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activation barrier than the 40— 60 kcal mol~! computed for the
TS of the intramolecular isomerization at various levels (such
as 46.1 kcalmol™' at the B3LYP/6-311++ G(3df) leve-
1221 [22. 23] However, according to Seel, Budenz, and Wern-
er,?!! a bimolecular complex [FSSF-S=SF,], forms at tem-
peratures below —80°C; this suggests that the actual isomer-
isation mechanism may not be unimolecular. Possible
associative or dissociative mechanisms!'* 2!l would complicate
experimental studies of these systems further.

Density functional theory seems to overestimate somewhat
the relative stability of the C, (FSSF) over the C, (S=SF,)
conformer (Table 1).2 In contrast, the C, form is preferred
over the C, form by 3.0 kcalmol™' at the MP4(SDTQ)/6-
311G(2d)//MP2/6-311G(2d) level (including zero-point en-
ergy corrections at the MP2/6-31G* level),™ which agrees
well with the experimental value.?™ At the same
(MP4(SDTQ)) level of theory, the FSSF—S=SF, isomer-
ization barrier is 46.6 kcalmol~!, which is close to the value
calculated at the B3LYP/6-311 ++ G(3df) level.??I Hence, we
believe that the use of density functional theory in this paper
is justified.

Measurements of the He-I photoelectron spectra of a S=SF,
sample at two different temperatures gave a first-order rate
law with an activation barrier of 24.1 kcal mol~! for an alleged
S=SF, —FSSF isomerization (with reversed order of stabil-
ity!).?4 However, our computation of the vertical ionization
potentials for S=SF,, FSSF, and SF, suggested the occurrence
of a disproportionation 2S=SF, —%S;+ SF, rather than the
purported isomerization.!

To conclude, we have shown the feasibility of “Mislow’s
Labeling Paradox” in molecular systems. However, other
achiral paths are lower in energy for the illustrative cases
reported here. A remaining challenge is in the identification
of tetraatomic systems comprised of a different set of
elements, which enantiomerize preferentially via unimolecu-
lar asymmetric rather than achiral paths, as well as the
demonstration of a single step example. Other enantiomeri-
zations might involve a similar “role switch”.
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1,3-Stereoinduction in Radical Reactions
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Dedicated to Professor Gerhard Zimmermann
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The possibility of steering the stereoselectivity of the
trapping reactions of acyclic radicals possessing a stereogenic
center in the 3-position is of great importance, both with
respect to the synthesis of natural products bearing stereo-
genic centers in the 1,3-position and to the free radical
polymerization of vinyl monomers. However, most radical
polymerizations are more or less unselective,l'd) with the
exception of a few sterically highly demanding methacry-
lates.”! On the other hand it has been shown during the last
few years that acyclic radicals can react with high stereo-
selectivity;3 the addition of Lewis acids has proved to be
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particularly important for controlling the configuration.*
Until now, attention has focused on stereocontrol by 1,2- or
1,4-induction, while 1,3-stereoinduction has rarely been
examined,” and when, the examples chosen were less
interesting as models for radical polymerization. Porter et al.
reported on the allyltributyltin-mediated addition of iodoal-
kanes to oxazolidinonacrylamides, which afforded 1,3-disub-
stituted products with good stereoselectivity.’! Remarkable
effects in chelation-controlled reactions of y-alkoxy-a-ester
radicals were observed by Nagano et al.l”) For the first time
now, we have examined the chelation-controlled 1,3-stereo-
induction of the trapping reaction of y-alkyl-a-ester radicals 2
(Scheme 1), which are also of interest as models for radical
polymerizations of acrylic esters. As trapping reaction we
chose hydrogen transfer, and assumed that the stereochemical
effects observed in this process should be transferable to the
radical addition reaction in the chain propagation step of
polymerizations.[’ ®

R2
U R2X, nBugSnH M
initiator +nBuSnH
MeO,C COMe —— MeO,C ©~CO,Me
Lewis acid
la-c (optional) 2a-h
2 2
Rl _/R Rl R
MeOZC/'\/\COZMe MeO,C Cco,Me
anti-3a-h syn-3a-h

1 a b C
R! [Me nPr cHex

2,3 | a b c d e f g h
Rl [Me nPr cHex Me nPr cHex Me Me
RZ [tBu tBu tBu cHex cHex cHex Et Me

Scheme 1. Tributyltin hydride mediated additions of haloalkanes R*X
(X=Br, I; R?=1Bu, cHex, Et, Me) to methyl y-alkyl-a-methylenegluta-
rates 1 via radicals 2 affording products anti-3 and syn-3.

Addition of an alkyl radical R? to alkenes 1 generated
radicals 2, which were then trapped by tributyltin hydride to
yield a mixture of diastereomeric products anti-3 and syn-3.
Usual processing of the addition reaction of /Bul to alkene 1a
at —78°C afforded product 3a unselectively (Table 1, en-
try 1). Addition of chelating Lewis acids such as LiClO,
(Table 1, entry 2), Sc(OTf); (Table 1, entry 3, Tf =F;CSO,),
and especially MgBr, - OEt, (Table 1, entry 4) provided prod-
uct 3a at —78°C in good yields and excellent syn-selectivities
of [anti-3a]:[syn-3a] =2:98. Considering selectivity, conver-
sion, yield, and costs MgBr,- OEt, was chosen as the most
suitable additive for further studies. With increasing reaction
temperature, the stereoselectivity of the trapping reaction
decreases as expected, but even at 70 °C the observed ratio is
still [anti-3a]:[syn-3a] =39:61 (Table 1, entry 5). Remarkably,
the stereoselectivity is largely independent of the steric effect
of the y-alkyl group R Thus, also for radicals 2b (Table 1,
entry 6) and 2c¢ (Table 1, entry7) high syn-selectivity is
observed at —78°C. In contrast, alkyl substituent R? exerts
a remarkable influence on the stereoselectivity. Addition of
R2?=cyclohexyl to alkene 1a to give radical 2d and subse-
quent hydrogen transfer yields products 3d unselectively at
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Table 1. Results of the reactions of 1a—c¢ with R?X: Yields and product
ratios [anti-3]:[syn-3].

Entry R! R? Lewis acid T Yield  [anti-3]):[syn-3]
(equiv) [°Cl  [%]
1 Me Bu - —78 81kl 52:48
2 Me Bu LiClO, (2) -78 93 18:82
3 Me Bu Sc(OTi);(2) 78 58 1:99
4 Me (Bu MgBr, OEL(2) —78 83 2:98
5 Me (Bu MgBr,-OEL(2) 70 44  39:61
6 nPr  Bu MgBr,-OEt, (1) —-78 92 2:98
78 c¢Hex fBu MgBr,-OEt, (1) —-78 50 3:97

81 Me cHex MgBr,-OEL (1) —78 64  53:47

91 Me cHex MgBr,-OEt (2) 70 58  65:35
10 nPr  cHex MgBr,-OEt, (1) —-78 98 53:47
11 nPr  cHex MgBr,-OEt, (2) 70 95 73:27
1281 cHex cHex MgBr,-OEt, (1) —78 62 52:48
131 ¢Hex cHex MgBr,-OEt, (2) 70 58 81:19
14 Me Et MgBr,-OE,(2) —78 1006  85:15
15 Me Et MgBr,-OE, (2) 40 536 81:19
161 Me Me MgBr,-OEt, (2) —78 58¢  85:15
17 Me Me  MgBr,-OEt, (2) 40 5061 85:15

[a] The relative configuration of the free acids of syn-3a and syn-3d was
confirmed by single-crystal X-ray analysis.!">l. The relative configurations of
all other products 3 were assigned on the basis of their 'H NMR, *C NMR,
and GC data. [b] Alkyl iodides were employed at —78°C or 40°C, alkyl
bromides at 70 °C. [c] Yield of isolated product, unless specified otherwise.
[d] Diastereomeric ratio was determined by capillary gas chromatography
of crude reaction material. [e] Yield was determined by capillary gas
chromatography. [f] Incomplete conversion at time of analysis or workup.

—78°C (Table 1, entry 8). Contrary to this, at 70°C anti-
selectivity [anti-3d]:[syn-3d] =65:35 (Table 1, entry 9) is ob-
served. The same applies to radicals 2e (Table 1, entries 10,
11) and 2 f (Table 1, entries 12, 13). Overall, in the reaction
series at 70°C the anti-selectivity increases slightly with
increasing steric demand of substituent R'=Me <nPr<
cHex (Table1, entries9, 11, 13), reaching [anti-3 f]:[syn-
31] =81:19 (Table 1, entry 13).

The addition reactions of ethyl and methyl to alkene 1la
show high anti-selectivity for the radicals 2g (Table 1,
entry 15) and 2h (Table 1, entry 17) at 40°C as well, but
remarkably also at —78°C (Table 1, entries 14, 16).

The effects, surprising at first glance, can be rationalized as
follows: The steric 1,3-interaction in the transition state is
negligible in the case of the nonchelated radical 2a due to the
conformational flexibility of the alkyl chain, resulting in a
practically unselective reaction.l'>71 By complexation of the
two 1,3-carboxy functionalities of radicals 2 with the Lewis
acid, an eight-membered ring system is formed, thus inhibit-
ing the conformational flexibility (Figure 1). Semiempirical
calculations® with [Li(OH,),]* as Lewis acid reveal that the
eight-membered ring system depicted in Figure 1 is the most
stable conformation, irrespective of R!, although it is not the
only one. The ring shows a concave and a convex side (upper
side and bottom side in Figure 1, respectively).

The ground states of radicals 2a, 2d, 2g, and 2h, chelated by
[Li(OH,),]* as Lewis acid were calculated by using the
semiempirical PM3 method.”! The resulting energy differ-
ences of conformations A —D are compiled in Table 2.

Bu;SnH as radical scavenger can transfer hydrogen via
transition states A* and D* leading to syn-3 or via B* and C*
resulting in anti-3 (Figure 2). Radicals 2a—c¢ (Table 1, en-
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Figure 1. PM3-calculated minimum conformations A (left) and B (right)
of radical 2a (for details see text).

Table 2. Results of PM3 calculations of radicals 2a (R?=¢Bu), 2d (R*=
cHex), 2g (R>=Et), and 2h (R?=Me). Relative energies [kJmol~'] of
conformers A-D.l?

R A Bl C D

/Bu (2a) 0 9.2 (38) 9.6 226
cHex (2d) 0 3.8 (17) 10.5 172
Et (2g) 0 —0.5(11) 8.0 11.0
Me (2h) 0 03 (11) 11.0 11.6

[a] For conformers A and B, see Figure1l, C and D can be derived
analogously from C* and D* (Figure 2). [b] The rotational barrier for R?
[kImol~!] is given in parentheses.

HSnBuz

HSnBuz

Figure 2. Possible transition states of the hydrogen transfer from Bu;SnH
to radicals 2. Transition states A* and D* lead to syn-3, B* and C* to anti-3.

tries 2—7) are trapped syn-selectively. Evidently, this takes
place via transition state A*, because in this case steric
interactions of the hydrogen donor with the concave side of
the chelate-ring system are weaker than those in C*, taking
into account the additional effect of R!, and also weaker than
those of the rBu group with the chelate-ring system in
transition state B* and even more so in D*. This interpretation
also explains the low influence of R! on the stereoselectivity
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and is supported—in compliance with the Curtin—Hammett
principle—by the results of the calculations of radical 2a,
which reveal A as the most stable conformer (Table 2).
Furthermore, Table 2 shows that in radicals 2 the energy
differences both between conformations A and B and
between C and D become smaller with decreasing steric
effect of R?=rBu > cHex > Et > Me, which should also apply
to the corresponding transition states. Accordingly, radicals
2g and 2h bearing less sterically demanding R? groups are
trapped with negligible (2g, Table 1, entries 14, 15) or without
temperature dependence (2h, Table 1, entries 16, 17), but
with remarkable anti-selectivity. These results support en-
tropic reasons for the observed anti-selectivity. The most
favorable transition state with the highest activation entropy
should be B* on account of the attack of the hydrogen donor
from the free convex side of 2—compared to A* and C*—and
because of the unhindered rotation of R>2—compared to D*.
Radicals 2d-f with R’=cHex, a medium steric impact
substituent, represent the transition from 2a-c¢ with syn-
selectivity to 2g and 2h with anti-selectivity. While these
radicals are trapped nearly unselectively at —78°C (Table 1,
entries 8, 10, 12), at +70°C, the reactions take place with
remarkable anti-selectivity (Table 1, entries 9, 11, 13). Thus,
the activation enthalpy of the reaction providing the anti
product must be higher than that of the one leading to the syn
product. The same evidently applies to the activation
entropies. At —78°C the compensation of activation enthal-
pies and entropies leads to an unselective reaction.!']
Contrary to this, by increasing the temperature anti-3d—f
are formed with considerable preference due to the dominat-
ing entropic effect, evidently—as for 3g and 3f—via tran-
sition state B*. The increasing anti-selectivity with increasing
steric demand of R! (Table 1, entries 9, 11, 13) indicates that
transition state D* contributes decreasingly with increasing
steric impact of R! to the generation of the syn product.

We have shown that y-alkyl-a-ester radicals 2d—h can be
trapped with remarkable anti-selectivity at relatively high
temperatures of 40 and 70°C. In contrast to this, high syn-
selectivity is observed at — 78 °C with radicals 2a—c¢ bearing
the sterically demanding neopentyl moiety at the radical
center. These results imply that related radicals with 1,3-
substituents such as acyloxy, alkoxy, or cyano possibly can also
be trapped in a highly selective manner in the presence of
Lewis acids, which should be of great interest for the
polymerization of, for example, vinyl acetate, vinyl ethers,
and acrylonitrile.

Experimental Section

The experiments at —78°C and 40 °C were performed in dichloromethane,
at 70 °C benzene was employed as solvent. In the case of additional MgBr, -
OEt,, diethyl ether (1/3 of solvent volume) was added. In a typical run, the
Lewis acid (see Table 1) was initially stirred with the alkene (0.5m) for at
least 45 min at ambient temperature in the respective mixture of solvents,
then the reaction temperature was adjusted to the desired level. At
conditions of —78°C and 40°C, alkyl iodide (3 equiv) and tributyltin
hydride (3 equiv) were added and finally triethylborane (1M solution in
hexane, 1 equiv with respect to alkene) and O,!"!l were injected over a
period of 2—4 h. When the reaction was run at 70°C, the alkyl bromide
(3 equiv) was added, followed by a dropwise addition of a solution of
tributyltin hydride (3 equiv) and 2,2'-azobisisobutyronitrile (AIBN;
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20 mol %, with respect to alkene) in benzene over 3 h. Workup was
performed according to usual methods.['?!
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Carbohydrate Derivatives for Use in Drug
Design: Cyclic a,-Selective RGD Peptides**
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The improvement of pharmacokinetic and dynamic proper-
ties of pharmaceutically active compounds with retention of
activity and selectivity is an important task in modern drug
design. The potential of carbohydrates for the development of
new drugs is not yet fully exploited. Here we will show that the
modification of peptides with carbohydrate derivatives leads
to an improvement of the properties of the peptides. Sugar
derivatives can be incorporated in the peptide backbone and/
or in the side chains. Both strategies and the different
influences on structure and activity of the modified peptides
are exemplified for biologically active, cyclic RGD peptides.

Earlier work in our lab demonstrated that the use of sugar
amino acids (SAA) makes it possible to predict the con-
formation of cyclic peptides.!! Now we show for the first time
how this knowledge can be used to obtain high-affinity
peptidic compounds. As a lead structure for the derivatization
of the RGD motif the cyclic pentapeptide cyclo(-Arg-Gly-
Asp-D-Phe-Val-) was chosen, which binds selectively o,f;-
integrins.’! Integrins are located at the cell surface of a
number of different cell types and play a major role in cell—
matrix interactions and in tumorgenesis. This aroused phar-
maceutical interest in a,; antagonists, especially with regard
to blocking tumor-induced angiogenesis.”! The cyclic peptide
cyclo(-Arg-Gly-Asp-D-Phe-N(Me)Val-),P! which was the best
hit in an extensive screening of peptidomimetics,”! is now
being tested for its potency as an antitumor drug in phase II
clinical trials as EMD121974 from Merck KGaA (Germany).

In earlier attempts the modification of cyclic RGD peptides
with carbohydrates impaired the biological activity of the
compounds.” In order to match the receptor’s steric demands,
a structurally modified sugar amino acid was incorporated
into the sequence of the above-mentioned cyclic peptide. The
sugar amino acid was intended to replace the two amino acids
D-Phe-Val (Figure 1). From structure —activity investigations
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