COMMUNICATIONS

(4]

(5]

[6

—_

(7]
(8]

[9

—

(10]

[11

(12]

[13]

[14]

462

e) P. J. Dandliker, R. E. Holmlin, J. K. Barton, Science 1997, 275, 1465;
f) S. O. Kelley, R. E. Holmlin, E. D. A. Stemp, J. K. Barton, J. Am.
Chem. Soc. 1997, 119, 9861; g) review: R. E. Holmlin, P. J. Dandliker,
J. K. Barton, Angew. Chem. 1997, 109, 2830; Angew. Chem. Int. Ed.
Engl. 1997, 36, 2715.

a) E.D. Lewis, T. Wu, Y. Zhang, R. L. Letsinger, S. R. Greenfield,
M. R. Wasielewski, Science 1997, 277, 673; b) A.M. Brun, A.
Harriman, J. Am. Chem. Soc. 1992, 114, 3656; c¢) A. M. Brun, A.
Harriman, ibid. 1994, 116,10383; d) T. J. Meade, J. F. Kayyem, Angew.
Chem. 1995, 107, 358; Angew. Chem. Int. Ed. Engl. 1995, 34, 352.

a) C. von Sonntag, U. Hagen, A.-M. Schén-Bopp, D. Schulte-
Frohlinde, Adv. Radiat. Biol. 1981, 9, 109; b) B. Giese, X. Beyrich-
Graf, P. Erdmann, M. Petretta, U. Schwitter, Chem. Biol. 1995, 2, 367,
c) A. Gugger, R. Batra, P. Rzadek, G. Rist, B. Giese, J. Am. Chem. Soc.
1997, 119, 8740.

a) GC base pairs have lower oxidation potentials than AT base pairs:
H. Sugiyama, L. Saito, J. Am. Chem. Soc. 1996, 118,7063;b) M. Hutter,
T. Clark, ibid. 1996, 118, 7574. In oxidative attack of DNA mainly G
bases have been oxidized: c¢) D. T. Breslin, G. B. Schuster, J. Am.
Chem. Soc. 1996, 118, 2311; d) D. Ly, Y. Kan, B. Armitage, G. B.
Schuster, ibid. 1996, 118, 8747, ¢) 1. Saito, M. Takayama, H. Sugiyama,
K. Nakatani, ibid. 1995, 117, 6406; f) S. Steenken, S. V. Jovanovic, ibid.
1997, 119, 617.

G. L. Closs, J. R. Miller, Science 1988, 240, 440.

In the course of this ET step G must be oxidized to a radical cation
that is known to undergo a fast deprotonation step yielding a very
unreactive delocalized G radical. Since we cannot detect any damage
at G sites, we assume that the G radical is repaired by hydrogen atom
abstraction under anaerobic conditions. For structure, reactivity, and
repair of deoxyguanosine radical cations, see: a) S. Steenken, Chem.
Rev. 1989, 89, 503; b) L. P. Candeias, S. Steenken, J. Am. Chem. Soc.
1989, 111, 1094; c) S. V. Jovanovic, M. G. Simic, Biochim. Biophys.
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G triple units were chosen for the experiments on the distance
dependence because they are the most potent electron donating sites
in DNA (see ref. [6]). We suppose that the closest G is the initially
oxidized base. This assumption is permitted since the change from a
single G to a triple G unit in 3'- as well as in 5'-direction has nearly the
same ET-acceleration effect of 2.5 and 1.8, respectively (Table 1,
entries 8, 11, and 9, 12).

For the determination of the distance Ar, the corresponding DNA
duplex sequences were constructed in the B-form with the nucleic acid
building tool in the program MacroModel V4.5. In order to mimic the
planar enol ether radical cation 3, the deoxyribose enol ether 5 was
modeled into the DNA structure using the AMBER* force field
implemented in MacroModel V4.5. Distances Ar were taken between
the radical center C3’ of the radical cation and the G carbon atom 5
which has the highest electron density of the HOMO.

Independent experiments with glutathione diethyl ester as a trap for
radical 6 demonstrated that, in G-free DNA strands, the addition of
water to radical cation 3 (3 —6) occurs in about 70 % yield.

We determined the ratio kgy/Ki,, from the HPLC areas (corrected by
the extinction coefficients) of 5'-phosphate 4 (A,), whose concen-
tration is equal to the overall yield of radical cation 3 (Scheme 1) and
enol ether 5 (A;). The ratio As/(A, — As) is equal to kgr/k,,,. Because
these ratios turned out to be independent of the conversion, the
reactions follow first- or pseudo first-order kinetics.

We used one-electron donors like methionine, selenomethionine, KI,
and K,[Fe(CN)q] to reduce the radical cation 3 by intermolecular ET
in competition to water addition. K1 is the fastest ET quencher. Under
the assumption that this ET proceeds in a nearly diffusion controlled
way, we could determine a rate coefficient of 10°mM~'s~! by pseudo
first-order kinetic experiments with different concentrations of KI.
Note added in proof (February 2, 1998): Similar ET rates at 7 A were
reported recently: K. Fukui, K. Tanaka, Angew. Chem. 1998, 110, 167,
Angew. Chem. Int. Ed. 1998, 37, 158.
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Syi Reactions at Silicon as Unimolecular
Chain Transfer Steps in the Formation of
Cyclic Alkoxysilanes**

Armido Studer*

Intermolecular transfer of bromine, iodine, phenylselenide,
and aryltelluride groups between carbon-centered radicals is a
well-established procedure for the synthesis of complex
organic molecules.! In contrast (other than one examplel?),
intramolecular transfer involving migration of selenium,
tellurium or a halogen has not yet been observed. For the
chalcogen group, only a single report describes the 1,4-
transfer of a phenylsulfanyl group.®! However, several reports
on the intramolecular migration of stannyl or silyl groups have
appeared.l¥ The reasons for the facile intramolecular homo-
lytic substitution (Syi) reaction at silicon or tin are not well
understood.P!

These Syi reactions can be used for the formation of silicon-
or tin-containing heterocycles. Giese et al.l®! and Utimoto et
al.”l independently reported intramolecular homolytic sub-
stitutions at tris(trimethylsilyl)-substituted Si atoms by C-
centered radicals. It was concluded that the trimethylsilyl
radical generated during the intramolecular substitution acts
as the chain carrier (Scheme 1). According to Curran’s
terminology,®! this is an example of a unimolecular chain

Si(SiME3)2

g

H
C(/Si(SiMeg)g,
>_< H
s
= Si(SiMej3)3
H

Scheme 1. Syi reaction at tris(trimethylsilyl)-substituted silanes.

*SiMe3

T

BrSiMes

transfer (UMCT) reaction in which the key chain transfer step
is a unimolecular process. After consideration of the results of
Giese’s and Utimoto’s groups, we initiated further exploration
of intramolecular homolytic substitutions at silicon. It was
envisaged that this transformation would be a suitable UMCT
step in bimolecular radical addition reactions, where either a
silyl or a stannyl radical acts as the chain carrier. In addition,
the cyclic silanes formed in these UMCT steps could be
transformed into the corresponding alcohol derivatives by
Tamao - Fleming oxidation.P]

[*] Dr. A. Studer

Laboratorium fiir Organische Chemie
der Eidgenossischen Technischen Hochschule
ETH-Zentrum, Universititstrasse 16, CH-8092 Ziirich (Switzerland)
Fax: (+41)1-632-1144,
E-mail: studer@org.chem.ethz.ch

[**] 1 am grateful to Prof. Dr. D. Seebach for generous financial support
and to Prof. Dr. D. P. Curran for helpful discussions.
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Initially, the Syi reaction of aryl radicals at differently
substituted silanes was studied [Eq. (1) ]. The required 2-halo-
substituted benzyl silyl ethers 1-3 were synthesized from the

RZ RZ
o\ R ‘S| Y\RS
Si”
1-3 — é( “Ri E AL R o)
4 (R = Ph)
6 (RL = SiMey)

corresponding alcohols.'”) Reaction of disilane 1 with sub-
stoichiometric amounts of Bu;SnH (0.2 equiv) did not provide
the desired alkoxysilane 4. With 1.2 equivalents of (TMS);SiH
as initiator, 5 % of 4 and 43 % of the reduction product § were
formed along with several unidentified side products. The
reduction product was isolated in 38 % yield (Table 1, entry 1).

Table 1. Syi reactions of aryl radicals at substituted silanes.?

S|\ Sn\
‘Sl Ph élMeS ‘Sl
IME3
X\éPh Ph \é SiMes ph Ph
1(X=Br) 2 (X=Br) 3(X=
5(X=H) 7(X=H) 8(X—H)

(0.04m) afforded 6 in 91% yield alongside the direct
reduction product 7 (4 % as determined by 'H NMR analysis;
entry 3). With (TMS),SiH (0.5 equiv) as initiator, only 30 % of
cyclization product was formed (entry 4). Irradiation (300 W
sun lamp, 72 hours) of a benzene solution of 2 containing
hexabutylditin (0.1 equiv) and acetone as a sensitizer!'¥
afforded 6 (9 %), along with 91 % unchanged starting material
(entry 5). A slightly faster reaction was observed in this case if
benzene was replaced by hexane (entry 6). This is probably
due to the fact that silyl radicals add to benzene and are thus
prevented from propagating the chain.['] With silyl
ether 3 (0.02M, benzene), quantitative consumption
of the starting material was observed with only 0.2

Entry Starting  Conditions Unchanged

Yield[%] Yield[%]

equivalents of Bu;SnH, added in two portions;

terial terial [% duct id . . . .
matena material[%] - (product) ;()srlodeuct) alkoxysilane 4 formed in 80% yield as determined
- - by 'H NMR analysis (entry 7). No reduction product

1 1 12equiv (TMS),SiH - 5(4) 43001 (5) 3 b d. Purification b d phase (RP)
benzene, 0,045, AIBN was observed. Purification by reversed phase
reflux chromatography (RP-18 Nucleosil, Macherey-Nagel

2 2 0.2 equiv Bu;SnH 2 58 (6) - particle size 7, acetonitrile) afforded 4 in 68 % yield.
benzene, 0.04m, AIBN Apparently, due to the weaker bond energy,l'" the
(10%) . ) Si—Sn bond is superior to the Si—Si bond for
reflux, syringe pumpl! .. . . .

3 2 0.5 equiv Bu,SnH _ 91 (6) 4(7) applications to intramolecular homolytic substitu-
benzene, 0.04 M, AIBN tions at silicon.
reflux To elaborate this UMCT process further, the

4 2 0.5 equiv (TMS);SiH 60 30 (6) - cyclization of alkyl radicals was studied. To this end,
benzene, 0.04 M, AIBN L. o .
25%) iodide 9 was prepared (62 % ) from the corresponding
reflux, syringe pumpl® iodoalcohol.l’”l’ The UMCT reaction was studied

5 2 Bu,SnSnBu; (10%) 91 9 (6) - under different conditions [Eq.(2)]. Under “atom
benzene, 0.1, acetone transfer” conditions!'"”? on irradiation (300W sun
hv,72h . ..

6 5 Bu,SnSnBu; (10%) % 11 ®) ~ lamp) of a.l?enzene soilutlon of 9 (0.1M) containing
hexane. 0.1 acetone hexabutylditin (0.1 equiv) lead to complete consump-
hv, 45 h tion of 9 after 16 hours (Table 2, entry 1). Besides

7 3 0.2 equiv Bu;SnH - 80 (4) - alkoxysilane 10 (87 %, 66 % after chromatography),

benzene, 0.02m, AIBN
reflux

the reduced silyl ether 11 (13 %) was observed in the
crude product.!'! Without addition of the ditin, under

[a] Yields determined by 'H NMR spectroscopy. AIBN = azoisobutyronitrile.
[b] 38% yield of isolated product. [c] BusSnH (0.08 M) and AIBN were dissolved
in benzene and added over 7 h. [d] (TMS);SiH (0.13m) and AIBN were dissolved in

benzene and added over 8 h. [e] 68 % yield of isolated product.

Slow addition of (TMS);SiH did not provide better results.
Presumably, the Si—Si bond in 1 is too strong to be efficiently
cleaved by an aryl radical.l'¥! Addition of Bu;SnH (0.2 equiv)
by syringe pump to 2 in benzene (0.04Mm) afforded alkoxy-
silane 6 and starting material 2 in a ratio of 58:42 (entry 2). No
other side product derived from 2 could be observed. This
clearly showed that the UMCT was occurring. However, even
after careful optimization, it was still necessary to use up to 0.5
equivalents of initiator for complete reaction. For example,
addition of Bu;SnH (0.5 equiv) to a solution of 2 in benzene

Angew. Chem. Int. Ed. 1998, 37, No. 4
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otherwise similar conditions, the reaction was much
slower and iodoalcohol 12 (arising from desilylation
of 9) was formed as a side product (entry 2). Similar
results were obtained if the reaction was conducted
under atom transfer conditions with either hexaphe-
nylditin (entry 3) or tetrakis (trimethylsilyl)silanel®! (entry 4)
as additives. The best result was obtained with Bu;SnH as the
initiator of the UMCT reaction. With 0.15 equivalents of

P Phopn ph
Si-sn_ .Si° Si-sn.
(0] \ o (0] O
@)\/\l _>©/‘\) +©)\/ +©)\A (2)
9 10 11 12
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Table 2. Unimolecular chain transfer reaction of 9.1

Entry Conditions 10[%] 11[%] 12[%]

1 Bu;SnSnBu; (10% ), benzene 87 13 -
0.06M, hv, 16 h

2 benzene, 0.1M, Av, 36 h®! 30 - 16

3 Ph;SnSnPh; (10 %), benzene 45 - 21
0.1m, hv, 24 h

4 (TMS),Si (10% ), benzene 41 - 23
0.1M, hv, 24 h

5 Bu;SnH (15%), AIBN, benzene 89 4 -

6 Bu;SnH (5%), AIBN, benzene 84 2 -

[a] Yields determined by 'H NMR spectroscopy. [b] The reaction was
stopped after 36 h; 16 % of the starting material was detected.

Bu;SnH (added in three portions) the cyclic alkoxysilane 10
was formed in 89 % yield with only 4% of the reduction
product 11 (entry 5). As little as 0.05 equivalents of Bu;SnH
could be used for complete consumption of the starting
material; however, a slight decrease of the yield (84 %) was
observed (entry 6). The desilylation product 12 was not seen
in these tin hydride experiments. By competition experiments
with (TMS);SiH,® a rate constant of 1.2 x 10°s~! at 80° was
estimated for the cyclization of radical 14 leading to 10. In the
case of iodide 13, obtained by silylation ((TMS),Sil) of 3-

Ph

Ph \Sli— SI‘{—
OSi(SiMe3)3 O/ \
|
13 14

chloro-1-phenylpropan-1-ol followed by Finkelstein reaction
(32% overall), no UMCT reaction could be observed under
atom transfer conditions with Bu;SnSnBu; (0.1 equiv) as the
additive. Starting material 13 could be identified as the main
component in the NMR spectrum of the crude product (65 %
recovered after chromatography). The reduction product
(also independently synthesized) was formed in 5% yield.["’]
As with some of the reactions described earlier, the Si—Si
bond is not suitable for UMCT reactions based on Syi
reactions at silicon.

In order to demonstrate the preparative value of Syi
reactions, bimolecular radical addition reactions with a
subsequent Syi reaction were also studied. Radical acceptor
15 was prepared as previously described!'? from the corre-
sponding tertiary alcohol (72 % ). Reaction of phenyl bromo-
acetate (1.2 equiv) with olefin 15 (0.3 M, benzene) under atom
transfer conditions provided 16 [Eq. (3)]. Neither starting
material nor side products derived from 15 could be identified
in the NMR spectrum of the crude product.?”! Purification by

Ph
Phit Ph

(SI-Sn\ I

o T, \)OI\ Bu3SnSnBug (10%) 0-Si-Ph
— -

M X OR

15  (X=Br,R=Ph)
(X=1,R=Et)

3
benzene, hv or (3

(e}
16 (68%, R = Ph)
17 (56%, R = Et)
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chromatography (SiO,) afforded 16 in 68% yield. Under
similar conditions, ethyl ester 17 was isolated in 56 % yield
starting from ethyl iodoacetate and 15.2! If the bimolecular
reaction of 15 with phenyl bromoacetate was conducted with
tin hydride (1 equiv Bu;SnH, syringe pump, 0.2M in benzene)
only 26 % of 16, besides unchanged 15 (70 % ), was observed.

We also studied the cyclization reaction of chiral silyl
ethers. The chiral olefins 18 and 19a,b containing a stereo-
genic center either § or a to the double bond were synthesized
as described above. UMCT reaction of 18 with ethyl
iodoacetate under atom transfer conditions!'”! provided al-
koxysilane 20 as a 1.5:1 mixture of diastereoisomers in 67 %
yield [Eq. (4)].72 Excellent selectivities were obtained for the

Ph
Ph .t Ph
O/SI-S{]\ Bu3SnSnBug (10%) 0-Si-Ph (4)
phM benzene, hv Ph OEt
ICH,CO,Et o)
18 20 (67%, dr=1.5:1)
Ph. h
Ner / A
Si-Sn_ BusSnSnBus (10%) O-Si-Ph
T oet (5)
~ benzene, hv T
R ICH,CO,Et R
19a (R = Ph) 21 (R = Ph, 87%, only trans)
19b (R = Me) 22 (R = Me, 76%, trans:cis = 22:1)

cyclization of the secondary radical formed after addition of
the ethyl iodoacetate derived radical to 19a,b [Eq. (5)]. With
radical acceptor 19a only the trans product 21 was observed
(87 % isolated yield).?’l With 19b a somewhat lower (but still
good) selectivity was obtained for the UMCT reaction with
ethyl iodoacetate. The two isomers, trans-22 and cis-22 (22:1)
were isolated as an inseparable mixture in 76 % yield. To our
knowledge, these are the first examples of such high stereo-
control in these types of homolytic substitution reactions.*?4

As the final step of the reaction sequence, Tamao —Fleming
oxidation was performed on alkoxysilanes 16 and 17 accord-
ing to known procedures [Eq. (6)]."! Acidification after
standard workup provided lactone 23, which was isolated in
good yields (71, 72%).

o]
H,0,, KF, KHCO4 OH O
16,17 —_——> (6)
MeOH, THF, 40 °C
(71,72%)
23

In summary, it has been shown that Syi reactions at silicon
by C-centered radicals in y-position of stannylated silyl ethers
are efficient UMCT reactions providing cyclic alkoxysilanes,
which can easily be converted into the corresponding diol
derivatives. In addition, excellent 1,2 stereoinduction was
obtained in the cyclization reaction of chiral silyl ethers.

Experimental Section

All irradiation experiments were carried out in sealed tubes with a 300W
sun lamp (OSRAM 300W standard lamp, clear). Radical addition reaction:
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Silyl ether 19a (150 mg, 0.28 mmol), ethyl iodoacetate (0.042 mL,
0.35 mmol), and Bu;SnSnBu; (0.017 mL, 0.028 mmol) were dissolved under
argon in benzene (1.1 mL). Irradiation for 16 hours and removal of the solvent
afforded the crude product, which was purified by flash column chroma-
tography (SiO,, Et,0O/pentane 1/20) to give 21 (110 mg, 87 %) as a colorless
oil. 'H NMR (500 MHz, CDCL,): 6 =0.86 (t, /=71, 3H, CH,), 1.06 (s, 3H,
CH,), 147 (s, 3H, CH,), 1.59-1.67 (m, 1 H), 1.77-1.83 (m, 1H), 2.19 (1, ] =
74,2H),2.49-2.54 (m, 1H, SiCH), 3.03 (d,/=13.3, 1 H, PhCH), 3.78 -3.89
(m, 2H, CH,0), 7.06-7.10 (m, 1 H, aromat.), 7.11-728 (m. 10H, aromat.),
781-784 (m, 2H, aromat.), 7.91-794 (m, 2H, aromat.); *C NMR
(125 MHz, CDCL,): 14.19 (CH,), 24.75 (CH,), 25.53 (CHy), 28.74 (CH),
30.08 (CHs), 35.09 (CH,), 59.99 (CH,), 62.66 (CH), 82.14 (C), 127.10 (CH),
12794 (CH), 128.29 (CH), 128,39 (CH), 128.42 (CH), 130.47 (CH), 130.53
(CH), 134.03 (C), 135.24 (CH), 135.66 (CH), 135.93 (C), 140.47 (C), 172.46
(C). EI-MS: miz (%): 444.2 (3, M*), 388.2 (9), 386.2 (100), 295.1 (12), 227.1
(81), 199.1 (63), 183.1 (53). C,H analysis calcd for C,H3,05Si (444.6):
C 75.64, H 725, O 10.79, Si 6.32; found: C 75.41, H 7.34.
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The Weak-Link Approach to the Synthesis of
Inorganic Macrocycles**

Joshua R. Farrell, Chad A. Mirkin,* Ilia A. Guzei,
Louise M. Liable-Sands, and Arnold L. Rheingold

Inorganic and organometallic macrocycles have been topics
of intense study with implications for host—guest chemistry,
modeling of biological systems, catalysis, and even molecular
electronics.!! These structures can vary in size, shape (rings,
squares, rectangles, and cylinders), and the number of metal
centers that comprise the macrocycle.”l One of the most
popular synthetic strategies for macrocycles is the “molecular
box, square, or rectangle strategy”, which was pioneered by
Fujita et al.B] and has now been utilized by many; this
strategy uses conformationally rigid ligands bound to metal
centers in a cis fashion to form tetranuclear complexes in
exceptionally high yields. Although this strategy works well
for rigid ligands, it will undoubtedly fail with flexible ones
because of competing oligimerization and polymerization
reactions.

Herein we report a new, general, high-yield (>95%)
strategy for synthesizing homobimetallic macrocycles with
chemically tailorable cavity properties from flexible ligands
(Scheme 1). We refer to this strategy as the “weak-link
approach” to the synthesis of inorganic macrocycles. In 1996
Steel and co-workers showed that the reaction between Ag!
and an aromatic ligand with multiple ligating sites resulted in
the formation of dimetallocyclophanes.’! These solid-state
structures, which do not remain intact in solution, have ether
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