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Abstract: A polymer-supported distannane 1 was prepared by treatment of tin halide resin with lithium
naphthalenide or sodium naphthalenide in THF. The content of the polymers 1 was determined to be 0.95
to 1.13 mmol/g tin as ditin. The polymer-supported distannane reagent was successfully applied to radical
cyclizations of acyclic ot-haloesters to yield y-butyrolactones.
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INTRODUCTION

Organotin compounds are often used as radical generating reagents for free radical reactions,2-? the most
frequently applied reagent being tri-n-butyltin hydride.4 In recent years, distannane reagents have gained an ample
scope of synthetic applications,? since the use of tri-n-butyltin hydride is significantly limited by its excellent H-
donor abilities.

In such radical syntheses, distannane reagents are often superior and convenient substitutes for tin hydrides,
since the strength of the added H-donor can be adjusted to meet the thermodynamic and kinetic requirements of the
radical reaction.>-’

Several different approaches® have been used to overcome the substantial drawback of product

contamination by tin byproducts, but all of them failed to remove tin residues completely.
The substantial toxicity? of organotin compounds requires a different and more forward looking strategy. From an
economic and ecological point of view, it is preferable to avoid product contamination instead of developing
methods for the separation of tin byproducts. One such approach avoids product contamination by attaching the
active tin species to inorganic!0 or organic polymeric matrices.!!

We have recently published the preparation’ and application®7 of a polymer-supported ditin reagent, while
most of the synthetic interest has been focused on the development of polymer-supported tin hydrides.!!

Now we present an improved synthesis of polymer-supported distannane providing higher yields and a
significantly facilitated processing and workup procedure.

RESULTS AND DISCUSSION

A tin chloride resin was prepared following our usual synthesis® and subsequently converted into polymer-
supported distannane 1 as outlined in Scheme 1.

Bu soluble metal 3“ 3”
-CHy- _ CHap)- -
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1
Scheme 1. Preparation of polymer-supported distannane
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The reductive coupling of two tin halide groups within a polymer matrix requires a soluble and active metal
species. In our initial studies3 on the preparation of polymer-supported distannane reagents, Bogdanovic
magnesium!2 appeared to be the best suited reducing agent.

A significant problem became apparent when the distribution of the unchanged 0.3 mmol/g Sn-X groups
inside the polymer beads was checked by means of electron microscopy and the EDAX (energy dispersive
analysis of x-rays) method. While the tin and chlorine linescans of the tin chloride resin exhibited a homogeneous
distribution over the whole diameter of a halved polymer bead before modification, the Sn-Cl groups, after
treatment with magnesium-anthracene + 3 THF, were mainly located at the center of the resin. Apparently, the
large magnesium-bearing anthracene system was not able to reach the inner sections of the resin and therefore the
conversion of Sn-X functionalities into ditin was incomplete. In addition, the handling of the magnesium-
anthracene * 3 THF requires very carefully adjusted reaction conditions, since the solubility as well as the
formation of the active magnesium-anthracene 3 THF, are extremely temperature dependent.!2 Extended reaction
time under reflux conditions (4 days) was required to furnish a distannane resin in good yield (1.3 mmol/g tin as
ditin, 81% conversion), but approximately 20% Sn-Cl groups remained unreacted. Finally, the low solubility of
anthracene in most organic solvents makes the separation of this compound from the distannane resin more
difficult.

Since attempts to optimize the distannane synthesis with magnesium-anthracene » 3 THF!3 failed, a more
reactive and at the same time more soluble reagent was sought. It is well known that lithium!4 and sodium!3 are
capable of forming Sn-Sn bonds from triorganotin halides, but they also cleave these bonds when distannanes are
treated with an excess of alkali metals!4b: 15¢ or with sodium naphthalenide.!6 For both cases the formation of an
intermediate trialkyltin alkali metal compound!4b: 15¢ is proposed, as evidenced by trapping with alkyl halides
(R'X).

+2M + R3SnX
RaSNX ——————» R3SnM + MX —— = RgSnp

eq. 1
+2M +2R'X (ea- 1)
R3SnSNR3 —— 2R3gSnM ——————— 2 R3SnR' + 2 MX

Lithium naphthalenide or sodium naphthalenide!7 are potent reducing reagents and their excellent solubility
in THF is essential for applications to polymeric matrices. Prior to any application of these metal species to
preparation of polymeric ditin compounds it was important to investigate the extent of cleavage of the ditin bond
upon exposure to alkali metal naphthalenides. To facilitate analysis, these experiments were run with
hexabutylditin instead of 1. The results were monitored by GC (with an internal standard) and by ! 19Sn NMR.

Table 1. Formation of hexabutyl distannane employing alkali metal naphthalenides

©)
BugSna + 2 @
69712 M —— 2 BugSnM + 2

quenching: BugSny BusSn
excess butyl bromide: entry 1 M=Li 98% 2%
entry 2 M=Na 49% 51%

BugSny BusSnH
excess isopropanol: entry 3 M=Li 100% -
eniry 4 M=Na 100% -
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Treatment of BugSn; with 2 equiv of lithium naphthalenide (Table 1, entry 1) and subsequent quenching
with 1-bromobutane furnished only traces of BugSn (2%) as a quenching product of Bu3SnLi, whereas the same
experiment run with sodium naphthalenide yielded 51% BusSn as well as 49% hexabutyldistannane (entry 2).18

In our investigations, dry isopropanol turned out to be best suited for a workup of the reaction mixture,
since no product other than hexabutyl ditin could be detected (entry 3 and 4). While for instance quenching with
H20 provided a significant amount of tin hydride, isopropanol exhibited the valuable capability of converting
Bu3zSnLi or Bu3SnNa into distannanes.!? In addition, alkali metal salts are readily dissolved in isopropanol.
When sodium naphthalenide and lithium naphthalenide were applied to the preparation of ditin functions on two
different macroporous polystyrene polymers (BAYER R 984/90R and R 985/90R), the following results were
obtained.

Table 2. Formation of potymer-supported distannane employing different soluble metal species

R 984/90% R 985/90"
5 entry 5°
conditions entry 1 entry 2 entry 3 entry 4 Y
Mg. 3 THF ) o g-3THF o
resgen AOe A e
0.97 Sn-Cl
Sn-X content 160 Sn-Cl  1.16 Sn-Cl 1.16 Sn-Cl 1.16 Sn-Cl 0.10 Sn-|
(mmol/g] 0.09 Sn-Br
reaction . . : . .
temp. 66°C 25°C 25°C 66°C 25°C
t [h 9% 12 12 9% 12
Sn-X
[mmol/g] 0.30 Sn-Cl 0.22 Sn-Cl 0.24 Sn-Cl 0.37 Sn-Cl 0.08 Sn-Cl
unreacted
mmol Sn/g
as Sn-Sn 1.30 0.96 0.95 0.84 1.13
conversion % 81% 83% 82% 72% 97%

a) polymer-supported distannane was several times recycled after use in radical reactions

A direct comparison of the data obtained with magnesium-anthracene * 3 THF (Table 2, entry 1 and 4)
shows the impressive improvements gained by using alkali metal naphthalenide reagents. The reaction time could
be shortened (from 96 h to 12 h) and the temperature was significantly lowered. By diminishing the percentage of
unreacted Sn-X groups (entry 4 and 5), the degree of functionalization was substantially raised. An IR absorption
of tin hydride (R3Sn-H) at 1805 cm! could not be observed in any of these reactions.

To prove the value of polymer-supported distannane for organic synthesis, this reagent was used as a
source of stannyl radicals in several radical cyclization reactions.

The radical reaction of at-bromo phenylacetic acid ester 2 with Bu3SnH/AIBN under common radical
reaction conditions (benzene, 80°C) as well as an application of the syringe technique (addition time 4 h, Table 3,
entry 1) just yielded the undesired reduction product 3.
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Scheme 2. Product distribution in the radical reaction of 2

When 2 was treated with polymer supported ditin 1, three reaction products were observed depending on
the strength of the H-donor applied. Table 3 shows the results of these reactions under variation of the ditin

reagent and the H-donor.

Table 3. Results of the cyclization reactions of 2 employing different stannyl radical sources

entry reagent H-donor  T[ocy tlh] 4 5 3 8/9
1 Bu3SnH benzene 80 5h¥ . - 100% -
2 BugSn; isopropanol 55 23 h¢) 39% 51% 8% -
3 benzene 40 16 hb) - 95% 5% -
4 poly.-supp. | isopropanol 40 24 hb) 25% 2% 3% -
5 distannane benzene 75 2419 96% 2% -
6 toluene 40 26 hd) 22% 35% 4% 399, 8d)
7 thiophenol 75 12 ho) - 10% 55% 35% 94)

a) AIBN as radical initiator; b) rayonet reactor RPR 100 equipped with RPR 3000 tubes; c) daylight lamp Philips HPL-N 125 W;

d) the structure of these byproducts was assigned by means of GC-MS and GC-FTIR (see Experimental Section)

Mild UV irradiation using moderate H-donors like isopropanol or toluene yielded the cyclic y-
butyrolactone 4 as the product of intramolecular radical attack to the allylic double bond and the dimerization
product 5. Using the week H-donor benzene as a solvent a mixture of meso- and dl-isomer (4 : 1) of the succinic
acid derivative 5 was isolated in 95% yield. The separation of the pure reaction product without detectable tin
contamination ('H NMR) was achieved by simple filtration of the reaction mixture and evaporation of the solvent.

Apparently, we reached our goal to run radical reactions without any interference by strong H-donors. The
application of well adjusted H-donors allows us to direct the reaction to the desired products, i. e. cyclization
product 4 or dimer S.

A reversibility of the intramolecular radical addition to the double bond must be proposed to explain the
observed product distributions in different solvents. The cyclic primary methyl radical 6, formed by addition to the

CC-double bond, lacks any stabilization.
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Two different fates of this radical are conceivable. Either it abstracts a proton from a H-donor to form the
reduction product 3 or it undergoes ring opening to recover the thermodynamically favored, highly stabilized
benzyl radical 7. If the H-donor has a moderate strength, like isopropanol or toluene, the cyclic primary radical 6
is trapped to form 4, whereas with weak H-donors like benzene no hydrogen can be transferred and the formation
of the dimer § is strongly favored. The benzyl radical has just the single option to recombine since a
disproportionation is impossible. This analysis is supported by investigations of Walling20 who observed a
reversibility of the cyclization reaction of the structually related 6-bromo-6-phenyl-1-hexene.

The long-lived benzyl radical 7 is subject to trapping reactions of radicals formed by hydrogen abstraction
from the H-donors, i. e. toluene and thiophenol (Table 3, entries 6 and 7). Since the benzyl- (entry 6) and the
phenylthiyl-radical (entry 7) are only present in very low concentrations in the reaction mixture, a recombination is
unlikely. We therefore assume that the high yields of these recombination products (35% and 39%) are due to
diffusion controlled processes inside the polymer beads.2! These diffusion processes are subject to investigation
in several groups and are still not very well understood.

Several attempts to prepare y-butyrolactones by treatment of acyclic o-haloesters with BuzSnH have
failed.22:23 Since tin hydrides reduce the intermediate radicals in slow ester cyclizations even under dilute reaction
conditions, the only isolated compound is often the product of simple reduction.

Therefore, Stork22:24 and Ueno?3 independently developed a new route for the preparation of y-
butyrolactones starting from the corresponding o-bromo acetals. After completion of the radical cyclization step
the cyclic acetal is converted into the desired y-butyrolactone by Jones oxidation.

(0]
@ Br BugSnH Jones o
80°C oxidation : JL‘

o)
BusSnH Br
a 80°C
(B
100%

Scheme 3. Synthetic pathways to y-butyrolactones

The success of this synthetic strategy is based on the significantly higher cyclization rates of acetals in
comparison to esters.24:25 In recent years this reaction sequence has often been employed for the preparation of
naturally occurring compounds with lactone function, which supposedly possess tumor-inhibitor activity.

Ueno26 applied this sequence of radical cyclization and subsequent oxidation to the preparation of the
corresponding y-butyrolactone in an overall yield of 39%. The primary radical cyclization step yielded only 63%
of spiroketal 11. The following table contains the yields and important experimental data of the radical reactions
performed with BugSn; or polymer-supported distannane reagent.
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Table 4. Results of the cyclization reaction of 10

I'

Et \r_,OEt
\\ 0 NI
ditin- reagent
+
toluene 75°C
hv (daylight-lamp) 1 12
reagent t[h] 10 11 12
Bu3SnH?26) 5-7h - 63% -
BugSn; 5h - 98% -
polym.-supp. distannane 75h 29% 68% -

The use of BugSnj (0.5 equiv) as a source of stannyl radicals provided a clean reaction which yielded the
cyclic acetal 11 as the only product. So does the reaction performed with polymer-supported ditin, but an amount
of 29% of the starting material remained unreacted after 7.5 h. We assume that the decreased reactivity of the
reagent 1 is due to the fact that the radical reaction strongly depends on the diffusion of the starting material 10
and the sensitizer to the reactive sites inside the polymer beads. Therefore the rate of the radical reaction slows
down as soon as the ditin functions near the surface have reacted.

The superior properties of the BugSnj/sensitizer/H-donor system allowed us to synthesize y-butyro-
lactones from a-iodo esters.

Table 5. First application of polymer-supported distannane in the
preparation of hexahydro benzo-2(3H)-furanone derivatives

I X
O/u\CHgl o (@] CH3
polymer-supported
distannane
+
75°C, hv (V=300 nm) X
13 14a:X=H 15
14b: X=1
distannane reagent | H-donor I 14 a 14 b 15
0.5 equiv toluene 35% - 61%
0.1 equiv benzene 5% 36% 50%

Upon treatment of 13 with 0.5 equiv distannane polymer 35% of y-butyrolactone 14a was formed. In this
reaction the originally generated radical or the cyclized radical intermediate is trapped by an H-donor. When 13
was reacted with just 0.1 equiv of distannane reagent 1, using Curran’s iodo atom transfer method, 82 36% of the
corresponding 4-iodo lactone 14b as well as 5% of 14a were isolated. The radical formed upon addition to the
CC-double bond abstracts an iodine atom of the starting material to generate a new radical and to propagate the
radical chain reaction.

To our knowledge, this is the first application of polymer-supported tin reagents to this synthetically
valuable method.
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The starting material for the functionalization with lithium naphthalenide (Table 2, entry 5) was used
several times as a ditin resin in photochemically induced radical reactions and was recovered and regenerated to
ditin polymer without loss of activity. The reaction mixture was simply filtered through a funnel with a fritted disc
and the product could be easily isolated from the filtrate. The polymer was washed with organic solvents, i.e.
diethyl ether or dichloromethane to remove traces of products and then it was regenerated for multiple use.

To establish the synthetic use of this polymer-supported distannane reagent the level of tin contamination
of the cyclization products was evaluated by AAS measurements. Depending on the temperature and the irradiation
period with UV-light the following tin contents of the reaction mixture were obtained.

Rayonet reactor (300 nm, 40°C, 35 h irradiation): 150 - 375 ppm
Daylight lamp (80°C, 31 h irradiation): < 1100 ppm

Detailed studies reveal that the tin contamination is to a large extent due to abrasion of the polymeric matrix
by the magnetic stirring bar and to a minor extent due to C-Sn-bond cleavage upon extended UV-irradiation. A
simple filteration through a micro filter or even better, the use of of a shaker instead of a magnetical stirrer proved
to reduce the level of tin contaminations significantly.?”

Even though the determined level of tin contaminations is still to high for some applications with high
purity standards, it is remarkably low in comparison to common photochemical reactions using BugSn2 or
MegSny. Employing common photochemical reaction conditions with tin organic reagents a contamination of
about 2 mol% even after chromatographic work-up is realistic.82 A synthesis applying polymer-supported ditin
reagents provides without any troublesome workup a product almost free of tin byproducts (0.02 to 0.1 mol%).

CONCLUSION

This improved synthesis of polymer-supported ditin reagent provides an efficient and versatile radical
source for organic synthesis. Besides multiple use, the most decisive advantage of polymer supported ditin
reagents is the simple workup and the low level of tin contamination of the products. In combination with a
suitable triplet sensitizer, this reagent is an alternative to tin hydride reagents.

EXPERIMENTAL SECTION

IH and 13C NMR spectra were recorded on a Bruker AM 300 NMR spectrometer employing CDCl3 as a
solvent and chloroform as the internal standard. Mass spectra were obtained on a Finnigan MAT 8230 and on a
Finnigan MAT ITD 800 connected with a Dani 8521A. GC-FTIR spectra were recorded on a Bruker IFS 113 V
and IFS 48. The AAS measurement were performed on a Perkin Elmer 1100 B. The gaschromatograms were
recorded on a Carlo Erba HRGC 4160 equipped with a 25m CP-Sil 5 CB (1.3 pm) column and a Fisons
Instruments GC-1900 (15 m DB-1701 (19)(1.0 pm).

Toluene, benzene, isopropanol and thiophenol were purified and dried according to common laboratory
procedures.?8 BugSnj was prepared from BuzSnH with Pd(PPh3)4 as a catalyst.2% a-Bromo phenylacetic acid
allyl ester was prepared from o-bromo acetylbromide and ally] alcohol in presence of pyridine.30 Commercially
available 1-ethynyl cyclohexanol was treated with N-bromosuccinimide and ethyl vinyl ether to yield 1-(2-bromo-
1-ethoxy-ethoxy)- 1-ethylnyl-cyclohexane.3! Cyclohex-2-en-1-ol was prepared from cyclohexene and NBS30b and
subsequent reaction with sodium bicarbonate.32 q-Bromo acetic acid cyclohex-2-enyl ester was prepared from
cyclohex-2-en-1-0l and a-bromo acety! bromide in pyridine.30

The reactions were monitored by GC employing the method of internal standard (nonane, dodecane) and by
spectroscopic means as GC-FTIR and GC-MS. The products were identified by comparison with independently
prepared authentic samples or by comparison with reported spectroscopical data of known compounds.
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Procedure for the formation of polymer-supported distannane reagent

In a 250 ml 2-neck-flask fitted with a reflux condenser naphthalene was dissolved in dry THF (100 ml)
under argon. Small portions of lithium (1 equiv) were added and after completion of the addition the deep green
solution was stirred for 2 h at RT. The concentration of this solution was determined by acidimetric titration.33 An
equimolar amount of this lithium naphthalenide solution was added to a flask in which 20 g of Sn-Cl-resin of
known content of Sn-Cl groups was shaken in 250 ml of dry THF with the help of a shaker. After 12 h of
shaking, the green colour had disappeared and the reaction mixture was quenched with isopropanol. The resin was
washed several times with isopropanol and diethylether and dried under high vacuum. Analysis of polymer-
supported distannane reagents!13: Sn: gravimetry; Sn-Sn and Sn-I: iodometry, Sn-Br and Sn-Cl: argentometry
General procedure for the reaction with distannane or polymer-supported distannane

The polymer-supported distannane reagent (0.5 equiv) or BugSny (0.5 equiv), sensitizer (6 equiv acetone
or p-methoxyacetophenone) were added to a 0.1 M solution of radical precursor in an absolute and degassed
solvent. The reaction mixture was further degassed by three freeze-pump-thaw cycles and then either irradiated by
a daylight lamp (Philips HPL-N 125 W) in a heated water bath or in a rayonet reactor RPR 100 equipped with
RPR 3000 tubes (v=300 nm, Southern New England Ultraviolet Company, Hamden, CT/USA) at approximately
40°C. For experimental details see Schemes.

Bu3SnH addition with syringe technique

A solution of BuszSnH (1.2 equiv) and AIBN in 20 ml of dry benzene was added by a syringe pump
within 4 h to a 0.05 M solution of radical precursor in dry benzene at reflux temperature. After completion of the
reaction the solvent was evaporated and the product purified by chromatographic work-up (silica gel, hexane :
ethyl acetate 19: 1)

2,3-diphenyl succinic acid diallyl ester (5)*4. The meso : dl ratio was determined by 'H NMR integration
to 4 : 1. meso-configuration 5 : 'H NMR (CDCl3, 300 MHz) 8 = 4.21-4.36 (m, 4 H, 3] = 13.4 Hz, 5.5 Hz, 2 =
1.3 Hz), 4.47 (s, 2 H), 4.95 (dd, 2 H, 3] = 17.1 Hz, 2J = 1.3 Hz), 5.04 (dd, 2 H, 3J = 10.5 Hz, 2] = 1.3 Hz),
5.52-5.65 (m, 2 H) 7.00-7.51 (m, 10 H); di-configuration 5 : 'H NMR (CDCl3, 300 MHz) 6 =4.33 (s, 2 H),
4.54-4.72 (m, 4 H), 5.19 (dd, 2 H, 3] = 10.5 Hz, 2J = 1.3 Hz), 5.23 (dd, 2 H, 3J = 17.1 Hz, 2) = 1.3 Hz),
5.83-5.94 (m, 2 H), 7.00-7.51 (m, 10 H); !3C NMR (CDCl3, 300 MHz) & = 54.85 (d, df) 55.19 (d, meso},
65.35 (1, meso), 65.67 (t, dl), 117.79 (1, meso), 118.02 (t, d), 127.43, 127.96, 128.04, 128.39, 128.44,
128.54, 128.68, 128.78, 131.56 (d, meso), 131,84 (d, dI), 135.59 (s, dl), 136.23 (s, meso), 171.00 (s, meso +
dl); IR (KBr) 1723 (vs, C=0), 1651 (w, C=C), 1291 (s, C-0), 1151 cmrl(s, C-O); MS (70 eV): m/z = 350
(12%, M+), 292 (100%, M*- C3HsOH), 264 (60%, M*- C(0)-OC3Hs), 251 (13%), 180 (81%, M- 2 C(O)-
OC3Hs), 175 (10%, PhCH-C(0)-OC3Hs), 165 (35%), 147 (38%, PhCH-OC3Hs), 118 (20%, PhCH=C=0),
105 (31%, C7Hg*), 91 (83%, C7H7), 77 (13%, CeHs™)

2,3-Diphenyl propionic acid allyl ester (8). GC-MS: m/z = 266 (10%, M*), 221 (50%, M* - C;H50),
181 (46%, M+ - C(0)-OC3Hs), 165 (35%), 147 (38%, M* - PhCH-OC3Hs), 118 (15%, PhCH=C=0), 103
(30%), 91 (45%, C7H7+), 77 (16%, CgHst); GC-FTIR: 1751 (vs, C=0), 1645 (w, C=C), 1248 (s, C-0), 1151
cm-1 (s, C-0)

Phenyl-phenylsulfanyl-acetic acid allyl ester (9). GC-MS: m/z = 284 (50%, M¥), 239 (7%, M+ -
C2H50), 199 (100%, Mt - C(0)-OC3Hs), 165 (12%), 121 (10%, Ph-CH-St), 109 (30%, Ph-S*), 91 (33%,
C7H7%), 77 (1%, CeHs*); GC-FTIR: 1751 (vs, C=0), 1645 (w, C=C), 1248 (s, C-O), 1151 cm! (s, C-O)
AAS experiments
The samples for the AAS experiments were prepared following the general procedure for the radical reactions with
polymer-supported distannane. We chose toluene as the solvent and as the sensitizer we used acetone for the
reaction at 40°C (35 h, 300 nm) and p-methoxyacetophenone for the reaction at 80°C (31 h, daylight lamp).
Hexabutyl distannane was employed for the standard solutions due to its chemical similarity with polymer-
supported distannane and its good AAS properties. 35
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