of the 2D spectrum, respectively. Note the striking relationship between the
resonance peak height in the 3C spectra and the distance from the anchoring point on the polystyrene

matrix.

T
2.5 2.0 1.5

By using DEPT *C and 'H-'3C
HSQC, the methyl group of the
butyl chain could indeed be singled
out as one of these intense correla-
tions at 0=137 (¥C) and
~0.9 ppm ('H) in each compound
(Table 2). While an assigned methyl

Table 2. Assignment of 'H, '*C, and '"Sn resonances of the polymer-supported organotin compounds 3—6 and their precursors 1 and 2 in CDCl,.[2]

Linker 1 2 3 4 5 6
g 13O g BC g 1BC q BC q 13O g 13O g B3O
1-(CH,) 242 34.8 242 35.6 2.34 355 2.34 355 2.44 352 2.43 355
2.54 345 2.50 352 2.44 350 243 349 257 34.8 2.44 351

2-(CH,) 1.66 28.6 1.52 31.1 n. .a. n. a. .a.

3-(CH,) 1.72 32.0 1.30 28.4 n. a. a n. a. .a.

4-(CH,) 3.48 44.9 1.44 26.5 1.30 10.3 n. a. 1.81 26.9 .a.

5-(CH,) 1.74 324 1.64 26.6 a.

6-(CH,) 3.49 44.9 1.29 10.6 1.82 26.9

19Sn n. p. n. p. —72.6 -72.7 122.3 122.1

butyl

a(CH,) 1.30 10.3 1.29 10.3 1.81 26.9 1.82 26.9

B(CH,) 1.60 289 1.62 289 1.81 26.9 1.82 26.9

y(CH,) 1.33 273 1.34 273 1.41 26.3 1.41 26.3

O0(CH,) 0.84 13.7 0.84 13.7 0.94 13.6 0.94 13.6

phenyl

(CH), 7.47 136.8 747 136.8

(CH),, 7.25 1283 7.25 1283

(CH), 7.25 1284 725 128.4

Cipso 140.2 140.2

polymer matrix[®!

P(CH) 1.86 40.6 1.86 40.3 1.86 40.3 1.86 40.3 1.86 40.3 1.90 40.4 1.90 40.4

P(CH,) ~1.41 40-46 n.d. n. d. n. n.d. n.d. n.d.

ortho 6.53 127.5 6.54 127.5 6.54 127.5 le fel 6.54 127.5 6.54 127.5

meta 7.04 125.6 7.04 125.6 7.04 125.6 [e] fel 7.04 125.6 7.04 125.6

para 7.04 127.9 7.04 127.9 7.04 127.9 [e] fel 7.04 127.9 7.04 127.9

others 1453 138.7 138.7 139.5 139.5 138.7 138.7
141.1 141.1 142.0 142.0 141.0 141.0
142.6 142.6 143.0 143.0 142.9 142.9
1453 1453 1453 145.3 1453 1453

[a] n. a.: not assigned, n. d. not detected, n. p. no tin present. [b] Chemical shifts in this column indicate values found for ungrafted divinylbenzene cross-linked
polystyrene, they serve as reference for the values mentioned for compounds 1-6. [c] Overlap with the grafted phenyl moieties prevents their characterization.
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group generally provides an excellent starting point for butyl
side chain assignment through TOCSY-based analysis as
described above for 1 and 2, the clustering of most methylene
'H resonances within a range of d =0.6 ppm, aggravated by
their significant line widths, precluded this. We therefore
turned to an alternative assignment strategy for compounds
3-6, described in detail hereafter for the diphenylstannane 4.

The methyl resonance signal having been identified at 6 =
13.7 ppm from its DEPT characteristics, the remaining high-
field *C resonances at 0 =10.3 and 10.6 ppm, recognized as
methylene carbon atoms, originate from the C, and C4 carbon
atoms directly attached to tin. In '"H-'3C HSQC spectra
obtained with a 10 ms INEPT transfer delay optimized to
reveal long-range "J(*H,"*C) couplings without compromising
the signal-to-noise as a result of T, relaxation, a network of
“J("H,*C) correlations, starting from the methyl one, finally
demonstrates that the carbon atom at 6 =10.3 ppm necessa-
rily belongs to the same moiety, namely the butyl group
(Figure 3, Table 2). Unfortunately, the similar size of the
2J('H,®C) and JJ('H,"®C) coupling constants in saturated
aliphatic chainsP®! makes it impossible to pin down the
identity of the 3C resonances at 0 =28.9 and 27.4 ppm to the
C; and C, resonances from the 'H and *C NMR data at this
stage. With the '"H and C resonances of the butyl side
chain identified, the remaining upfield *C resonance at d =
10.6 ppm is assigned to C, in the spacer (Table 2). Because
the butyl chain supplies the four most intense *C resonances,
while the peak height of the Cg4 resonance corresponds to
less than 40% of that observed for C,, the assumption
formulated earlier regarding the increased mobility of the
butyl chain with respect to the spacer is hereby further
validated.

Despite the immobilization of the organotin reagent on the
solid support, the '3C spectrum of 4 also reveals the typical
additional fine structure that results from scalar coupling
interactions of the *C nuclei with the 'Sn and '"°Sn spin %
isotopes of tin. Thus, the well-resolved C, high-field 3C
resonance displays satellites in the 1D ¥C spectrum (Fig-
ure 4), with values of 351 and 366 Hz respectively, typical for

Hmtp
Ho
ppm
J L 120
Cm+p @*‘E 130
Co J [
F 140
Cipso O
& T T
7.5 7.0 ppm
ly

LJ(BC198n) coupling constants across a single bond (Ta-
ble 3). In the 2D 'H,"3C HSQC spectra, the 6-(CH,) correla-
tion peak is at the center of a so-called E.COSY pattern+! of
lower intensity satellite peaks (Figure 4), indicating that the
correlated '"H and "*C nuclei are both involved in passive
scalar coupling with the "”'"Sn nucleus. Both *J("H,""”'"°Sn)
and "J(BC,""7119Sn) coupling constants are easily extracted
from these typically tilted patterns (Figure 4), by means of
suitable 1D traces. In addition, the patterns allow us to
pinpoint the position of tin satellites in crowded regions of the
1D 13C spectra. The resonances at 6 =28.9 and 27.4 ppm can
now be assigned to C; and C, respectively, based on the values
of 20 and 59 Hz, characteristic for a 2J(**C,'"”"°Sn) and
3J(BC17198n)  coupling  constant, respectively  (Fig-
ure 4).34.351 The E.COSY patterns also provide unique access
to the "J('H,''""“Sn) coupling constants in these systems,
thereby overcoming problems associated with overlap and the
considerable line widths of the 'H resonances.*> ! Complete
and unambiguous assignment of the phenyl groups in 3 and 4
was aided by the characteristic downfield shift?* 3] of the
ortho 'H and C resonances, and the characteristic values for
the scalar "J(*H,"""Sn) and "J(**C,"""Sn) couplings (Ta-
ble 3, Figure 4).3%] The ipso carbon atom was identified from
its quaternary nature in the DEPT 3C spectrum, long-range
correlations to the C, and C,, in the long-range 'H-"3C
HSQC, and especially the large J('3C,''“Sn) coupling
satellites (Table 3). Other quaternary carbon atoms gave rise
to much broader resonances. Their chemical shift positions
indicate that they are associated with the cross-linked poly-
styrene matrix (Table 2).

Assignment of the spacer resonances, which was straight-
forward for the precursor compounds 1 and 2, proved more
troublesome for 3 and 4, because their line width increasingly
broadens upon nearing the grafting point on the polystyrene
matrix. As a result, the J(1*C,'”11Sn) satellites associated
with the resolved C6 resonance in the 1D *C spectrum cannot
be distinguished from the noise. However, their existence
follows from the weak but clearly identifiable E.COSY
pattern, slightly downfield from that of C,, in accordance

H
Hopy 0
ppm
07 =
= [=]
204
CE= [ %
304 =1=~—]
T I
1.5 1.0

ppm

Figure 3. '"H-"3C HSQC spectrum of 4 using 10 ms INEPT transfer delays to enhance long-range >3J(*H,*C) correlation information. Individual resonances
are labeled in bold over the separately recorded 'H and *C spectra, shown on top and to the left or right of the 2D spectrum respectively. Boxes indicate
direct 'J(*H,"*C) correlation peaks, while ovals are used to highlight the long-range >*/('H,"3C) correlations in the phenyl (left) and butyl (right) groups on tin,

respectively.
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Figure 4. Details of the various '"H-"C cross-peaks in 4, revealing the additional fine structure due to scalar coupling interactions involving the ''7'""Sn
nuclei. The resonances of interest are labeled in bold over the separately recorded 'H and *C spectra, shown on top and to the left or right of each 2D
spectrum, respectively. All of the 1D 3C spectra were enhanced with gaussian multiplication to improve the C,/C, peak separation and to resolve the smaller
"J(3Cy, 7M19Sn) couplings from their parent peak. Horizontal dashed lines connect the E.COSY peaks to their associated, unresolved "J('*C,'"7“Sn)
coupling satellites in the 1D *C spectrum, while vertical ones indicate the unresolved "J(*H,'"”1"Sn) couplings. The spectral expansions show the details of
the E.COSY pattern associated with the following cross-peaks: top left: HCg and H,C,; bottom left: H;Cyg; top right: H,C,; and bottom right: H,C, in the

aromatic region.

Table 3. "J("H,"”'“Sn) and "J(**C,""”'"%Sn) coupling constants!®! (in Hz) of the polymer-supported organotin compounds 3-6 in CDCl,.

'H,19Sn 3 13O, 171Gy H,198n ! 13C 119G IH,198n > 13C 7Sy ‘H,”"Sn/gC,'”””Sn
a(CH,) 562/ 367351 1 51.8%J 369352 1l 562 421 1jted] 532 423 1Jledl
B(CH,) 5337 212 5537 202 11457 20 2J1¢] 11337 20 2Jt¢l
y(CH,) 34 5937 24 5937 34 86 3JI¢l 34 86 3/l
(CH), 4437 332 4437 3227
(CH),, 16 47 4437 164 4437
Cipso q.c. 434417 1J© q.c. 433411 1
6-(CH,) 5827 361 i

[a] Except when otherwise labeled, a single value for a coupling constant indicates that the satellites originating from ''’Sn and '"*Sn isotopomers are not
resolved. Irrelevant entries have been left blank, q. c. indicates a quaternary carbon and thus no "J(*H,'"”'**Sn) coupling. [b] Resolved *C,!’Sn and "*C,'"*Sn
coupling constants obtained from the 1D 3C spectrum. [c] The values could only be extracted from the 'H - *C HSQC spectrum. [d] The resolution along the
indirect *C dimension in the 2D 'H-'3C HSQC is not sufficient and therefore an average “J(**C,''"'Sn) coupling constant is observed.

with the position of C6 relative to C,. Using 6-(CH,) as a nances in the 1D 3C spectrum remain unassigned, but are
starting point, only 5-(CH,) can tentatively be identified from clearly associated with the spacer, as DEPT '°C reveals their
the long-range HSQC, as correlations involving the other methylene character. A single methine signal, found in the
methylene units, if present, become too weak to be measured. DEPT BC at 6 =40.1, arises from the polystyrene backbone.
Also, the weak intensity and broad nature of these 'H-13C The spectral characterization of the organotin-functionalized
correlations and *C resonances prevent the extraction of polymers 3—-6 and their precursors 1-2 using the approach
coupling information involving the tin nucleus. A very weak described for 4 is summarized in Table 2. In general, complete
cross-peak in the '"H-3C HSQC was assigned to the 1-(CH,) resonance assignment could be achieved, except for those
group, based only on chemical shift similarity with 1 and 2. from the spacer in 3-6. In the diphenylstannane 3, with the
Thus several 'H-'3C correlations and their associated reso- shorter tetramethylene linker, separate resonances for the
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methylenes neighboring tin could not be observed, therefore
these are assumed to collapse.

The dichlorostannanes 5 and 6 were most difficult to
characterize, as substitution of the phenyl groups by chlorine
atoms causes the '3C resonances from the methylenes adjacent
to tin, previously at around 6 =10 ppm, to move into the
already overcrowded 20-30 ppm region, which now contains
all methylene resonances. Those from C,, C,, and C; are all
isochronous, and their presence in a single 'H—13C cross-peak
could only be confirmed by careful analysis of the E.COSY
multiplet patterns contributed by each peak (Table 2). Again,
the spacer resonances in between those bound to the tin and
styrene units respectively, could not be assigned. Notwith-
standing these limitations in the assignment, the accurate and
extended spectral characterization of this type for grafted
organotins and organometals in general is unprecedented.

Assessing reaction progress and purity: The synthesis of 6
from 4 and 2 (Scheme 1) was monitored by longitudinal eddy
current delay (LED) diffusion-filtered 1D hr-MAS 'H NMR
spectroscopy,?”) which allows retention of only the signals
from the immobile, functionalized polymer, the signals from
translationally mobile solvent and other possible molecules
being purged away. As shown in Figure 5, the presence or
absence of characteristic fingerprint resonances from one
synthesis step to the next allows us to ascertain the completion
level of the reaction as well as the compound’s purity within a
few minutes. The complete disappearance of the chloro-

a) | P-(H)
b)
2
c)
4
d)
6

dlppm

Figure 5. 1D LED diffusion-filtered spectra of underivatized cross-linked
polystyrene P-(H) (a), and the various organotin compounds derived from
it (b—d), each with a hexamethylene linker, according to reaction
Scheme 1. Traces shown in b, ¢, and d correspond to P-[(CH,),Cl]P-
(H), (2). P-[(CH,)SnPh,BulP-(H), , (4), and P-[(CH,)SnCLBu]P-
(H),_, (6), respectively. e) Spectrum of the artificially impure sample
consisting of a 2.6/97.4 mixture of 4 and 6. The inset shows a blow-up of the
aromatic region, indicating the phenyl signals of 4 superimposed on signals
from the polymer matrix.
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methylene signal of 2 in step 2 as well as those from the phenyl
groups of 4 in step 3 of the synthesis route, indicate that a high
level of conversion has indeed been achieved. To explore the
limits of diffusion-filtered 1D hr-MAS 'H NMR in establish-
ing incomplete reaction conversion in our system, a mixture of
beads containing the dichlorostannane 6 and the diphenyl-
stannane 4 grafts, in a 97.4/2.6 molar ratio was inserted into a
rotor. Using the same experimental set-up as before, the 2.6 %
artificial diphenylstannane impurity is easily detected in the
'H spectrum (Figure 5¢). Given that specific marker reso-
nances are present, any remaining functionalized precursors
or grafted products from unexpected side reactions that
contribute at least 1% should therefore easily be detected.
Their quantification from '"H NMR spectroscopy however,
must be considered with certain precautions as it is sensitive
to various factors affecting integration, including overlap and
differential relaxation during the diffusion sequence.?’!

A possible solution to these problems would be to record
1D ""Sn NMR spectra on swollen beads under MAS
conditions. In this case, only tin-containing species would
contribute to the spectrum. Combined with the large chemical
shift window of organotin compounds (ca. 800 ppm) and its
strong sensitivity to changes in the nature of the bound
moieties,? 1D "°Sn hr-MAS NMR would provide a powerful
means of detecting and identifying possible impurities or
incomplete conversions at the level of the tin functionality.
This was explored using a standard 4 mm solid-state CP-MAS
broadband probe, as dedicated hr-MAS NMR probe heads
are currently limited to the 'H, '3C, N, and *'P nuclei.
Despite the nonoptimal probe design, which results in some
line shape distortions and broadening,*l acceptable 'H
spectra could be recorded on 3-6 swollen in chloroform. A
series of '"Sn spectra recorded in less than one hour each
using this set-up are collected in Figure 6. For 4, a single
resonance is found at 0 = —72 ppm, (Figure 6b) in excellent
agreement with the value of  =—70 established previously
(Figure 6a) using solid-state ''’Sn NMR.['l The use of solvent
swelling under MAS conditions results in a dramatic line
narrowing, the resonance line width at half-height being only
80 Hz (Figure 6).1* %] This considerably shortens the exper-
imental time necessary to retrieve chemical shift information
from 1D !%Sn spectra, as measurement times ranging from six
hours to one day were necessary to obtain solid-state ''°Sn
NMR spectra with similar signal-to-noise ratios for 3 and 4,
and 5 and 6, respectively. An additional low-intensity
resonance can be observed at 6 = —44 ppm, which from its
resonance position may be ascribed to an R;SnPh-type
moiety. For the dichlorostannane 6, a resonance line can be
observed at 0 =125 ppm, (Figure 6¢) the resonance position
expected from solid-state 'Sn NMR spectroscopy. When
THF is used as swelling solvent, the dichlorostannane
resonance broadens and shifts to é ~— 10 ppm (Figure 6 f),
indicative of intermolecular interaction with THF through
coordination extension.?* 35 The spectrum of the artificial 6/4
mixture in a 97.4/2.6 molar ratio (vide supra) was also
recorded (Figure 6d). The resonance of the diphenylstan-
nane-functionalized polymer is clearly visible and easily
identified from its chemical shift value, while integration
indicates it contributes 2.8 % of the total signal (Figure 6).
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Figure 6. 1D 'H decoupled '"Sn spectra at 223 MHz (except for a)),
obtained under hr-MAS conditions on a series of organotin-functionalized
polymers. a) 92 MHz MAS solid-state ''’Sn and b) 223 MHz hr-MAS '"“Sn
NMR spectrum of 4, the asterisk denotes the R;SnPh impurity. ¢) hr-MAS
19Sn NMR spectrum of 6; d) '”Sn NMR spectrum of a sample of 6 doped
with beads of 4 in a 97.4/2.6 molar ratio. e) "Sn NMR spectrum of a sample
of 6 synthesized in MeOH/HCI containing a large amount of impurity,
which is identified as the chlorophenylstannane analogue. f) '*Sn NMR
spectrum of 4 in THF, showing broadening and shifting of the tin chemical
shift due to intermolecular coordination extension with the solvent. Where
apparent, the large resonance at 6 =0 corresponds to 0.2 v/v Me,Sn used as
internal chemical shift reference.

This compares extremely well with the 2.6 % value calculated
from the original mass of the mixed samples. Application to
an impure sample of 6, as judged from elemental analysis,
illustrates the enormous potential of !'Sn NMR spectroscopy
for impurity detection, identification, and quantification in
functionalized organotin polymers. Indeed, the resonance
expected for 6, at 6 =125 ppm, is accompanied by another at
0 =82 ppm, contributing 22 % to the total signal (Figure 6¢).
From its chemical shift, the impurity can be assigned to a
mixed chlorophenylstannane graft, resulting from the sub-
stitution of only a single phenyl group by a chlorine atom. This
incomplete transformation was rather surprising, because the
reaction conditions used are well-known to be the most
adequate ones in solution-phase chemistry.'®l This exempli-
fies yet again the well-known fact that reaction conditions
optimal for solution-phase chemistry may not always be
directly applicable to solid-phase synthesis. While the purity
level could be improved,!'” a more complete and reproducible
conversion could be obtained by using methylcyclohexane at
—78°C instead of methanol at room temperature as the
reaction medium.

3438
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From Figure 6, the "Sn resonance from 6 is seen to be
markedly more broadened than that of 4, while the chlor-
ophenylstannane shows a line width somewhere in between.
The reasons for this broadening as chlorine substitution
increases are as yet unclear. It may reflect the fact that
grafting favors local aggregations due to chlorine interactions
towards tin atoms. Because the Lewis acidity at tin(*
increases with the number of chlorine atoms, the equilibria
between aggregated and nonaggregated species could cause
exchange-determined line broadening as the number of
chlorine atoms increases. Alternatively, residual coupling
interactions between the tin and the quadrupolar 3*’Cl nuclei
have been reported to induce broadened '"Sn resonances
when measured under solid-state MAS conditions.[*"] Never-
theless, the improvement in the precision of characterization
over solid-state NMR remains evident.

These encouraging results prompted us to investigate the
possibility of recording 2D 'H-'"Sn HMQC correlation
experiments, (Figure 7) which have become an important

E . 3 )
dlopm 0 4 3
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*
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=
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Figure 7. 2D 'H-""Sn detected HMQC spectrum of the artificially impure
sample of 6 and 4 in 97.4/2.6 molar ratio (top) and the sample of 6
synthesized in MeOH/HCI and containing a large chlorophenylstannane
impurity. The peak at d =0 is Me,Sn, used as reference. In both cases the
contribution from the impurities, detected in 1D '"”Sn spectra before
(Figure 6d, 6¢), are now seen to correlate with peaks in the aromatic
region, confirming their assignment.

2 §lppm

spectral characterization tool in organotin chemistry,?® 42 as
they allow the participation of 'H chemical shift information
in the assignment process of the organotin species. Applica-
tion of this technique to the impure sample of 6 now allows us
to link the "“Sn signal at 0=82ppm with the minor
resonances in the aromatic region of the 'H spectrum,
confirming that the impurity stems from a chlorophenyl
analogue (Figure 7). It is important to realize that while the
'H in the aromatic region already hinted that the impurity
contained a phenyl group, straightforward distinction be-
tween the impurity resulting from residual unreacted diphe-
nylstannane 4 and the chlorophenyl intermediate necessitates

0947-6539/02/0815-3438 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 15



Polymer-Grafted Organotin Compounds

3431-3441

additional correlation with ”Sn chemical shift information
(Figure 7). Making this distinction is impossible using
'H NMR spectroscopy alone, and would at best have been
tedious using ®C and 'H-3C HSQC spectroscopy. At
constant recording time, the use of 'H-"°Sn HMQC spectra
affords a higher signal-to-noise ratio in the '“Sn dimension
compared with 1D "”Sn spectra, as can be expected from
inverse correlation experiments. ]

Discussion

The organotin reagents grafted onto the cross-linked poly-
styrene—the only solid support used so far for organotin
compoundst*l—are, by far, less than ideal model systems for
exploring the potential of hr-MAS NMR spectroscopy,
because the 'H and "*C resonances appear in a very confined
region of the spectra and the support behaves rather poorly
from the hr-MAS NMR point of view.’¥! Nevertheless
complete (1,2) or relatively extensive assignments (3-6)
could be obtained by using 1D and 2D 'H and *C hr-MAS
NMR spectroscopy. The most important innovation of the
work presented here is undoubtedly the extension of hr-MAS
NMR spectroscopy to the tin nucleus. Despite the above
limitations, typical high-resolution NMR information like
passive "J('H,"71Sn) and "J(*3C,'"""“Sn) coupling constants
and improved '”Sn chemical shift discrimination can be
obtained. This enables the investigation of structural and
constitutional changes directly on the tin atom at the solid/
solution interface, that is under conditions relevant to the
synthesis or application of the functionalized polymer graft.
Grafted organotin impurities are easily detected and identi-
fied in a short time, allowing quick feedback for reaction
optimization. This provides exciting new prospects for the
further development of polymer-bound organotin reagents or
catalysts. Although quantification using integration from hr-
MAS NMR spectra should be performed with care,®! it
appears to provide reliable impurity quantification in the
grafted organotin reagents considered here. The sensitivity of
the tin chemical shift towards interactions between tin and
substrate or reaction solvent should make it possible to use
19Sn hr-MAS NMR spectroscopy to monitor a tin catalyst, in
a transesterification for example,'” under near reaction
conditions.]

The successful acquisition of the 1D and 2D NMR
correlation experiments allows us to achieve structural
characterization at a much more fine-tuned level when
compared with solid-state NMR or IR spectroscopy. In fact,
the 'H resonance line widths of the graft in chloroform are
very similar to those observed in soluble, linearly functional-
ized polystyrene analogues.*’] This indicates that the rota-
tional mobility for the anchored organotin species in the
solvent-swollen bead is close to that of its analogues grafted to
soluble polystyrene. The striking correlation in 1 and 2
between C resonance peak height and the number of
carbon—carbon bonds separating the corresponding CH,
group from the polymer matrix also appears in spectra of
their soluble analogs.*’l This phenomenon most probably
results from the similarly increasing rotational mobility as one

Chem. Eur. J. 2002, 8, No. 15
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recedes from the grafting point into the solvated surround-
ings.*! The introduction of the organotin moieties has a
marked effect on the line widths and 'H-'3C cross-peak
intensities of the methylene resonances in the spacer. This
could result from the high loading, as the introduction of the
sterically much bulkier R,SnBu moiety in 3-6 with respect to
that in 1 and 2, could severely impede the rotational flexibility
of the alkyl chain.

Conclusion

The novel strategy described here should be of general utility
outside the realm of organotin chemistry. More particularly,
phosphorus and various other nonmetal-containing reagents
(e.g with Si and Se), as well as organometallic compounds
containing spin % isotopes such as !®Rh, 'PAg, 3Cd, 18W,
15pt, Hg, and 2*Pb are now open to hr-MAS NMR
investigation. While hr-MAS probes still need to be devel-
oped to address these nuclei, the possibility of using solid-
state CPMAS probes, capable of addressing many individual
nuclei through a broad-band channel, already permits us to
venture towards high-resolution NMR characterization of a
whole variety of polymer-grafted substances. Depending on
the sensitivity of these isotopes, chemical information on the
metals and their environment may be accessed through direct
acquisition or indirectly from 2D inverse 'H-"X correlation
spectroscopy by the manifestation of scalar couplings of the
'H and C nuclei to the metal.

Even when the catalytic metal is not amenable to direct
NMR investigation, characteristic changes in 'H and *C NMR
chemical shifts should provide valuable information on the
grafted organometals. Thus structural characterization of
grafted organometals in situ at the solid/solution interface
now becomes possible with a degree of thoroughness com-
parable to that of classical homogeneous organometallic
Chemistry.[34a‘36’ 42, 46a]

Experimental Section

Synthesis: Compounds 1-6 used in this study were synthesized as
summarized in Scheme 1, following procedures described previously.'” In
all cases, a 2-10% divinylbenzene cross-linked polystyrene, Amberlite
XE305, either from PolySciences Inc. or from Rohm and Haas, was used as
the insoluble solid support P-H. In short, a tetra- or hexamethylene spacer
with terminal chloride was grafted onto the insoluble polystyrene P-H
(compounds 1 and 2), previously lithiated in the para position. In a
subsequent step, a stannylation reaction with Ph,SnBuLi in THF substi-
tuted the chlorine atom for the BuPh,Sn group (compounds 3 and 4). The
BuCl,Sn functionalities in compounds 5 and 6 were obtained by conversion
of compounds 3 and 4, using a different procedure as described before.'"]
This modification, described in more detail hereafter, allowed better
control of possible side reactions leading to anchored impurities, when
compared with the previously employed method.

Synthesis of (P-H)_,(P-(CH,),SnBuCl,), (5): Compound 3, (P-H).,(P-
(CH,),SnBuPh,), (r=0.34, 3 g) was covered with distilled methylcyclohex-
ane (80 mL). At —78°C and under exclusion of light, HCI gas was gently
bubbled through the suspension for 15 min. Subsequently, the reaction
mixture was brought to room temperature and kept for 2 h, allowing the
excess of HCI gas to escape from the reaction mixture. The (P-H)_,(P-
(CH,),SnBuCl,), polymer obtained was consecutively washed with meth-
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ylcyclohexane (4 x 30 mL), THF (4 x 30 mL), and ethanol (2 x 30 mL),
and was finally dried at 60°C under vacuum. The resulting polymer 5 had
t=0.33. IR: #=343 (m, Sn—Cl), 513 (w, sym. Sn—Bu), 596 cm~! (w, asym.
Sn—Bu); elemental analysis caled (%) for (P-H)_,(P-(CH,),SnBuCl,),
(using the ¢ value of the precusor 3): C 62.44, H 6.56, Sn 19.41, CI 11.35;
found: C 62.72, H 6.60, Sn 18.81, Cl 11.59.

Synthesis of (P-H),_,(P-(CH,){SnBuCl,), (6): The procedure for the
synthesis of this compound was similar to that used for compound 5 above.
The precursor compound 4 had t=0.32. The obtained polymer 6 had =
0.31. IR: =340 (m, Sn—Cl), 515 (w, sym. Sn—Bu), 595 cm~!(w, asym.
Sn—Bu); elemental analysis caled (%) for (P-H)q_,(P-(CH,)sSnBuCl,),
(using the ¢ value of the precusor 4): C 63.97, H 6.92, Sn 18.22, Cl 10.89;
found: C 64.51, H 7.24, Sn 18.08, Cl 10.56.

NMR studies: All 'H and *C NMR spectra were recorded at 300.13 and
75.70 MHz respectively, using a Bruker DRX 300 AVANCE equipped with
a 4 mm dual 'H, ®C hr-MAS probe fitted with a uniaxial gradient coil. All
hr-MAS spectra were recorded by using full rotors (i.e. without inserts)
containing the resin, swollen in a suitable solvent, spinning at a 6000 Hz
rotor around the magic angle. Typically, samples contained approximately
20 mg of resin beads, suspended in approximately 100 pL of deuterated
solvent. For the solvent screening, 5—8 mg of resin were used. In all cases,
0.2% (v/v) TMS was added as internal reference. All experiments were
performed by using pulse sequences in which pulse timings and delays were
set to be multiples of the MAS rotation period, so as to avoid signal loss.[*]
A diffusion-filtered LED sequence was used to eliminate the contributions
from any mobile species from 1D 'H spectra,?”) using a 33.3 ms diffusion
delay and 5 ms sine shaped gradient pulses with a maximum amplitude of
0.308 Tm~!. 2D TOCSY spectra were obtained by using a rotor
synchronized MLEV16 mixing scheme,** I recorded with mixing times
of 12, 36, and 66 ms. Typically, 400 t; increments of 2048 data points, 16
scans each, were acquired. Standard 1D '3C as well as DEPT '*C spectra
were recorded by using 2s relaxation delays. While 1000 scans were
sufficient to detect all C resonances of interest, typically 8000 to 16000
accumulations were necessary to reveal the "J('3C!'"7"°Sn) coupling
satellites. 2D gradient-enhanced 'H-'C HSQC spectral*®l typically
consisted of 300-400 t; increments of 2048 data points, 32 to 64 scans
each. Folding along F1 was used for the aromatic resonances, as the *C
frequency window was limited to a maximum of 40 ppm because of the
rotor synchronization. In specific cases, up to 256 scans were recorded to
detect the presence of weaker (broadened) resonances originating from
methylene moieties close to the solid support, or for the long-range 2D 'H-
3C HSQC spectra recorded with INEPT delays of 10 ms. In all cases, 2 s
relaxation delays were used, and *C decoupling was performed during
acquisition using the GARP sequence. States-TPPI% was used throughout
to obtain pure absorption phase spectra. Processing consisted of suitable
apodization using a squared cosine bell followed by zero filling and Fourier
transformation to a 2 K by 2 K data matrix.

All spectra involving the 'Sn nucleus were recorded on a Bruker
DMX600, operating at 600.13 and 223.63 for 'H and '"Sn, respectively.
Since no high-resolution MAS probe head tunable to the '*Sn nucleus is
currently available, a regular solid-state 4 mm broadband CP-MAS probe
head was used instead. Although the design of such a probe head is
evidently not optimized to yield the undistorted, narrow line shapes of hr-
MAS probe heads,®¥! acceptable line shapes were obtained by shimming
each sample using the X-coil of the probe tuned to 2H as the signal source
for the 2H lock system. During ”Sn measurements, no H lock was applied.
The '“Sn 90-degree pulse length was 7 ps, a value that may interfere with
accurate quantification owing to the impact of resonance offset effects.5!]
These lead to nonuniform excitation when large frequency windows need
to be covered, which is the case for tin at such large fields. Here, this
concern was addressed by placing the '"“Sn carrier frequency approximately
halfway between both tin resonances. In a more general approach, the use
of composite excitation pulses,” which are more tolerant of resonance
offset effects, should be considered. All '“Sn spectra covered a spectral
width of 400 ppm, centered on the resonance of Me,Sn, which was used as
internal reference. A total of 2048 scans, 32 K data points each, were
recorded with 'H decoupling during acquisition only. 2D 'H-!""Sn HMQC
spectral®® #l were recorded with evolution delays for the "J(*H,!“Sn)
couplings set to 14.3 ms (35 Hz). As gradient coils were not available in our
solid-state CP-MAS NMR probe head, the suppression of the parent peak
relied on the use of phase cycling only. Typically, 400 t, increments of 2048
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data points, 16 to 32 scans each, were recorded, with a 2 s relaxation delay
in between. Processing consisted of suitable apodization using squared
cosine bell followed by zero filling and Fourier transformation to a 2 K by
2 K data matrix.
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