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by High-Resolution Magic-Angle-Spinning NMR Spectroscopy
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Abstract: Dialkyltin dichloride grafted
to a cross-linked polystyrene, with the
formula [P—H]_,[P—(CH,),SnBuCl,],
(P=[CH,CH(pCsH,)], t=the degree of
functionalization, and n=6 or 11), is
investigated as a recyclable catalyst in
the ring-opening polymerization
(ROP) of e-caprolactone (CL). It is
demonstrated  that  high-resolution
magic-angle-spinning (HR-MAS)
NMR spectroscopy is an invaluable
tool to characterize completely the sup-
ported catalyst. The 2D 'H-"C HSQC

and '"’Sn HR-MAS NMR spectroscopy
is presented as a monitoring tool for
catalytic processes based on organotin
compounds, particularly for the investi-
gation of the extent to which polymeri-
zation residues are observable in situ in
the material pores and for the assess-
ment of the chemical integrity and re-
cycling conditions of the grafted cata-
lyst. From polymerization experiments
with CL, initiated by n-propanol and
with [P—H]_,[P—(CH,),SnBuCl,], of
various compositions as the supported

catalyst, it appears that a partial ’burst’
of the polystyrene support occurs when
the length of the alkyl spacer is limited
to n=6, as a result of polymer chains
growing within the pores of the sup-
port. However, extension of the length
of the aliphatic polymethylene spacer
from 6 to 11 carbon atoms preserves
the support integrity and allows the
production of catalyst-deprived poly(e-
caprolactone) (PCL) oligomers. A pre-
liminary attempt to recycle the hetero-
geneous catalyst has shown that very

HR-MAS spectrum, in particular, al-
lowed extensive assignment of the 'H
and C resonances, as well as accurate
measurement of the "J("H-"""""Sn) and
1J(1*C-1""Sn) coupling constants. 'H

NMR
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good reproducibility can be obtained,
in terms of both catalyst activity and
molecular-weight parameters of the as-
recovered PCL polyester chains.

lactones
polymeri-

Introduction

Aliphatic (co)polyesters, prepared by ring-opening polymer-
ization (ROP) of (di)lactones, are versatile polymers with at-
tractive and valuable properties as polymeric and composite
materials. In addition, they are biocompatible and degrada-
ble by enzymatic and/or hydrolytic chain cleavage of ester
bonds, properties that have contributed to their success in
biomedical and pharmaceutical applications, such as their
use as temporary implant materials and resorbable carriers
for controlled drug delivery.!! Extensive research efforts
have focused on the development of effective initiator/cata-
lyst systems for the controlled ROP of (di)lactones. These
systems include many organometallic compounds that acti-
vate the synthesis of aliphatic polyesters according to anion-
ic or coordination—insertion mechanisms.”) The main draw-
back of these organometallic initiators or catalysts results

DOI: 10.1002/chem.200500065 Chem. Eur. J. 2005, 11, 4552-4561



from their typical heavy-metal toxicity. Consequently, the
remnants have to be removed before use, particularly for
biomedical and pharmaceutical applications. In order to al-
leviate this serious shortcoming, some lower toxicity
metals®! and also enzymes have been used as initiators or
catalysts for ROP of (di)lactones, with variable success in
terms of control of molecular parameters and the range of
number-average molar masses available.”! An alternative
strategy involves grafting the initiator/catalyst systems onto
an insoluble support, which is easy to separate from the
liquid polymerization medium by filtration and to recycle
without systematic mineralization of the organometallic
active species. As early as 1994, Spitz and co-workers
worked on this concept by developing a system based on
aluminum alkoxides grafted onto porous silica that were
used as immobilized initiators for the ROP of ethylene
oxide, in a case in which homogeneous aluminum triisoprop-
oxide was quite inefficient.”] After thermal treatment of the
silica in order to control the nature and amount of silanol
groups, the active aluminum alkoxide centers were grafted
according to a two-step procedure involving the reaction of
triethylaluminum on the silanol groups followed by the sub-
sequent alcoholysis of the remaining alkylaluminum groups
into aluminum alkoxides. When used for the ROP of e-cap-
rolactone (CL) in the presence of a large excess of alcohol
molecules relative to aluminum atoms, a rapid exchange re-
action occurred between the grafted active centers and the
free alcohol molecules in such a way that poly(e-caprolac-
tone) (PCL) oligomers were formed and functionalized by
end groups originating from the alcohol.!”! Higher metal ac-
tivities were observed with rare earth alkoxides, with func-
tionalized PCL oligomers being obtained within 5 minutes
at 50°C in toluene by using a silica support preliminarily
treated at 450°C and treated with yttrium trialkoxides.”!
More recently, a further step towards the controlled ROP of
CL initiated by yttrium isopropoxide grafted onto silica was
achieved by treating preformed diisopropoxide yttrium
(hexamethyldisilyl)amide, (iPrO),Y[N(SiMe;),], with previ-
ously thermally treated silica.”™! In the presence of 2-propa-
nol, the degree of polymerization could be predicted from
the initial monomer-to-(alcohol+alkoxide) molar ratio,
while the molar-mass distribution of the PCL oligomers re-
covered by washing the support with 2-propanol was re-
markably narrow (M,/M,=1.1)."! Sudo and Endo also re-
ported on the immobilization of 2-(N-methylamino)ethanol
on acryloyl-functionalized cross-linked polystyrene, followed
by acid-catalyzed ROP of CL in the presence of molecular
sieves. After polymerization of CL, which was actually initi-
ated by the grafted hydroxy functions, a-allyl, w-hydroxy
PCL oligomers were isolated from the support by selective
cleavage of the -amino ester linker by using various halo-
genated alkyl and allyl derivatives."”

The similarity between these strategies is the preliminary
grafting of the true initiating species onto an insoluble sup-
port, which required both the PCL oligomers to be selec-
tively untied from the support in order to isolate them, and
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the active centers to be regenerated prior to recycling the
support.

The present paper aims at testing a recently proposed di-
alkyltin dichloride grafted to a cross-linked polystyrene sup-
port," with the formula [P-H], ,[P—(CH,),SnBuCL)], (P=
[CH,CH(pC:H,)], n=6 or 11, t=degree of functionaliza-
tion), as a catalyst in a ROP of CL that is actually being ini-
tiated by n-propanol molecules. Analogous heterogeneous
polystyrene-supported organotin dichloride catalysts (1 or
0.1 mol%) have already been shown to be efficient in
model transesterification reactions between ethyl acetate
and 1-octanol under refluxing conditions; the catalyst can be
easily recycled without any decrease in catalytic activity.'>!3
Moreover, some of us have reported a mechanistic study of
the dibutyltin dichloride (Bu,SnCl,)-mediated ROP of CL in
the presence of 1-propanol (nPrOH) by using multinuclear
spectroscopy, mainly based on the *Sn nucleus.'¥ At 100°C
in toluene, CL coordinates the tin atom and brings, at least
partially, the four-coordinate Bu,SnCl, into five- and/or six-
coordinate configurations that are more favorable for initia-
tion of the coordination—insertion polymerization. Although
nPrOH is the actual initiator, it is prone neither to coordi-
nating irreversibly nor to reacting substantially with
Bu,SnCl, to form tin alkoxide species such as Bu,Sn(Cl),_,,-
(OC;H,),. Indeed, no additional single resonance accounting
for tin(1v) alkoxide and no significant '"°Sn chemical-shift
modification indicating possible fast exchange can be detect-
ed by '"Sn NMR spectroscopy. At high monomer conver-
sion, the polyester remains partially coordinated to the tin
atom, at the expense of hydroxy groups end-capping the
PCL chains, and this will decrease the occurrence of noxious
transesterification reactions (Scheme 1). As a result, the
molar mass of PCL can be predicted from the initial [CL]/
[#PrOH], molar ratio corrected for monomer conversion
(M heor = ([CL]o/[nPrOH]( x conv x MW ¢ )+MW, 501, in
which M ..., is the theoretical number-average molar mass
of PCL, conv is the monomer conversion, and MW, and
MW, p.0n are the molecular weights of CL and nPrOH, re-
spectively) and a remarkably narrow polydispersity index
can be reached (weight-average/number average molar mass
M /M, <1.1).

In parallel to these goals, the present paper also demon-
strates how 'H and '"Sn HR-MAS NMR spectroscopy, a
method recently applied to the characterization of synthe-
sized target organotins grafted to insoluble supports,!’1>1]
can be used as a tool to monitor catalytic processes. More
particularly, it is demonstrated how HR-MAS NMR spec-
troscopy enables one to evaluate the status of the catalyst
after its use, to investigate to what extent reaction residues,
whether desired or not, are observable in situ in the material
pores after a catalytic run, and to assess the chemical integ-
rity and recycling conditions of the grafted catalyst.
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Scheme 1. Mechanism of ring-opening polymerization (ROP) of e-capro-
lactone (CL), catalyzed by Bu,SnCl, in solution. PCL =poly(e-caprolac-
tone).

Results and Discussion

Synthesis and characterization: Polystyrene-supported di-
organotin dichloride catalysts of general formula [P—H]_,-
[P—(CH,),SnBuCl,], (n=6 or 11) have been synthesized
from Amberlite XE-305, that is, cross-linked polystyrene
beads (P—H) with a diameter in the range of 500-850 pm,
according to procedures previously described.'"*! The im-
portance of the spacer choice was likewise discussed previ-
ously.'3) We present here (Figure 1) a nice example of the
suitable use of so-called diffusion-filtered!"'” '"H HR-MAS
NMR spectroscopy, which enables one to monitor the suc-
cession of reaction conversions (Scheme 2), as well as to
assess the completeness of the reactions.

Actually, HR-MAS NMR spectroscopy is a powerful tool
that allows the application of most high-resolution tech-
niques, well known from solution-phase NMR spectroscopy,
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 con-
tribution of magnetic-susceptibility-induced line broaden-
ings, which are present in such heterogeneous systems,
through spinning at the magic angle.">* The use of longitu-
dinal eddy current delay (LED) diffusion-filtered 1D HR-
MAS NMR spectroscopy” enables one to distinguish reso-
nances arising from grafted species that are translationally
immobile from those of translationally mobile species, that
is, all free reagents, free products, and unbound solvent mol-
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Figure 1. Diffusion-filtered HR-MAS '"H NMR spectrum of compound 2,
P—(CH,),;Cl (top), compound 4, P—(CH,),;SnBuPh, (middle), and com-
pound 6, P—(CH,);;SnBuCl, (bottom). PS =polystyrene.

*{HZC_E}* Amberiite XE-305 Ph,SnCI
x cross-linked polystyrene
BuMgBr/diethylether
4h at reflux
=P-H
Ph;SnBu
BuLi/TMEDA/
cyclohexane HCl/MeOH
65°C, 18h 65°C, 2h30
P-Li Ph,SnBuCl
Br(CH,),CITHF LiAlH,/diethylether
20°C, 3h 2h30 at reflux
] 6 Ph,SnBuH
n=
2n=11 P-(CH,),Cl BULi/DIATHF
0°C,30min
THF
20°C,24h .
Ph,SnBulLi
3n=6 /
P-(CH BuPh
4n=11 (CH,),SnBuPh,
HCl/
methylcyclohexane
-85°C, 15min
g Z : ?1 P-(CH,),SnBuCl,

Scheme 2. Synthesis of organotins grafted to cross-linked polystyrenes.
TMEDA =tetramethylethylenediamine, THF =tetrahydrofuran, DIA =
diisopropylamine.

ecules, with the signals from all the latter species being com-
pletely suppressed.

The chlorinated alkyl chains of the organotin precursor
compounds 1 and 2 provide well-separated resonances at
characteristic 'H chemical shifts of around 3.5 ppm for the
methylene moieties at the CH,Cl end of the spacer. The in-
troduction of the organotin moiety in 3-6 complicates the
spectrum of the grafted moiety, as the 'H resonances of the
methylene spacer are now obscured by those from the tin

www.chemeurj.org Chem. Eur. J. 2005, 11, 4552 —-4561
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butyl fragment. However, the presence or absence of the
characteristic fingerprint resonances from one synthesis step
to the next enables one to ascertain the degree of comple-
tion of the reaction, as well as the purity of the compounds,
in a very short time. The complete disappearance of the
CH,(l signal of 1 (or 2) in step 2 and of the signals from the
tin phenyl groups of 3 (or 4) in step 3 of the synthesis route
indicates that a high level of conversion has indeed been
achieved (Figure 1). The power of 1D "*Sn HR-MAS NMR
spectroscopy as a means of detecting and identifying possi-
ble grafted impurities or incomplete conversions at the level
of the tin functionality is illustrated in Figure 2, which dis-

[P-H1-[P-(CH2)sSnBuUCl2];

_

[P-H](1-p[P-(CH2)sSnBuPhy];

T T T T

150 100 50 0 50  -100

o/ ppm
Figure 2. "Sn HR-MAS spectra of [P—H],,_,[P—(CH,)sSnBuPh,], (3) and
[P—H],_»[P—(CH,)eSnBuClL,], (5). The two small signals flanking the

major resonance in the spectrum of the SnCl, compound § are spinning
side bands.

plays the ""Sn HR-MAS spec-
tra of compounds 3 and 5.
Small amounts of tin-containing

FULL PAPER

veals the fine structure arising from scalar couplings involv-
ing the '"Sn nucleus. The chemical shifts and coupling
constants obtained in this way for 4 and 6 are summarized
in Table 1. These data illustrate the power of the 2D 'H-"C
HSQC HR-MAS technique, as even the a-carbon atoms of

Table 1. Chemical shifts (0) in ppm and ""'"“Sn unresolved "J('H-
171198n) and "J(*C-'""""Sn) coupling constants in Hz (given in square
brackets) of the polymer-supported organotin compounds 4 and 6.

4 6

lH I3C IH 13C
butyl a(CH,) 1.29 10.8 [361] 1.97 [48] 27.6 [416]
butyl B(CH,) 161 29.6 1.98 [103] 25.5 [22]
butyl y(CH,) 1.34 27.9 [56] 1.57 26.9 [84]
butyl 5(CH,) 0.84 141 1.10 141
CH(0) 7.48 1372 - -
CH(m) 7.23 128.7 - -
C(ipso) - 141.0 - -
spacer a(CH,) 1.30 11.1 [357] 1.98 [50] 27.9 [412]
spacer 3(CH,) 1.63 29.4 1.96 [104] 27.6 [25]
spacer y(CH,) 134 34.8 [57] 1.55 33.8 [81]

the spacer and the butyl groups, with very similar chemical
environments and, accordingly, very similar chemical shifts,
can be differentiated and their “J(*C-""""Sn) coupling con-
stants determined separately (Figure 3, bottom). The numer-
ical values are all unambiguous indicators of four coordina-
tion at the tin center, as is expected both from the proper-
ties of the grafts and from the measurement conditions
used.

Catalysis in ring-opening polymerization of &-caprolactone:
Table 2 shows monomer conversion and molecular-weight
parameters of PCL samples obtained by initiating the ROP

Table 2. Monomer conversion and molecular-weight parameters of PCL as obtained by ROP of CL initiated
by nPrOH and catalyzed by [P—H];_,[P—(CH,)sSnBuCl], in toluene for 72 h ([CL],=4.51 molL"", [CL]y/[n-
PrOH], =100, [PrOH]y/[Sn],=20).

impurities, if present, can be Entry t T Conv! Mpeor™ My MM,
identified and quantified from [°C] [%] NMR SEC
these spectra. 1 0.32 100 58 6700 8300 8200 4.40
Although the 'H HR-MAS 2 0.32 70 10 1200 1800 1150 4.80
3 0.11 100 >99 11500 17100 17000 242

spectra for these compounds

are complex due to overlapping
resonances of the methylene
groups, from which extraction
of "J('H-""Sn) coupling con-
stants is not possible, a 2D 'H-3C HSQC!'>?! HR-MAS
spectrum recorded on a 700 MHz instrument allowed us to
assign extensively the 'H and "C resonances, as well as to
measure accurately the "J('H-""""Sn) and "J(*C-"""°Sn)
coupling constants from the E.COSY pattern of the cou-
pling satellites.”!! These constants are, together with the
9Sn chemical shifts, extremely valuable parameters for a
positive identification of the exact chemical nature of the
grafted organotin functionality, as well as of the coordina-
tion state of the tin atom. Figure 3 (top) shows a detail of
the 2D 'H-BC HSQC HR-MAS spectrum of 6, which re-

Chem. Eur. J. 2005, 11, 4552 —-4561 www.chemeurj.org
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[a] Conv=monomer conversion, M., =theoretical number-average molar mass, M,.,=experimental
number-average molar mass, M, =weight-average molar mass, M, =number-average molar mass.

of CL with nPrOH in the presence of the polystyrene-sup-
ported diorganotin dichloride catalyst with a hexamethylene
spacer, [P—H];_,[P—(CH,)sSnBuCl,],, for two different func-
tionalization degrees and polymerization temperatures. In
the absence of n-propanol, no substantial polymerization
occurs at 100°C within 72 h, and the support, when allowed
to settle and separated from the supernatant, is recovered
intact. In practical terms, monomer conversion has been de-
termined gravimetrically by weighing the PCL after selec-
tive precipitation of the polyester chains from heptane and
drying. The M, ... value has been calculated from the initial
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-22 methylene protons of the CL

repetitive units (CH,-O-CO) at
| 24 0=41ppm and a-hydroxy
methylene protons (CH,-OH)
at 0=3.6 ppm (Figure 4). When
the results are compared to pre-
viously reported data on the
homogeneous  polymerization
of CL carried out in similar ex-
perimental conditions by substi-
tuting Bu,SnCl, for (P—H)_,-
32 [P—(CH,)sSnBuCl,],,'? the most

striking features are that the
L34 molar mass distribution (M,/
M,) is broader and bimodal
(Figure 5) and the M,,,, value is
systematically higher than the
theoretical value. As an exam-
ple, the M, ,sec) value reached
6100 for a monomer conversion

26

28

30

416 Hz

a-CH; of Bu group

e [27.5

«-CH, of C11 spacer l-29.0

of 47% (M ypeor=>5900) and the
M,/M, value was 1.05 under
-26.5 homogeneous catalysis condi-
tions at 100°C. A decrease in
-27.0 the polymerization temperature
from 100 to 70°C does not
afford a better control over the
molecular parameters, but does
L28.0 contribute to decreasing the
polymerization rate (entry 2,
Table 2). In contrast, a reduc-
tion in the molar fraction of sty-
rene repetitive units grafted by
organotin dichloride species ()
accelerates the ROP, a result
that is probably due to an en-
hancement of the accessibility

o/ ppm

= 285

-29.5

T T T T

2.05 2.00 1.95 1.90

Figure 3. Top: Detail of various 'H-"*C cross-peaks in the 700 MHz HSQC spectrum of 6. The resonances of
interest are labeled over the separately recorded 'H and "*C spectra, shown on top and to the left of the 2D
spectrum. Horizontal dashed lines connect the E.COSY™!! peaks to their associated '""""*Sn unresolved "J("H-
171198n) couplings, while vertical dashed lines indicate the unresolved "J(**C-""""""Sn) couplings. Bottom: Ex-

pansion of the a-CH, cross-peaks with their E.COSY satellites.

monomer-to-alcohol molar ratio with the assumption of a
living coordination—insertion mechanism initiated by n-pro-
panol molecules (M yheor = ([CL]o/[nPrOH], x conv x
MW )+MW,p0n)-  Experimental number-average PCL
molar masses (M,.,,) have been determined either by size-
exclusion chromatography (SEC) with reference to polysty-
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30.0

, . . ) .
1.85 180 5/ ppm of the diorganotin dichloride

functions, but the molar mass
distribution remains broad and
bimodal (Figure 6). It is worth
pointing out that partial ‘burst’
of the polystyrene-supported
catalyst has been indicated by
optical microscopy whatever
the temperature and ¢ value
(Figure 7). This phenomenon is well known in heterogene-
ous Phillips and Ziegler—Natta catalyses, and results from
polymer chains growing within the pores of the support.??
Growth of polyester chains within the meshes of the func-
tionalized polystyrene network is probably responsible for
such similar behavior, and this prompts us to limit the molar

www.chemeurj.org Chem. Eur. J. 2005, 11, 4552 —-4561
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Figure 4. '"H NMR spectrum of PCL as obtained by polymerization of CL
initiated by n-propanol in the presence of [P—H],«[P—(CH,)¢SnBuCl)], 3,
(5) in toluene at 100°C for 72 h (entry 1, Table 2).
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Figure 5. SEC of PCL as obtained by ROP of CL initiated by n-propanol
in the presence of [P—H][P—(CH,)sSnBuCl,]), in toluene at 100°C for
72 h (entry 1 in Table 2).
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Figure 6. SEC of PCL as obtained by ROP of CL initiated by n-propanol
in the presence of [P—H]g[P—(CH,),SnBuCl,]y,, in toluene at 100°C for
72 h (entry 3 in Table 2).
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Figure 7. Optical microscopy of [P—H],g[P—(CH,),SnBuCl,],,, after
ROP of CL initiated by n-propanol in toluene at 100°C for 72 h (entry 3
in Table 2).

mass of the PCL chains by reducing the initial monomer-to-
alcohol molar ratio from 100 to 10 (entry 1, Table 3).

Surprisingly, a reduction in the number-average molar
mass of PCL chains to approximately 1000, through reduc-
tion of the CL/initiator ratio, does not avoid the burst of the
polystyrene-supported catalyst when using the hexamethy-
lene spacer; however, by contrast, the integrity of the cata-
lyst beads is preserved when the undecamethylene spacer is
used (entries 2—4 in Table 3 and Figure 8). Also, the polydis-
persity index is highly reduced with values close to 1.8-1.9,
although two populations can still be distinguished by SEC
(Figure 9). An attempt to recycle the heterogeneous catalyst
has shown that very good reproducibility can be obtained in
terms of both the catalyst activity and the molecular-weight
parameters (entries 2 and 3 in Table 3). Extension of the re-
action time above 5 h allows higher monomer conversion to
be reached, and also tends to reduce the discrepancy be-
tween the theoretical and experimental molar masses, a
result that might be consistent with a quite slow initiation
rate compared to that of the propagation (entry4 in
Table 3).

The following data illustrate the power of 'H and ''°Sn
HR-MAS NMR spectroscopy for the purpose of monitoring
possible consequences of the catalytic processes on the tin
coordination pattern of the grafted organotin catalysts.
When compared to the spectra of unused, fresh catalyst,
some additional signals show up in the 'H HR-MAS NMR

Table 3. Monomer conversion and molecular-weight parameters of PCL as obtained by ROP of CL initiated by nPrOH and catalyzed by [P—H]_,[P—
(CH,),SnBuCl,], in toluene at 100°C ([CL],=4.51 molL™!, [CL],/[#PrOH],= 10, ["PrOH],/[Sn],=20).

Entry t n time Conv M heor M sy M,/M,
[h] [%] NMR SEC

1 0.32 6 5 75 900 2000 1400 5.18

2 0.26 11 5 59 700 1700 1200 1.93

3l 0.26 11 5 59 700 1800 1300 1.77

4 0.26 11 7 72 900 1500 1100 1.89

[a] After recycling of the supported catalyst used in entry 2.
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Figure 8. Optical microscopy of [P—H],.[P—(CH,),;SnBuCl,],,s after
ROP of CL initiated by n-propanol in toluene at 100°C for 5h (entry 3
in Table 3). The white bar represents 500 pm.
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Figure 9. SEC of PCL as obtained by ROP of CL initiated by n-propanol

in the presence of [P—H],,,[P—(CH,),SnBuCl,],, in toluene at 100°C for
5h (entry 2 in Table 3).

spectra for the catalyst sample after one catalytic run of
ring-opening polymerization (Figure 10, middle). Broad and
interfering "H resonances in both the aliphatic and aromatic
spectral ranges, arising from the cross-linked polymer
matrix, were suppressed by applying a T, filter, consisting of
a Carr—Purcell-Meiboom-Gill echo sequence. The addition-
al resonances could be assigned to residual poly(e-caprolac-
tone) that was not completely removed from the beads after
the reaction and the succinct washing of the support with a
small volume of toluene (see the Experimental Section).

A careful estimation of the NMR spectrum integration
data reveals that only 1% of the product of the total mass
of isolated PCL had remained in the pores of the beads.

In order to assess the extent to which this residual PCL
can be extracted further from the beads, the organotin cata-
lyst 6 was submitted to a Soxhlet extraction for 72h at
110°C in toluene. Under such conditions, more than 85% of
the remaining PCL was removed. Also, the characteristic
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Figure 10. 1D 'H HR-MAS NMR spectra of fresh, unused organotin cat-
alyst 6 (top), used catalyst 6 after one run of polymerization of CL
(middle), and catalyst 6 after Soxhlet extraction for 72 h at 110°C in tolu-
ene (bottom), with the assignment of the 'H resonances from both resid-
ual PCL (a—e) and grafted catalyst (x, y, and z).

fingerprint of the grafted organotin catalyst was almost com-
pletely regained (Figure 10, bottom) in the proton spectra,
with only small proton resonances from the PCL remaining
visible; this residual PCL was therefore not amenable to ex-
traction after 72 h. Some minor additional species resulting
from the rather drastic Soxhlet extraction conditions were
also visible, in addition to residual CHCI; from the CDCl,
NMR solvent and also a small amount of water (0=
1.5 ppm) from the latter. The LED diffusion filter identifies
them all to be nongrafted.

9Sn HR-MAS spectra were likewise recorded for all the
catalysts. In the unused organotin derivatives (5, 6), the tin
atom does not, of course, undergo coordination from the
CDCl; NMR solvent molecules; in both cases, a rather
broad '”Sn resonance results at the well-known chemical
shift of about 124 ppm, which is characteristic for nonpolar
media (Figure 11, top). In a former study by our group with
the homogenous organotin Bu,SnCl, catalyst, it was demon-
strated™ that in the presence of CL or PCL, a significant
low-frequency shift is observed for the "”Sn chemical shift
of Bu,SnCl,, which is larger with CL than with PCL. This
was explained by the fact that the monomer coordinates the
tin atom more strongly than the polymer.'* Furthermore,
the single '“Sn resonance observed in both cases indicates
fast exchange between noncomplexed Bu,SnCl, and tin di-
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Figure 11. 1D '""Sn HR-MAS NMR spectra of unused, freshly prepared
catalyst 6 (top), catalyst 6 after one run of polymerization, with PCL re-
maining in the pores (middle), and catalyst 6 after Soxhlet extraction
(bottom). In the bottom spectrum, the broad satellites are spinning side
bands.

chloride complexed by monomer, polymer, or both, depend-
ing on the composition of the solution from which the '*Sn
NMR spectrum was recorded. By using these findings, the
1D "Sn HR-MAS NMR spectrum found in the present
work for catalyst 6 after one poly(e-caprolactone) synthesis
run (Figure 11, middle) can be readily explained. Thus, in
the presence of PCL in the pores, the interaction between
the polymer and the tin atom of the grafted P—(CH,);—
BuSnCl, catalyst causes a slight low-frequency shift. With
the latter polymer being present in the pores only residually
and hence, in rather low molar amounts with respect to the
catalyst, when compared to the reaction conditions in the
homogeneous phase, the low-frequency shift remains limited
to approximately 16 ppm; this is in contrast to the shift of
40-50 ppm observed for the higher ratios of polymer-to-
Bu,SnCl, in the homogeneous-solution catalysis. The same
low relative amount of residual PCL in the pores is respon-
sible for the kinetics of the exchange between the uncom-
plexed grafted P—(CH,),;—BuSnCl, catalyst and its analogue
complexed by the polymer, an exchange that is significantly
slower than in the case of the homogeneous poly(e-caprolac-
tone)/Bu,SnCl, mixture. This explains the observed broad-
ened asymmetric '“Sn resonance, characteristic for a not-
yet-complete coalescence regime that approaches exchange-
averaging for the residual PCL/grafted P—(CH,),;;,—BuSnCl,
system, rather than the narrow resonance that is characteris-
tic for a fast-exchange regime in the case of the homogene-
ous PCL/Bu,SnCl, reaction mixture. When Soxhlet extrac-
tion is complete, however, and sufficient polymer has been
extracted away from the bead pores, it appears that the
9Sn resonance (Figure 11, bottom) virtually completely re-
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covers the characteristic features for unused, freshly synthe-
sized catalyst, thereby demonstrating its robustness.

These data indicate that the catalyst can be recycled, al-
though this is not absolutely necessary because only a
minute amount of PCL appears to be present in the bead
pores after isolation from the catalyst and this does not
hamper reuse of the catalyst, a fact that was also indicated
by our previous study with the homogeneous model
Bu,SnCl, catalyst.™¥

In conclusion, HR-MAS NMR spectroscopy appears to
be an extremely powerful tool for monitoring catalytic proc-
esses of organometallic compounds grafted to cross-linked
insoluble polymeric supports, amenable to swelling by an
appropriate solvent. The monitoring HR-MAS NMR tool
presented here is not restricted to organotins, and is indeed
applicable to any grafted organometallic catalyst amenable
to NMR spectroscopy, provided the material to which it is
anchored is amenable to swelling in the appropriate solvent,
so as to induce sufficient molecular mobility at the interface,
in order to generate the line narrowing needed for high-res-
olution NMR spectroscopy.

Experimental Section

Materials: e-Caprolactone (CL, Acros, 99%), tetramethylethylenedia-
mine (TMEDA, Aldrich, 99.54+ %), diisopropylamine (DIA, Aldrich,
99 %), and 1-propanol (nPrOH, Aldrich, 99.5%) were dried over calcium
hydride at room temperature for 48 h and then distilled under reduced
pressure. Toluene (Labscan, 99 %) was dried by refluxing over calcium
hydride and distilled just before use under an inert atmosphere. Prior to
polymerization experiments, the polystyrene-supported organotin dichlor-
ide catalysts were dried by two successive azeotropic distillations of tolu-
ene. For the sake of accuracy, the nPrOH solution in dry toluene was pre-
pared just before use ([nPrOH]=0.45 molL "' and 2.70 molL™"). Amber-
lite XE305 was purchased from PolySciences Inc. and was washed thor-
oughly before use.” Cyclohexane (Aldrich, 99 %) was dried over sodium
at room temperature and distilled just before the reaction under an inert
atmosphere. 2.5M Butyl lithium in a hexane solution, triphenyltin chlo-
ride (95%), 1,6-bromochlorohexane, and 11-bromo-1-undecanol (98 %)
were purchased from Aldrich. Tetrahydrofuran (THF, Aldrich, 99+ %)
was dried over lithium aluminum hydride (LiAIH,) under reflux condi-
tions and distilled just before use.

Catalyst preparation: The catalysts were prepared according to a proce-
dure described previously, as summarized in Scheme 2.3 In all cases,
divinylbenzene cross-linked polystyrene (Amberlite XE305) was used as
the insoluble support (P—H). In short, a hexa- or undecamethylene
spacer with a terminal chloride functionality was grafted onto the insolu-
ble P-H (compounds 1 and 2), which had been preliminarily lithiated in
the para position. Next, a stannylation reaction with Ph,SnBuLi in dry
THEF substituted 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, as previously described.!'*!
Characterization of [P—-H], ,[P—(CH,),Cl], (1, 2): IR: 7=651 cm™!
(CCl; w); '"H HR-MAS NMR: 6 =3.48 ppm ((CH,)Cl); elemental analy-
sis: [P—H];_,[P—(CH,)sCl], (1a): calcd: H 8.23, C 82.74, Cl 9.03; found:
H 8.58, C 82.82, CI 8.88; t=0.38; [P—H],_,[P—(CH,)sCl], (1b): caled: H
8.03, C 86.66, Cl 5.32; found: H 7.82, C 86.74, Cl 4.97; t=0.19; [P-H],_,-
[P—(CH,),,Cl], (2): caled: H 8.94, C 84.59, Cl 6.47; found: H 893, C
84.34, C15.97; t=0.29.

Characterization of [P—H],_,[P—(CH,),SnBuPh,], (3, 4): IR: #=1074
(Sn—Ph, m), 507 ((Sn—Bu)y,,, W), 595 ((Sn—Bu),ym, W), 656 cm™" ((Sn—
Orocks W), 00pp=727cm™" ((C—C)pyony W); "’Sn HR-MAS NMR: 6=
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—71 ppm; elemental analysis: [P—H],_,[P—(CH,)sSnBuPh,], (3a): calcd:
H 7.50, C 76.01, Sn 16.50, Cl1 0; found: H 7.96, C 75.79, Sn 16.09, CI 0.37;
t=034; [P-H],_,[P—(CH,),SnBuPh,], (3b): calcd: H 7.61, C 83.66, Sn
8.73, C1 0; found: H 7.72, C 83.19, Sn 7.56, Cl 0.72; t=0.11; [P—H],,_,[P—
(CH,);;SnBuPh,], (4): caled: H 8.07, C 78.50, Sn 13.43, Cl 0; found: H
7.87, C 78.27, Sn 12.61, Cl <0.2; t=0.26.

Characterization of [P—H], ,[P—(CH,),SnBuCL], (5, 6): IR: 7=340
(Sn—Cl, m), 515 ((Sn—Bu)yy,, W), 595cm™ ((Sn—Bu),ym, W); °Sn HR-
MAS NMR: 0=124ppm; elemental analysis: [P—H];_)[P—
(CH,)¢SnBuCl,], (5a): caled: H 6.92, C 64.15, Sn 18.11, Cl 10.82; found:
H 6.92, C 63.97, Sn 18.22, CI 10.89; 1=0.32; [P—H],_,[P—(CH,);SnBuCl,],
(5b): caled: H 7.32, C 77.83, Sn 9.30, Cl 5.55; found: H 7.34, C 77.47, Sn
9.53, Cl 6.32; t=0.11; [P-H],,_,[P—(CH,),,SnBuCl,], (6): caled: H 7.65, C
68.67, Sn 14.83, Cl 8.86; found: H 7.71, C 68.49, Sn 13.77, Cl 8.72; t=
0.26.

Table 4 shows the functionalization degree (¢) and the molar tin content
(x) of the [P-H],_,[P—(CH,),SnBuCl,], compounds (5, 6) synthesized
and used in catalytic experiments, expressed in mmolg~'. The variation

Table 4. Molecular characteristics of [P—H]_,[P—(CH,),SnBuCl,], sup-
ports.

Entry n t x [mmolg™]
1 6 0.32 1.53
2 6 0.11 0.80
3 11 0.26 1.16

in functionalization degree (¢, molar fraction of styrene repetitive units
functionalized with the grafted dialkyltin dichloride species) of the tin
catalyst was actually embodied in the first lithiation step.

Synthesis of molecular tin precursors: The molecular tin precursor
Ph,BuSnLi was prepared as described previously from Ph;SnCl (Al-
drich).?¥

Synthesis of CI(CH,){;Br: This compound was prepared from Br-
(CH,);;OH by a reaction with SOCIl,, by an established literature proce-
dure:®! MW =269.65 gmol™'; b.p. 126°C at 0.4 mmHg; 'HNMR: 6=
3.52 (t, CH,Cl), 3.40 ppm (t, CH,Br); IR: #=651 cm' (CCl, w).
Polymerization procedure: Typically, polystyrene-supported catalyst
(90.2 mg; 0.138 mmol of tin, entry 1 in Table 2) was introduced into a
preliminarily flame-dried and nitrogen-purged round-bottomed flask
equipped with a three-way stopcock and a rubber septum. After three
cycles of vacuum/nitrogen purging and an azeotropic distillation of tolu-
ene, toluene (2mL) and CL (3 mL, 27.07 mmol) were injected into the
flask. The reaction medium was heated up to 100°C before adding
nPrOH (1 mL) in toluene solution (2.71 mmol). After 5h of polymeri-
zation time with slow-speed shaking, the reaction medium was rapidly
cooled down with tap water and dry toluene (50 mL) was added. The
polystyrene-supported catalyst was allowed to settle, and the supernatant
was poured through a preliminarily flamed capillary into an excess of
heptane in order to precipitate the PCL. An additional toluene volume
was used to wash the polystyrene particles. The precipitate was recovered
by filtration and dried under reduced pressure at 30°C until constant
weight. The polystyrene-supported catalyst was dried under reduced
pressure for 18 h at room temperature and maintained under an inert at-
mosphere to be either observed by optical microscopy or reused in a fur-
ther polymerization experiment.

Characterization: Size-exclusion chromatography (SEC) was performed
in THF at 35°C by using a Polymer Laboratories liquid chromatograph
equipped with a PL-DG802 degasser, an isocratic LC1120 HPLC pump
(flow rate=1mLmin™'), a Marathon autosampler (loop volume=
200 uL, solution concentration=1mgmL™"), a PL-DRI refractive-index
detector, and three columns: a PL gel 10-um guard column and two PL
gel Mixed-B 10-um columns (linear columns for the separation of poly-
styrene with molecular weights of 500-10° Da). Molar masses were calcu-
lated by reference to a polystyrene standard calibration curve, by using
the Mark-Houwink-Sakaruda relationship: [n]=intrinsic viscosity in
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THF at 35°C, M =number-average molar mass, K and a=Mark-Hou-
wink-Sakaruda constants for PS (polystyrene) (Kps=1.25x10"*dLg™",
aps=0.707) and PCL (poly(e-caprolactone)) (Kpcp=1.09x107dLg™",
apc,=0.600). The polystyrene particles were observed by optical micro-
scopy with a Leica MZ8 stereoscopic microscope equipped with an opti-
cal fiber Euromex EK-1. A specific adapter allows the use of a photo-
graphic-extension Nikon Coolpix 990 MDC lens.

IR and Raman spectroscopy: IR spectra were recorded on a Bruker
Equinox 55 FT-IR spectrometer, equipped with an MIR source, a KBr
beam splitter, and a DGTS detector, from dry KBr (200 mg) pellets with
approximately 5 mg of substance. The RAMAN spectra were recorded
on a Perkin—-Elmer 2000 NIR FT-RAMAN spectrometer by using a Ram-
an dpy2 beam with 310 mW power.

NMR spectroscopy: The 'H and '"Sn HR-MAS NMR spectra were re-
corded on a Bruker AMXS500 instrument operating at 500.13 and
186.50 MHz, respectively, with a specially dedicated Bruker 'H/®C/'"Sn
HR-MAS probe equipped with gradient coils, by using full rotors con-
taining approximately 20 mg of resin beads, swollen in approximately
100 uL of CDCl; and with magic angle spinning at 4000 Hz. (CH;),Sn
was used as an internal reference.

The *C HR-MAS NMR spectra and the 2D 'H-C HSQC!">? spectra
of compound 6 were recorded on a 700 MHz Bruker Avance spectrome-
ter equipped with a gradient 'H/*C/"H HR-MAS probe at 298 K, while
spinning with a rotation frequency of 4 kHz. 2048 and 256 complex
points were acquired in the acquisition dimension and the indirect di-
mension, respectively. 32 scans were used for each ¢1 increment, thereby
resulting in a total acquisition time of 10 h. Sine-shaped gradient pulses
of 1.3 ms length and with 40 Gem™' and 10.05 Gem™ of strength were
used to select the correct coherence order pathway. The sample was pre-
pared by adding compound 6 (6 mg) to a HR-MAS rotor (50 uL). Swel-
ling of the resin was achieved by adding CD,Cl, directly into the rotor.
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