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H. C. Weiss, D. Blaser, R. Boese, A. Nangia, G. R. Desiraju, J. Am.
Chem. Soc. 1998, 120, 8702; c) For further details, see: http://www.
ohcd-system.com.

Crystal structure analyses: The data were collected at 130 K either on
a Nicolet R3 or on a SMART diffractometer using Mog,, radiation.
The data were corrected for cylindrical shape for crystals grown in
situ. Structure solution by direct methods and refinements on F?2 with
SHEXLTL-Plus (Version 5.03). All non-hydrogen atoms were refined
anisotropically. The positions of the hydrogen atoms were taken from
a difference Fourier map and refined isotropically without constraints.
a) 1,3-Propanediol: space group P2,/n, 20,,,,=60°, reflections meas-
ured: 1255, independent: 1200, observed (I > 20y): 951, 78 parameters,
R1=0.046, wR2 =0.153, residual electron density +0.39/ —0.20 e A3
(CCDC-132862); b) 1,4-butanediol: space group P2,/n, 26, =55°,
reflections measured: 2432, independent: 1134, observed (I>20):
964, 95 parameters, R1 =0.063, wR2 =0.164, residual electron density
+0.45/—0.51 e A3 (CCDC-132863); c) 1,5-pentanediol: space group
P2,.22,, 20,,,,=60°, reflections measured: 3628, independent: 1774,
observed (I>20;): 1632, 112 parameters, R1=0.031, wR2=0.084,
residual electron density +0.26/ —0.17 ¢ A-3 (CCDC-132864); d) 1,6-
hexanediol: space group P2,/n, 20, =60° reflections measured:
1455, independent: 1206, observed (I>20;): 911, 129 parameters,
R1=0.045, wR2 =0.134, residual electron density +0.26/ — 0.22 eA3
(CCDC-132865); e) 1,7-heptanediol: space group P2,2,2;, 26,,,, = 60°,
reflections measured: 1908, independent: 1883, observed (I>20):
1313, 144 parameters, R1=0.058, wR2=0.151, residual electron
density +0.24/ — 0.28 ¢ A-3 (CCDC-132866); ) 1,8-octanediol: space
group P2,/n, 20,,.,=60°, reflections measured: 3510, independent:
1248, observed (I > 20;): 1084, 82 parameters, R1 =0.036, wR2 = 0.097,
residual electron density +0.33/ — 0.22 e A (CCDC-132867); g) 1,9-
nonanediol: space group P2,2,2,, 26, =60°, reflections measured:
3544, independent: 2603, observed (I>20;): 1357, 180 parameters,
R1=0.072, wR2 =0.158, residual electron density +0.47/ —0.22 eA-3
(CCDC-132868); h) 1,2-ethanediamine: space group P2/c, 260, =
60°, reflections measured: 1614, independent: 520, observed (/>
207): 477, 35 parameters, R1 =0.065, wR2 =0.166, residual electron
density +0.78/ —0.45 ¢ A-3 (CCDC-132869); i) 1,3-propanediamine:
space group Cmc2,, 26,,.,=60° reflections measured: 1504, inde-
pendent: 502, observed (I>20)): 477, 47 parameters, R1=0.032,
wR2=0.082, residual electron density +0.19/ —0.28 e A~ (CCDC-
132870); j) 1,4-butanediamine: space group Pbca, 26,,,, = 60°, reflec-
tions measured: 3172, independent: 794, observed (I>20): 745,
52 parameters, R1=0.042, wR2=0.120, residual electron density
+0.23/ - 026 e A* (CCDC-132871); k) 1,5-pentanediamine: space
group Cmc2;, 20,,,,=60°, reflections measured: 3600, independent:
972, observed (I >20y): 892, 64 parameters, R1 =0.039, wR2 =0.104,
residual electron density +0.24/ —0.24 e A=3 (CCDC-132872); 1) 1,6-
hexanediamine: space group Pbca, 26,,,, = 60°, reflections measured:
1249, independent: 1069, observed (I > 20): 899, 69 parameters, R1 =
0.061, wR2=0.177, residual electron density +0.55/—031eA-?
(CCDC-132873); m) 1,7-heptanediamine: space group Cmc2,,
260 40x = 007, reflections measured: 3114, independent: 1159, observed
(I>20y): 1067, 81 parameters, R1=0.032, wR2 =0.095, residual elec-
tron density +0.36/ —0.17 e A-* (CCDC-132874); n) 1,8-octanedi-
amine: space group Pbca, 26,,,,=45°, reflections measured: 1098,
independent: 593, observed (I > 20;): 449, 86 parameters, R1 =0.031,
wR2=0.084, residual electron density +0.08/ —0.14 e A-3 (CCDC-
132875). Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion nos. CCDC-132862 to CCDC-132874. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).

The crystal structures of some of the compounds studied here have
been reported. The analyses were carried out at different temper-
atures and sometimes to lower accuracies: a) 1,2-ethanediol at 130 K:
R. Boese, H. C. Weiss, Acta Crystallogr. Sect. C 1998, 54, 24; b) 1,6-
hexanediol at 300 K: M. Lindgren, T. Gustafsson, J. Westerling, A.
Lund, Chem. Phys. 1986, 106, 441; c)19-nonanediol and 1,10-
decanediol at 100 K: ref. [2g]; d) 1,2-ethanediamine at 210K: S.
Jamet-Delcroix, Acta Crystallogr. Sect. B 1973, 29, 977; e) 1,6-
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hexanediamine at 300 K: W. P. Binnie, J. M. Robertson, Acta Crys-
tallogr. 1950, 3, 424; f) 1,7-heptanediamine at 210 K: R. Gotthardt,
J. H. Fuhrhop, J. Buschmann, P. Luger, Acta Crystallogr. Sect. C 1997,
53, 1715.

[10] C.P. Brock, L. L. Duncan, Chem. Mater. 1994, 6, 1307.

[11] V.R. Thalladi, H.-C. Weiss, R. Boese, A. Nangia, G. R. Desiraju, Acta
Crystallogr. Sect. B 1999, 55, 1005, and references therein.

[12] The geometries of the O—H --- O bonds are similar at the two ends of
the molecules, which also holds for C4 and C6-diols where Z' =1.

[13] This is further corroborated by the fact that the calculated packing
fractions for even diols and even diamines are systematically higher
than those for the corresponding odd members (Table 1) and exhibit
an alternating trend similar to that of the melting points and densities.

[14] We have used the Dreiding-II force field built-in the crystal packer
module of the Cerius? program. All calculations were performed as
the snapshots of crystal structures. The overall result is the same even
after the crystal structures were minimized.

[15] One of the C—O groups adopts a strained gauche conformation in odd
diols in the solid state, which also contributes to the lowering of the
melting points of odd diols.

[16] Increased hydrophobicity does not alter the structural patterns in
diols. Higher analogues of even and odd diols (a) 1,11-undecanediol:
N. Nakamura, S. Setodoi, T. Ikeya, Acta. Crystallogr. Sect. C 1999, 55,
789;b) 1,12-dodecanediol: N. Nakamura, S. Setodoi, Acta. Crystallogr.
Sect. C 1997, 53, 1883; c) 1,13-tridecanediol: N. Nakamura, Y.
Tanihara, T. Takayama, Acta. Crystallogr. Sect. C 1997, 53, 253;
d) 1,16-hexadecanediol: N. Nakamura, T. Yamamoto, Acta. Crystal-
logr. Sect. C 1994, 50, 946) adopt structures isomorphous to their lower
analogues.

Bridged Cyclic Oligoribonucleotides as Model
Compounds for Codon - Anticodon Pairing**
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The base sequences of genes are translated with comple-
mentary mRNA and the assistance of tRNAs into protein
sequences. This process takes place at the ribosome.[ There-
by, the formation of specific Watson—Crick base pairs
between codon (mRNA) and anticodon (tRNA) is crucial.
The structure of the corresponding pairing complex is similar
to a double helical A-form RNA.23I Although in general,
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complementary oligoribonucleotides in aqueous buffer sol-
utions acquire such a geometry, a duplex consisting of solely
three base pairs is too weak to allow determination of its
pairing properties through routine UV and CD spectroscopic
methods.™ The development of new model compounds with
increased three base pair duplex stabilities is the aim of the
work presented here. In particular, stacking interactions
which are known, or assumed to be, of significance during
codon—anticodon pairing are taken into account.

We based the modeling of a codon-anticodon pairing
complex on the crystal structure of a tRNA which codes for
phenylalaninel®! and on the assumption of A-type helix
formation with respect to the codon—anticodon interaction
(Figure 1).24 With regard to the stereochemical situation it
can be deduced that a structurally related model must not be
restricted to the three base pairs themselves. The modified
purine base 37 at the 3’-end of the anticodon propagates the
A-form helix and ideally interferes with the first base pair of
the codon-anticodon core duplex by base stacking. In a
comparable manner, base stacking is conceivable at the
opposite end of the helix which comprises the base at the 3'-
end of the codon.% In contrast, the bases which are attached
to the core duplex through the 5'-end are unable to interfere
by base stacking.

According to the structural features described above, two
types of chemical constitutions (I and II) are justifiable as
appropriate model compounds. They also fit the criteria
described for the different pairing modes of tRNA and
mRNA within the P-Site and the A-Site of the ribosome.? 3l
Both types I and II contain 1-methylguanosine (m'G) as the
representative for the modified tRNA purine bases at position
371 and, optionally, in model compounds of
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Figure 1. Codon-anticodon pairing of tRNAF'* from Saccharomyces
cerevisae (tRNA symbols in italic style). a) Sequence motif: wybutosine
(yW), 2'-O-methylguanosine (Gm), 2'-O-methylcytosine (Cm). b) Model-
ing: views perpendicular (above) and parallel (below) to the helix axis; the
nonpairing bases wybutosine (fRNA) und guanosine (mRNA) at the 3'-
ends of the codon-anticodon duplex interfere by base stacking.
¢) Structural formula of tRNAP* purine bases at position 37; 1-methyl-
guanosine (m'G).1>3

m'G

of the minihelices is of entropic origin and is displayed in the
high absolute values of the entropic terms which reach up to
100 calmol~'K~! (Table 1).

. . . ! -
type II, the first base of the following codon is OJ—OH 0 /_/of \—\O_S=O
taken into account (Figure 2). The characteristic — o O_g= )

structural feature of the model compounds is the
covalent bridging of short complementary nu- 0
cleotide sequences by hexa- or heptaethylene
glycol units.®! The linkage spans from a 5'-

]
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j HoN_ NN ]
g \N( ) HO O
H HC” N o
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phosphate group to the corresponding opposite o2 o-  BasE © Bast o=$—o* BASE  BASE
3'-phosphate group of the ribose backbone and, 55 5 vo " © ;0:‘ r\j'—
therefore, does not directly affect base pairing. : : L & OH _ O_ o
. . - o o-b-o-  BASE  BASE =
In accordance with the modeling we chose an o-f-0-  BASE  BASE i HO
anticodon sequence motif of tRNA which codes ©7 :o: K © ?J Fo} o
for phenylalanine, namely 5-GAAm!G,”} and 14 © §’o~g=o 02 OH LasE pase  O+%=0
synthesized the macrocycles 1-7 (shown in - BASE Bast 0 67 o ;
Table 1) following a solid-phase approach which k ?‘ / 7, L
was developed for the preparation of cyclic fo o-f-0-  BASE j
oligoribonucleotides in general.l'’!" All com- e o 1 o ;
pounds were characterized by MALDI-TOF / > OH )
mass spectrometry and their pairing properties o P 0-p-0,
: P y p g prop ~_g & O
investigated.
The temperature-dependent trace of UV
absorption at 265 nm shows sigmoid melting I I

profiles for the macrocycles 1-7 in aqueous
buffer systems (Figure 3). The corresponding
melting transitions are independent of concen-
tration and are observed in a temperature
region that guarantees a reliable determination
of thermodynamic parameters.'!l The stability  phosphate.
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Figure 2. Constitutional types I und II of cyclic model compounds for the codon —anticodon
pairing. N, N =nucleotides, E; = hexaethylene glycol phosphate, E, = heptaethylene glycol
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Table 1. Selected cyclic oligoribonucleotides containing the sequence motif of the tRNAF" codon —anticodon pairing.

Constitution type No. Base sequence T, Thermodynamic datal®! MALDI-TOF-MS
Cl AP A NGy (MH] [M+H]
[kcalmol '] [calmol ' K] [kcalmol '] (theor.) (obs.)
AAG —07 ~734
E, E, . , B
1 Cove 36.0 13 Cs1s) 0.8 2698 2698
GAAG ~268 ~853
E - - _ 9
I 2 B (__yueEr 412 Cats) Coos) 1.4 2999 2999
mlGAAG

1 3 B (" e B 426 ~276 _87.4 ~15 3013 3011
m 4 Eo ("OAG TNE 499 ~333 ~103.1 ~26 3314 313

UUCG

" 3. ~30. 5. -1 3
1 5 Eg UUCU E, 438 30.1 953 17 3275 276
IGAAG
1 6 180 ~178 —6l.1 0.4 3315 3316
B (" UUUG +

1 7 Eo (" OMG T 65 ~161 ~556 +05 3276 3278

UuuU

[a] Melting temperatures T,,; 4 uM, 1.0M NaCl, 0.01m Na,HPO,, pH 7.0. [b] Determination of AH° and AS° from plots of a against 7. See ref. [11] and
ref. [12], p. 1119. The analysis by differentiation of the melting profiles according to ref. [11a], p. 1610 gave similar values. [c] The terms in brackets provide
the AH® and AS° contributions within a (bimolecular) duplex calculated on the basis of free-energy parameters tabulated for single standard base pairs. See

ref. [11b], p. 30, p. 34.

25 1
T =50°C i
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15
H (265 nm)/ % /;"
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10*0/°

210 260 310
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Figure 3. Temperature dependence of the base pairing of cy-rGAAm!G-
Es-UUCG-E4 4 (4 pM, 1.0M NaCl, 0.01m Na,HPO,, pH 7). Above: UV
melting profile. Below: CD spectra. H =hyperchromicity, AT=
0.7 Kmin™.

The comparison of the thermodynamic stabilities of pairing
complexes that belong to the different constitutional types I
and II is reasonable despite their different ring size. A
detailed study concerning this matter suggests that differences
in stability which originate from conformational changes of
the linkers or from different linker lengths are small when
compared to the stabilization which arises from base stacking

924 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

by an additionally attached nucleotide.®! Therefore, it can be
outlined that the pairing complex which consists of the three
base pairs UUC/GAA is significantly stabilized by nonpairing,
dangling bases at one or both 3’-ends (Table1; 1-5). In
general, the extent of stabilization is higher with purine bases
than pyrimidine bases (Table 1; 4, 6 compared with 5, 7). This
might be of interest with respect to evolution of tRNA
structures as tRNA bases at position 37 are, without
exception, of purinic structure. Moreover, their chemical
modifications often enable additional interstrand stacking
and, therefore, potentially enhance duplex stabilities. In
nature, these principles seem to be best realized in the
tricyclic base wybutosine (Figure 1),’) however even the
frequently occurring 1-methylguanosine causes a definite
stabilization of our model compounds compared to the
unmodified guanosine (Table 1; 3 compared with 2).

1-Methylguanosine has another characteristic feature in
common with modified tRNA bases at position 37: its
1-methyl group hampers base pairing according to the
Watson —Crick mode. For compound 7, this property is the
reason for retaining the reading frame of UUU/GAA; the
incorporation of guanosine instead of 1-methylguanosine
would most likely cause slippage from the intended pairing
complex of three base pairs towards one consisting of the
corresponding four base pairs.!'“]

This principle of cyclic bridging through flexible linkers
offers the availability of very short, but highly stable, double
helical RNAs. The physico chemical and structural properties
of these compounds can be easily ascertained with standard
methods used in the field of oligonucleotide chemistry. In
particular, double helices of three base pairs represent model
compounds for codon —anticodon interactions and enable the
estimation of any intrinsic codon-anticodon pairing stabil-
ities. The results presented show that the conception of
codon—anticodon pairing as an interaction between solely
trinucleotidic sequences is insufficient. With respect to
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stabilities, the nucleobases close to the 3’-ends have to be
taken into account. Biological phenomena that concern the
accuracy of ribosomal translation should, particularly, be
newly analysed in terms of their codon context. In this sense,
we are extending the current studies towards a systematic
comparison of coded and recoded codon-anticodon com-
plexes encountered during ribosomal tRNA slippage, in order
to reveal differences in the base-stacking patterns as a
determinant for frameshift events.['”)
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A Convenient and General Tin-Free Procedure
for Radical Conjugate Addition**

Cyril Ollivier and Philippe Renaud*

Radical reactions are becoming an extremely useful tool in
organic synthesis, particularly for the formation of carbon-—
carbon bonds in intra- and intermolecular processes.l! The
very rapid development of these reactions could be attributed
to the emergence of highly efficient ways to conduct them.
Among these methods, the tin hydride mediated addition of
radicals to activated alkenes has played a major role.?
However, the application of this reaction for the synthesis of
pharmaceuticals is severely limited by the toxicity of the tin
reagents and by the difficulty in removing traces of organotin
residues from the final products. Therefore, alternative ways
of running radical reactions are under intensive investiga-
tion.’] Recently, we have reported a modified version of the
Brown—Negishi reaction”! where efficient hydroborations
with catecholborane and radical additions to enones and enals
were performed in a one-pot procedure (Scheme 1).52 This
oxygen-initiated reaction proved to be efficient with enones
and enals. However, other classical radical traps such as
unsaturated esters, amides, and sulfones failed to react.
Herein, we present an efficient procedure to run one-pot
hydroboration for radical addition to any kind of activated
alkenes. The reaction is based on the use of a Barton
carbonate as radical chain transfer reagent (RCTR).[%]

The failure of our modified version of the Brown — Negishi
reaction with classical radical traps such as acrylate moieties
was interpreted as a consequence of an inefficient propaga-
tion step resulting from the reaction between the radical
adducts and B-alkylcatecholboranes. This inefficiency is
caused by the lower density of unpaired electrons at the
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[**] Organoboranes in Radical Reactions. Part 4. This work was gener-
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experiments. Parts 1-3: see ref. [5].
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