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of sodium para-toluene sulfonate produced less well-devel
oped multiple peaks.

The strongly multiple voltammetric peaks observed with 
the first redox process in the present studies appear to be 
caused by the perchlorate anion used. We notice that perch
lorate electrolytes were employed in the electrochemical 
studies of the LB films of C22VC1 and C22VC1 at ITO surfaces.4 
Perchlorate ions are hydrophobic7 and may cause positively 
charged C22VC1 hydrophobic films to become highly compact 
at the full monolayer coverage, as was the case with the 
LB films, to produce thermodynamically distinguishable vol
tammetric peaks. The present procedures to obtain one-elec
tron transfer multiple voltammetric peaks may be significant 
in that they can be easily applicable for spectroelectrochemi- 
cal studies to investigate the unusual v시tammograms ob
served at self-assembled viologens on electrode surfaces. Po
ssible origin of multiply peaked voltammograms may be ela
ted to the effects of ion pairing or reorientation or both toge
ther with strong hydrophobic interations. Spectroelectroche- 
mical sudies to probe the nature of m니tiple voltammetric 
peaks associated with the first electrochemical process of 
self-assembled viologen films are in progress in this labra- 
tory.
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Silicon chemists have had considerable interest in studying 
the reaction mechanism and synthetic utility of the rearrang
ement reactions of a-chlorosilanes to chlorosilanes.1-3 The 
rearrangement mechanism has been controversial for a long 
time. Various mechanisms have been proposed from analyses

(ci이; 60%) (frans-l; 40%)

AQI3

of experimental data. Suggested mechanisms are (1) simulta
neous double migration of Cl and R,4 and (2) migration 
through a-silyl cation,5 or (3) stepwise migration involving 
an **inverse-ylide" pentacoordinated Si.6 The ring enlarging 
rearrangement reactions are useful methods to provide new 
cyclic silanes23 (see Scheme 1). l-(Chloromethyl)-l,2-dimeth- 
ylsilacyclopentane (I) can yield a new silacyclopentane th
rough Me migration or two different chlorosilacyclohexane 
derivatives (II and III) by competitive migrations of the two 
different ring bonds (see Scheme 2). This particular system 
may allow the study of migratory aptitude of alkyl groups 
during the ring enlargement reaction.

I was synthesized as a cis/trans mixture7 (m, 60/40) from 
ring cyclization using the diGrignard reagent from 1,4-dibro- 
mopentane. Since I is formed as a mixture enriched in one 
isomer, we can identify the spectral properties of each signal 
of the cis and Zraws-isomers by using〔H・NMR, 13C-NMR( 

correlation, and gated proton decoupled spectra.8
At first, we attempted the rearrangement reaction under 

thermal conditions. cis/trans-\ (60/40) was placed in a thick
walled tube, sealed/and immersed in an oil bath at 200t. 
After 1 week, no change was observed in proton NMR sig
nals. Hence, a catalytic amount of AICI3 was added. Within 
3 hp the rearrangement is achieved cleanly at room temper
ature (without solvent). Four new peaks appear in the 'H 
NMR spectrum at 0.37, 0.39, 0.41, and 0.44 ppm (all singlets)
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Figure 1. Reaction diagram for the rearrangement of CMMS 
to ECS calculated by AMI.

which correspond to Me proton attached to Si in trans-Y\, 
n*5-III, czs-II and trans-YY\f respectively.10 We are confident 
in assigning these 】H-NMR peaks beca기se we have synthesi
zed these compounds previously by ring cyclization and have 
identified the 'H-NMR peaks.11 In addition, hydrolysis and 
methylation with MeLi revealed that those peaks belong to 
the chlorosilanes, since they disappeared on methylation and 
hydrolysis. Methylation with MeLi is useful also (1) for the 
identification of the Me peaks attached to Si in II and III, 
and (2) to identify any exocyclic Me migrated products. From 
GC and 'H-NMR after treatment with MeLi, we observed 
only two compounds (IV and V), not the exocyclic Me migrat
ed products. Although the quantitation using integration of 
lH-NMR peaks is relativ이y crude (ca. ± 5% error), the cor
relation of peaks with rearranged chlorosilanes shows rea
sonable reproducibility with repeated experiments.

We have surveyed the various possible mechanisms em
ploying the AMI12 method.13 (Chloromethyl)methylsilane 
(CMMS), the basic fragment of this ring enlargement reac
tion, has been used as the model compound to investigate 
the transition structure (TS; for a gas phase process without 
Lewis acid catalysis). AMI results show that the simulta
neous double migration, rather than the stepwise migration 
(either the radical or ionic dissociation), is the favorable reac
tion pathway from CMMS to ethylchlorosilane(ECS) (see Fig
ure 1). The ionic mechanism via a-silyl cation is unfavorable 
in the calculation, since it involves highly charg은d structures. 
However, the activation energy of ionic dissociation in the 
solution will be dramatically reduced in the presence of sol
vents or Lewis-acid catalysts. In addition, our AMI results 
아】ow that MeSiH2CH2 ion can migrate to MeCHzSiH； ion 
with little energy barrier (0.1 kcal/mol). Thus, the ionic me
chanism via the a-silyl cation414 should be considered as 
a possible mechanism for the Lewis-acid catalyzed conditions,
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Figure 2. Transition structure for the simultaneous double mig
ration. Geometric parameters are from AMI (HF/3-21G*) [HF/6- 
31G*]. Values are lengths in A, and angles in deg.

rangement of CMMS to ECS
Table 1. Calculated Activation Energies (kcal/mol) for the Rear

Calculational level Activation energy

AMI 67.9
MNDO 75.6
HF/3-21G*〃HF/3-21G 松 67.3 (64.9)”
MP2/3-21G7/HF/3-21G* 68.5 (66.1)
MP3/3-21GV/HF/3-21G* 69.2 (66.8)
MP4(SDTQ)/3-21G*//HF/3-21G* 66.3 (63.9)
MP/6-31G7/HF/6-31G* 70.0 (67.6)
MP2/6-31G*//HF/6-31G* 74.7 (72.3)
MP3/6-31G*//HF/6-31G* 74.7 (72.3)
MP4(SDTQ)/6-31G*//HF/6-31G* 71.5 (69.1)

“Pople's notation, "The values in pharentheses are corrected for 
zero-point vibration energy.

although it is unlikely in the thermal reaction. Our AMI 
results are consistent with recent thermal gas-phase st기dies.* 
Early kinetic experiments by Eaborn and coworkers43 were 
also consistent with a doubly bridged TS for the AlCl3-cataly- 
zed rearrangement. Various alkyl substituents, except H, 
have little effect on the activation energy barriers. Hence, 
the migratory aptitude of alkyl groups is probably governed 
by steric effects in the TSs.

In order to assess the performance of AMI, the doubly 
bridged TS was computed by ab initio methods.15 The geo
metric parameters of the TS are shown in Figure 2. The 
shape of TSs is almost identical, although the AMI calculated 
TS is a little tighter than the ab initio calculated ones. The 
activation energies are summarized in Table 1. The results 
of semi-empirical methods are in excellent agreement with 
the ones of high-level ab initio theories. Our best estimate, 
MP4(SDTQ)/6-31G*//HF/6-31G* (with the zero-point vibra
tion energy correction), is 69.1 kcal/mol, while AMI gives
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Figure 3. Transition structure for exocyclic me migration of 1.
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Figure 4. Relative energies (kcal/mol) due to the H-Si-H angle 
bending. Values are from ab Initio HF/6-31G* single point calcu
lations by restricting Si, C】，and two hydrogens in a plane (values 
are relative to the lowest energy conformation with the H-Si-H 
angle =119.78°, where total energy is —828.1034636 hartree).

67.9 kcal/mol. We are confident that AMI methods gives 
the excellent estimates in geometries and energetics in this 
particular system.

Our molecular mechanics (MM2)16 calculations predict that 
both I and chlorosilacyclopentane derivatives are stable in 
half-chair forms.17 Although either the AMl-calculated TS 
from I or force field modeling of TS from CMMS will 
describe more accurately about the favorable reaction me
chanism, plugging the TS of CMMS into the silacyclopenta
nes can provide qualitative conformational nature of the TS. 
If the intrinsic migratory aptitude among alkyl groups are 
not greatly different, the new silacyclopentanes as well as 
silacyclohexanes should be obtained from the rearrangement 
reaction from I. However, we have not seen any evidence 
of the presence of new silacyclopentanes. This result comes 
from either (1) the inferior migratory aptitude of Me group, 
or (2) the other steric nature of TS. The fact that two ring 
bonds (Et and iso-Pr moieties) migrate competitively prompts 
us to investigate the additional steric effect in the TS when 
an exocyclic ring bond migrates. Figure 3 depicts the TS 

for the exocyclic Me migration. In the exocyclic Me migra
tion, there is an extra energy barrier due to. the ring strain. 
We attempted to estimate the ring strain from the deviation 
of H-Si-H angle in the ab initio c기culations while other geo
metric parameters are constrained to the ones at the fully 
optimized TS (see Figure 4). Since the endocyclic angles 
centered to the Si atom for 4・，5-, and 6-membered cyclic 
silanes are about 90°, 100°, and 105° respectively, the addi
tional energy barriers contributed from ring strain are esti
mated as 11.6, 4.9, and 2.7 kcal/mol18 from HF/6-31G* lev시 

theory. Hence, the migration of exocyclic Me is difficult pro- 
ba비y due to the ring strain present in the TS.

References

1. (a) Larson, G. L.; Klesse, R.; Cartledge, F. K. Organometal- 
lies 1987, 6r 2250; (b) Larson, G. L.; Cartledge, F. K.; Nu
nez, R.； Unwalla, R.; Klesse, R.; del Valle, L. Organometal- 
lics 1992, 11, 859.

2. (a) Pola, J. In Carbon-Functional Organosilicon Compounds; 
Chvalovsky, V., Bellama, J. B„ Ed.; 비enum Press: New 
York, 1984; Chapter 2. (b) Brook, A. G.; Bassindale, A. 
R. In Rearrangements in Ground and Excited states; Acade
mic Press, Inc.: New York, 1980; p 149-227.

3. (a) Corey, J. Y.; Chang, V. H. T./ Organomet. Chem. 1979, 
174, C15; (b) Corey, J. Y.; Corey, E. R.; Chang, V. H. 
T.; Hauser, M. A.; Leiber, M. A.; Reinsei, T. E.; Riva, 
M. E. Organometallics 1984, 3, 1051.

4. (a) Bott, R. W.; Eaborn, C.; Rushton, B. M. J. Organomet. 
Chem. 1965, 3, 455; (b) Steward, O. W.; Uhl, W. J.; Sands, 
B. W. / Organomet. Chem. 1968, 15, 329; (c) Clarke, M. 
P.; Damrauer, R.; Davidson, I. M. T.; Simon, R. Organo
metallics 1989, 8, 2031.

5. (a) Hairston, T. J.; O'Brien, D. H. J. Organomet. Chem. 
1971, 29t 79; (b) Bassindale, A. R.; Brook, A. G.; Jones, 
P. F.; Lennon, J. M. Can. J. Chem. 1975, 53, 332.

6. (a) Kumada, M.; Nakajima, J.-L; Ishikawa, M.; Yamamoto, 
Y. J. Org. Chem. 1958, 23, 292; (b) Kumada, M.; Ishikawa, 
M. J. Organomet. Chem. 1964, 1, 411; (c) Kumada, M.; 
Ishikawa, M.; Maeda, S.; Ikura, K. J. Organomet. Chem. 
1964, 2, 411.

7. The notation of cis and trans is based on the relation 
between the two Me substituents.

8. The NMR peak assignments are as follow:

cis-X
Atom------------------

trans-\

iH 13C 13C

1 0.90-1.15(m) 17.81 0.80-1.15(m) 20.29 3—2
2 1.00-1.25(m) 36.86 1.10-1.25(m) 37.00

1.80-1.95(m) 1.80-1.90(m) Si
3 1.35-1.50(m) 24.78 1.40-1.50(m) 24.58 Cl'一5 6

1.70-1.90(m) 1.75-1.90(m)
4 0.40-0.95(m) 11.08 0.65-0.85(m) 10.65
5 2.83(s) 29.43 2.86(s) 27.88
6 0.16(s) -7.78 0.21(s) 一 5.39
7 1.044.09(d) 15.00 1.06-1.10(d) 14.18

9. The rearrangement time (2h to several days) and regio
selectivity (55/45 to 70/30) has shown some variations 
according to the amount of added AICI3. In general, lower 



186 Bull Korean Chem. Soc. 1994 Vol. 15, No. 3 Communications to the Editor

reactivity and greater selectivity can be obtained by ad
ding a reduced amount of AICI3.

10. The 산】emica! 아lifts of these 4 】H・NMR peaks, which 
have been assigned to 4 different compounds, are consis
tent with the our previous publication (for a detail, see 
Table 3 in ref. 11).

11. Nguyen, B. T.; Cartledge, F. K. J. Org. Chem. 1986, 51, 
2206.

12. Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F・；Stewart, 
J. J. P. J. Am. Chem. Soc. 1985, 107, 3902.

13. Cho, S. G.; Cartledge, F. K.; Unwalla, R. J.; Profeta, S. 
Jr. to be submitted.

14. (a) Bakhtiar, R.; Holznagel, C. M.; Jacobson, D. B. / Am. 
Chem. Soc. 1992, 114, 3227; (b) Bakhtiar, R; Hoznagel, 
C. M.; Jocobson, D. B. Organometallics 1993, 12, 880.

15. Calculations have been performed with GAUSSIAN-92. 
Optimized structures have been determined at the HF/3- 
21G* and HF/6-31G* level. The TS was located by the 
eigenvector following routine (OPT=(TS, EF)), and con
firmed by the frequency calculation (TS have only one 
imaginary frequency; — 619.8/ cm^1 at HF/3-21G* and 
—593.4z cm 1 at HF/6-31G*). Single-point energy calcu
lations have been performed at the MP2, MP3, and MP4 
levels to incorporate the electron correlation effect. Cor
rections also have been made for zero-point vibrational 
energies. Calculations have been run on a CRAY Y-MP2 
E/232.

16. Burkert, U.; Allinger, N. L. Molecular Mechanics, Ameri
can Chemical Society, Washington, D.C., 1982.

17. (a) Cho, S. G.; Unwalla, R. J.; Cartledge, F. K.; Profeta, 
S. Jr. / Comput. Chem. 1989, 10, 832; (b) Cho, S. G.; 
Cartledge, F. K.; Unwalla, R. J.; Profeta, S. Jr. Tetrahed
ron, 1990, 46, 8005.

18. Since these values are from the bending of H-Si-H angle, 
the estimated ring strains may have errors which come 
from the comparison between the H-Si-H and C-Si-C 
angle changes. However, the approximate force constant 
(0.38 mdyn.A°/rad2) for the H-Si-H angle bending is sma
ller than the one (048 mdyn.A°/rad2) for the C-Si-C angle 
bending. Therefore, the actual ring strains will be greater 
than our values.

Characterization of Conformational Changes in 
[d(ACGTATACGT)]2-echinomycin and [d(ACG 
TTAACGT)]2-echinomycin complexes by proton 
NMR studies

Jin Young Park1, Se Won Suh2t and Byong-Seok Choi*1

^Department of Chemistry, Korea Advanced Institute of 
Science and Technology, Taejon 305-701

department of Chemistry, College of Natural Sciences, 
Seoul National University, Seoul 151-742

Received October 4, 1993

Echinomycin derived from streptomyces is cyclic depsipep- 

tide containing two planar quinoxaline rings that bisinterca
late into DNA1,2. Echinomycin has antitumor activities and 
is now being used in phase II clinical trials for the treatment 
of human tumors3. Recently, a series of crystal and solution 
structure determinations of the complexes between echino
mycin and DNA oligonucleotide fragments have been carried 
out in order to visualize how a drug can be accommodated 
by the DNA double helix—1 According to the crystal struc
ture of echinomycin complex with DNA hexamer [d(CG- 
TACG)〕2, two echinomycins bind to each DNA duplex with 
the quinoxaline rings bracketing the CpG steps4. A remarka
ble feature of this structure is that the central A-T base 
pairs are Hoogsteen base paired. Using specifically deutera
ted DNA hexamer we also proved that the Hoogsteen base 
pair formation detected in X-ray crystallographic analysis was 
definitely retained in solution7,8.

At this situation, it is of interest to ask how many 
Hoogsteen base pairs are formed near the binding sites when 
echinomycins bind to a DNA oligonucleotide in which the 
CpG binding sites are separated by more than two A,T base 
pairs. For example, in a complex between a DNA decamer [d(AC 
GTATACGT)]2 and echinomycin, is it possible to form the 
Hoogsteen base pairs in the four central A*T base pairs? 
In order to address this question, we have examined two 
DNA decamers, Ed(ACGTATACGT)]2 and [d(ACGTTAAC 
GT)〕2 in which echinomycin binding sites are separated by 
four base pairs.

The decamers, Ed(ACGTATACGT)]2 and [d(ACGTTAAC 
GT)〕2 were synthesized on an Applied Biosystems DNA syn
thesizer using p-cyanoethyl phosphoramidite chemistry on 
a 2 pmole scale. The oligonucleotides were purified by Se
phadex G-25 gel filtiation c이umn chromatography. Echinom
ycin was a gift from National Cancer Institute, USA. A satu
rated echinomycin-DNA complex of two drugs per DNA de
camer was formed by adding 2 equivalents of echinomycin 
in methanol to the DNA sample in the NMR tube as reported 
previously8. All NMR experiments were done on a Bruker 
AMX-500 spectrometer.

A comparison of the imino and aromatic spectra of the 
two decamers, [d(ACGTATACGT)]2 and Ed(ACGTTAAC 
GT)]? and their echinomycin complexes are shown in parts 
A and B of Figure 1, respectively. The imino protons have 
been assigned from a combination of NOE and temperature 
dependence measurements. The G3 and G9 imino resonan
ces of both decamers shift upfield approximately 1 ppm v/hen 
echinomycins bind. The T10 imino resonances =!so shift up- 
filed approximately 1 ppm at It (data not shown). These 
large upfield shifts are due to intercalative drug binding. 
The central T imino resonances of both decamers, however, 
shift only 0.2 ppm upfield or do not show any changes in 
chemical shift values. Previous NMR results showed that 
the central T imino resonance of the DNA hexamer [d(CG 
TACG)]2-echinomycin complex were upfield-shifted by 1 ppm 
and A-T Hoogsteen base pairs were formed8. Therefore the 
central A*T base pairs of the present two decamers probably 
would not be Hoogsteen base pairs. As shown in Figure 1, 
the central T imino resonances of the Ed(ACGTATAC6T)]2- 
echinomycin complex are much broader than those of the 
free DNA or [d(ACGTTAACGT)]2-echinomycin complex, in
dicating that echinomycin binding destabilizes the base pairs 
in 'TATA' sequence. It is interesting that the imino resona-


