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same is true for interaction (77-7). Thus, as in 2', *-do- 
nation dominates over *-back-donation. 

Electron Counting in 1 and 2 Revisited. The ex- 
perimentally determined molecular structures of 1 and 2 
lead to the descriptions of 64-electron spiked triangular 
and 62-electron butterfly clusters, r e s p e ~ t i v e l y . ~ ~ ~ ~ ~  For 
1, we may consider the RU,(CO)~~ skeleton as providing 
56, the boron atom 3, two endo-hydrogen atoms 1 each, 
and the CPhCHPh unit 1 u- and 2 *-electrons, making a 
total of 64 electrons. From 1 to 2, the observed increase 
in dihedral angle, a, and height, h, of the boron atom above 
the wing tipwing tip vector led us in the discussion of the 
molecular structure of 2 to conclude that the boron atom 
was no longer interstitial. Thus an appropriate electron 
count would be 57 from the C ~ W R U ~ ( C O ) ~ ~  skeleton, 1 
from the cluster hydride ligand, 2 from the olefinic *-in- 
teraction, and 2 from the exo-BR (R = CPhCHPh) unit, 
making a total of 62 electrons. While these electron dis- 
tributions clearly "work" in terms of the effective atomic 
number the results of the Fenske-Hall calculations 
imply that in both compounds there is a degree of ambi- 
guity concerning any simple (e.g. exo versus interstitial 
character for the boron atom and Dewar-Chatt-Duncan- 
son model for the ruthenium-alkene bonding) bonding 
scheme which may be used to describe the two molecules. 

Conclusions. The reaction of H R U ~ ( C O ) ~ ~ B H ,  with 
PhC--=CPh leads to an unprecedented cluster by virtue of 
concomitant B-C bond formation, transfer of a cluster- 
bound hydrogen atom to the alkyne, and insertion of the 
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(30) Mingos, D. M. P. Nature (London) Phys. Sci. 1972, 236, 99. 
(31) Lauher, J. W. J .  Am. Chem. SOC. 1978, 100, 5305. 

organic unit into the Ru, butterfly to yield a spiked tri- 
angular framework retaining a cc4-boron atom. In contrast, 
the reaction of PhCECPh with H(CpW)Ru3(CO)11BH 
proceeds with retention of the butterfly skeleton although, 
as in the first reaction, cluster-to-alkyne hydrogen atom 
transfer occurs along with B-C bond formation. Both 
reactions involve the formation of an alkene-ruthenium 
*-bond. 

The reason(s) for the differences in reaction pathways 
are not as yet clear to us. One possibility is that the 
presence of the additional B-H-Ru hydrogen atom in 1 
inhibits the boron atom from moving out of the butterfly 
framework as is required in the formation of 2. However, 
other work in progress in our laboratory indicates that in 
some cases a small unsaturated molecule may be incor- 
porated into H R U ~ ( C O ) ~ ~ B H ~  without cluster opening.32 
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The fluxional behavior of the E (4a) and Z (4b) isomers of 2,4pentadienyldipropylborane has been studied 
by dynamic 'H and 13C NMR spectroscopy. Activation barriers have been determined for degenerate 
metallotropic rearrangements of 4a and 4b and for 4a s 4b interconversion by complete line shape analysis 
of 13C DNMR spectra. The data obtained suggest that only 1,3 shifts of BPr2 groups take place in both 
isomers rather than 1,5 sigmatropic shifts. 

Introduction 
The chemistry of the 2,4-pentadienyl organometallic 

compounds has been extensively investigated.' Penta- 
dienyl derivatives of alkali metals (Na, K, Rb, Cs) are ionic 
and fluxional in solution due to the rapid equilibration of 
S-, W-, and U-conformers of the pentadienyl a n i ~ n . ~ - ~  

(1) For a review, see: (a) Yasuda, H.; Nakamura, A. J .  Organomet. 
Chem. 1985,285,15-29. (b) Emst, R. D. Acc. Chem. Res. 1985,18,56-62. 

0276-7333/92 /23ll-4056$03.0O/O 0 

Scheme I 

la ,2a  lb.2b 

i b  R=Ph, A G F  8 1  kJ/mol 

2b R=C1, AGF < 30 kJ imoI  
[Q] 
[ l o ]  

Pentadienyl compounds of lithium: magnesium: beryl- 
l i ~ m , ~  and zinc7 demonstrate more complex fluxionality 
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Table I. NMR Data for ( E ) -  and 
(2)-2,4-Pentadienyldipropylboranes 4a and 4b 

S\*/;\BR, 4 2  atom number 
" p o u n d  1 2 3 4  5 

4a 6('H) 2.02 5.66 5.82 6.16 4.72 (Hk), 
4.85 (H9 

WHH) 7.2 15.0 9.8 9.9 17.0 
6(13C) 33.3 131.0 132.4 137.6 113.1 

4b 6(lH) 2.12 5.48 5.84 6.44 4.88 (Hk), 
4.98 (H") 

WHH) 8.4 9.9 10.1 10.1 16.9 
6(l3C) 33.4 128.3 129.5 132.4 116.0 

which includes equilibria between ionic and a-bonded 
structures as well as the anion conformational intercon- 
versions. 

The metallotropic rearrangements of covalent a-bonded 
pentadienyl derivatives have received little study. Pen- 
tadienyltrimethylsilane is nonfluxional.8 Pentadienyl- 
triphenyltin (lb)9 and 2,4-pentadienyl(trichloro)tin (2b)'O 
were found to consist of a mixture of E- and 2-isomers. 
Only the latter proved to be fluxional via 1,5-Sn sigma- 
tropic shifta?J1 The activation barriers of these processes 
differ greatly-the estimated value of AG* in lb  is 81 
kJ/mol and for 2b AG' is lower than 30 kJ/mol. 
2,4-Pentadienyldiphenylboranel1 as well as some pen- 

tadienyldimetho~yboranes~ have been described previ- 
ously, but their dynamic properties have not been studied. 
Fast 1,3 migration of the BR2 group in allylboranes (per- 

(2) (a) Yasuda, H.; Yamauchi, M.; Ohnuma, Y.; Nakamura, A. Bull. 
Chem. SOC. Jpn. 1981, 54, 1481-1491. (b) Yasuda, H.; Ohnuma, Y.; 
Yamauchi, M.; Tani, H.; Nakamura, A. Ibid. 1979,52, 2036-2045. (c) 
Yasuda, H.; Yamauchi, M.; Nakamura, A. J. Organomet. Chem. 1980,202, 

(3) Oppolzer, W.; Burford, S. C.; Marazza, F. Helv. Chin .  Acta 1980, 

(4) (a) Seyferth, D.; Wursthorn, K. R.; Mammarella, R. E. J. Org. 
Chem. 1977,42, 3104-3106. (b) Bates, R. B.; Brenner, S.; Cole, C. M.; 
Davidson, E. W.; Forsythe, G. D.; McCombs, D. A.; Roth, A. S. J. Am. 
Chem. SOC. 1973, 95, 926-927. (c) Seyferth, D.; Mammarella, R. E. J. 
Organomet. Chem. 1978, 156, 299-305. 

(5) (a) Schlosser, M.; Rauchschwalbe, G. J. Am. Chem. SOC. 1978,100, 
3258-3260. (b) Basshardt, H.; Schlosser, M. Helv. Chin.  Acta 1980,63, 

Cl-C5. 

63, 555-562. 

2393-2403. 
(6) Yasuda, H.; Yamauchi, M.; Nakamura, A.; Sei, T.; Kai, Y.; Ya- 

(7) Yasuda, H.; Ohnuma, Y.; Nakamura, A.; Kai, Y.; Yasuoka, N.; 

(8) Naruta, Y.; Nishiaaichi, Y.; Maruyama, K. J. Org. Chem. 1991,56, 

suoka, N.; Kasai, N. Bull. Chem. SOC. Jpn.  1980,53, 1089-1100. 

Kasai, N. Bull. Chem. SOC. Jpn.  1980,53, 1101-1111. 

2011-2017. 
(9) Hails, M. J.; Mann, B. E.; Spencer, C. M. J. Chem. SOC., Dalton 

(10) Naruta, Y.; Nishigaichi, Yu.; Maruyama, K. Tetrahedron 1990, 

(11) Hutchings, M. G.; Paget, W. E.; Smith, K. J. Chem. Res., Synop. 

Trans. 1983, 729-732. 

45, 1067-1078. 

1983, 31. See also ref 5. 

Organometallics, Vol. 11, No. 12, 1992 4057 

8 
6 0  5 0  2 0  

Figure 1. Sect ion plot of the 'H NMR spectrum (200 MHz, 
CDClJ of 2,4-pentadienyldipropylborane (4) (olefin region). 
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Figure 2. Temperature dependence of the line shape of the 13C 
NMR spectrum (50 MHz, neat l iquid)  of 4 (low-field region). 

manent allylic rearrangement, PAR) had been found by 
Mikhailov et al. earlier.12 Recently, we have started the 
more detailed study of PAR using complete line shape 
analysis of 13C DNMR spectra. More accurate activation 
parameters were determined for PAR of some simple al- 
1ylb0ranes.l~ In the case of 2,4,6-heptatrienyldipropyl- 
borane (3) we have found that four geometric isomers 3a-d 
interconvert reversibly via 1,3 shifts of BPr2. A 1,7 sig- 
matropic hydrogen shift was found for 2,Z-isomer 3d but 
no 1,7-boron migrati~n. '~ 

(12) Mikhailov, B. M.; Bogdanov, V. S.; Lagodzinskaya, G. V.; 
Pozdnev, V. F. Izv. Akad. Nauk SSSR, Ser. Khim. 1966,386. 

(13) Bubnov, Yu. N.; Gurskii, M. E.; Gridnev, I. D.; Ignatenko, A. V.; 
Ustynyuk, Yu. A,; Metislavsky, V. I. J. Organomet. Chem. 1992, 424, 
127-132. 

(14) Gurskii, M. E.; Gridnev, I. D.; Il'ichev, Yu. V.; Ignatenko, A. V.; 
Bubnov, Yu. N. Angew. Chem. 1992,104,762-764; Angew. Chem., Int. 
Ed .  Engf. 1992, 31, 781-783. 
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. . . . ppm 

Figure 3. Contour plot of the chemical exchange 2D 'H NMR 
spectrum of 4 (200 MHz, neat liquid); T = 350 K, 7 = 0.5 s. 

6.0 5.0 4.0 3.0 

Therefore a study of 2,4pentadienyl derivatives of boron 
seemed to be of great interest with regard to the possible 
competition between 1,3-B, 1,5-B, and 1,5-H sigmatropic 
shifts. 

Results and Discussion 
2,4-Pentadienyldipropylborane (4) was obtained by re- 

action of pentadienyllithium with chlorodipropylborane 
in hexane-THF a t  -30 "C. 
NMR Spectral Assignment and Spectral Dynamics. 

The lH NMR spectrum of 4 a t  room temperature, shown 
in Figure 1, indicates the presence of E- and 2-isomers 4a 
and 4b in a 4:l ratio. Values of chemical shifts and cou- 
pling constanb are given in Table I. The values 3J(H2,H3) 
15.09 for 4a and 9.41 Hz for 4b point out the predominance 
of an E-isomer in the mixture. 

The l3C-(lH] NMR spectrum of 4a is shown in Figure 
2a. Signal assignment was performed by the standard 2D 
procedure XHCORR. The values of 13C chemical shifts 
are given in the Table I. 

In the temperature range 300-395 K a characteristic 
reversible temperature dependence of the 'H and '3c NMR 
spectra of 4 is observed. The signals of the carbon atoms 
C2, C4, and C5 of E-isomer 4a broaden with increasing 
temperature (Figure 2). For the same signals of the 2- 
isomer 4b dynamic broadening is less distinct. The 
character of the temperature dependence of 13C NMR 
spectrum indicates an intramolecular migration of the BPr2 
group in 4a and 4b. At temperatures higher than 370 K 
the broadening of the C3 signals of both isomers is distinct, 
pointing out that the interconversion of E- and 2-isomers 
4a and 4b also becomes fast on the NMR time scale. 

The occurrence of the intramolecular migration of the 
BPrz group in 4a also is proved by a two-dimensional NMR 
lH NOESY experiment which was carried out a t  350 K, 
mixing time r = 0.5 s (Figure 3). Intensive exchange cross 
peaks are observed for the signals of H' and H5 and of H2 
and H4 of the E-isomer 4a, while similar cross peaks for 
t,he 2-isomer 4b are absent. Exchange cross peaks are 
observed only for the signals C2 and C4 of the E-isomer in 
2D 13C NOESY experiment at 296 K (mixing time T = 0.5 
e). Therefore the rate of rearrangement is greater in the 
E-isomer than in the 2-isomer. 

Figure 4. Potential energy profile for the permanent allylic 
rearrangement in 2,4-pentadienyldipropylborane (4). 

Scheme I11 

SIB 5 f i 2  , 
5 '  BPr2 - d =  BPra " I  

BPr2 

4 p :  [131_8 

*~r2 [1.31_8 Pr2% 

4b 4d 4b 

I, 
5 1 

4a 4a 4c BPrz 

Taking into account the literature data on the dynamic 
properties of allylic and 2,4-dimethylpentadienyl organo- 
metallic compounds (see Introduction), two kinetic 
schemes of rearrangement in 4 could be proposed: (1) 
direct 1,5-B sigmatropic shift of the BPr, group; (2) two 
consequent 1,3-B shifts of the BPr, group. 

Having in mind the above discussed experimental data, 
the former mechanism can be excluded because the ex- 
change is slower in the 2-isomer 4b, which is geometrically 
favored for the 1,5-B shift, and because in the E-isomer 
4a, in which the rate of exchange is faster, a 1,5-B shift 
is spatially impossible. 

Migration of the BPr2 group from C' to C5 proceeds via 
two consecutive 1,3-B shifts with intermediate formation 
of isomer 4c which is not detected in the spectra. Similar 
processes were observed earlier for the reversible inter- 
conversion of the 2- and E-isomers of tricrotylborane 
where intermediate formation of the a-methylallyl form 
was not detected under any ~0nditions.l~ The same pic- 
ture is also observed for the interconversion of the four 
isomers of 2,4,6-heptatrienyldipropylborane (3)-the in- 
termediate compounds with internal disposition of the 
boron atom are not detectable in the spectra.14 

Therefore, the complete scheme of the dynamic pro- 
cesses in 2,4-pentadienyldipropylborane (4) can be pres- 
ented as shown in Scheme 111. 

The corresponding profile of the potential energy is 
given in Figure 4. 

Determination of the Activation Parameters of 
Rearrangement. Degenerate migration of boron in the 
E-isomer 4a proceeds via intermediate 4c and can be de- 
scribed with a barrier AG**, and difference of free energies 
AGO,,. Similarly, degenerate rearrangement in the 2-iso- 
mer 4b proceeds via intermediate formation of 4d (AG*w, 
AGObd). In turn, the conversion of 4a into 4b requires 
intermediate formation of 4c, its transformation into 4d 
by the rotation around the C2-C3 bond (Actcd, AGOcd), 
followed by a 1,3-boron shift in 4d. Since intermediates 
4c and 4d are not observed in the spectra, analysis of the 
temperature dependence of the NMR spectra makes it 
possible to obtain only effective activation barriers indi- 
cative of the highest energy transition states. The values 

(15) Bogdanov, V. S.; Pozdnev, V. F.; Bubnov, Yu. N.; Mikhailov, B. 
M. Dokl. Acad. Nauk SSSR 1970, 193, 586-589. 
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2,4-Pentadienyldipropylborane Isomers 

Chart I 

Organometallics, Vol. 

Scheme IV 
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I BPr2 

of AH* and A S  which could be obtained in the calcula- 
tions cannot be correlated with the individual steps. 
Therefore, we have only determined the values of the ef- 
fective barriers AG*ac, AGtM, and AG*,b and the difference 
of free energies AGlab. To obtain these values properly, 
line shape analysis of several spectra a t  different tem- 
peratures was essential because all the three processes 
affect the line shape simultaneously. 

Complete line shape analysis of the 13C NMR spectra 
of 4, shown in the Figure 2, was performed using the 
DISPARD program.13 All the three values of the free 
activation energies as well as the thermodynamic free en- 
ergy were treated as variable parameters during the final 
iteration circle. The values obtained after the iterations 
are 

AGoab(366) = 3.5 f 0.2 kJ/mol 

AGtaC(366) = 82.3 f 0.9 kJ/mol 

AGlbd(366) = 91.5 f 0.9 kJ/mol 

AG*ab(366) = 85.5 f 0.9 kJ/mol 

It  should be noted that the complete line shape analysis 
makes possible the search of the activation parameters for 
several simultaneous processes with rather close values of 
activation energies. An earlier similar problem could be 
solved only when the difference between activation barriers 
of simultaneous processes was great, for example, 65 and 
103 kJ/mol.16 

Thus, in 2,4-pentadienyldibropylborane (4) the 1,3-B 
shift predominates over the 1,5-B shift. This result dem- 
onstrates clearly the unique feature of organoboron 
compounds-the facile intramolecular 1,3-B sigmatropic 
shift. Such rearrangements are prohibited by orbital 
symmetry" and were never observed for other allylic-type 
organometallic compounds with covalent C-M bonds. 
However, the presence of the vacant 2p A 0  of the boron 
atom makes normally very high-lying transition state for 
the suprafacial 1,3 shift easily accessiblela and the per- 
manent allylic rearrangement (1,3 shift of b o r ~ n ) ' ~ J ~ J ~  is 
observed in most allylic triorganoboranes. 

The permanent allylic rearrangement in 2,4-pentadie- 
nyldipropylborane is slower than the same reactions for 
the other organoboranes of the allylic type. This fact can 
be explained by the influence of the second double bond 
in the molecule of 4. Apparently, the higher the electron 
density of the *-orbital of C3 carbon atom of the allyl- 
borane, the greater the rate of PAR. In the case of pen- 
tadienyldipropylborane (4) the electron density a t  the C3 
atom is decreased due to the conjugation with the second 
double bond; therefore the rate of PAR is also decreased. 

The lower rate of PAR in the 2-isomer 4b apparently 
is due to the considerable steric hindrance to the transi- 
tion-state formation in the latter case (Chart I). 

(16) Shanan-Atidi, H.; Shvo, Y. Tetrahedron Lett .  1971, 603-606. 
(17) (a) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital 

Symmetry; Verlag Chemie GmbH/Academic Press: Weinheim/Bergs- 
trasse, 1970. (b) Spangler, C. W. Chem. Reu. 1976, 76, 187-217 and 
references therein. 

(18) (a) Biihl, M.; Schleyer, P. v. R.; Ibrahim, M. A,; Clark, T. J. Am. 
Chem. SOC. 1991,113, 2466-2471. (b) Inagaki, S.; Fujimoto, H.; Fukui, 
K. J. Am. Chem. SOC. 1976, 98,4054-4061. 
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Thermal Cyclization of 2,4-Pentadienyldipropyl- 
borane. Reversible changes in the NMR spectra of 4 are 
observed at temperatures lower than 130 "C. If 4 is heated 
to 135-150 "C, vigorous propylene (5) evolution is ob- 
served. 

In contrast to the initial 'H NMR spectrum of 4, the 
olefin part of the 'H NMR spectrum of the thermolysis 
product contained only one unresolved multiplet corre- 
sponding to the two olefin protons (see Figure 5). In the 
high-field area the signals due to three CH, groups (6 = 
1.80,2.22, and 2.39 ppm) were detectable. These spectral 
data pointed out a cyclization reaction occurring in 4 
during thermolysis. 

Unfortunately, the yield of 3-borinene 6 is rather low 
(25-3090) due to the side process-symmetrization of 4 
giving tripropylborane and bis(2,4-pentadienyl)propyl- 
borane. The latter polymerizes readily. 

Reactions of the thermolysis product 6 with methanol 
and cyclopentanone, which gave compounds 7 and 8, 
correspondingly enabled us to elucidate the structure of 
the thermolysis product as 1-propyl-3-borinene (6). 

Thermal Isomerization of 1-Propyl-fborinene (6) 
to Vinylic Type Boracyclenes 9 and 10. We have found 
that compound 6 undergoes further transformation 
yielding two compounds 9 and 10 in a ratio of 1:l when 
heated to 160-180 "C. 
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was slowly added at -50 "C 52.3 g (0.39 mol) of dipropylchloro- 
borane. Then the mixture was heated to room temperature and 
stirred for 2 h. The precipitate was filtrated and the solvent 
removed. The residue was distilled in vacuo to give 4 (ratio 4a:4b 
f 41). Yield 53.6 g (83%), bp 35-38 "C (2 " H g ) ,  nDp = 1.4652. 
IR (cm-'): Y 895,1608,1650,3091. Anal. Calcd for CllHzlB: C, 
80.40; H, 12.89; B, 6.71. Found: C, 80.11; H, 12.50; B, 6.94. 

Thermolysis of 2,4-Pentadienylborane 4. Compound 4 was 
heated at 135 "C for 5 h. Propylene (0.55 equiv) was evolved. 
The residue was distilled in vacuo, and the fraction with bp 35-45 
"C (15 mmHg) was collected. According to the spectral data it 
contained 3-borinene 6 and tripropylborane in a 4 5  ratio. Spectral 
data for 6: 'H NMR (CDC13, 200 MHz) 6 1.05 (t, J = 8.4 Hz, 3 
H, CH), 1.25 (m, 2 H, CH), 1.46 (m, 2 H, CH,), 1.82 (d, J = 6.5 
Hz, 2 H,CHz), 2.22 (m, 2 H, CHz), 2.39 (m, 2 H,CHz),5.78 (m, 

(CH,), 21.89 (CH,), 25.80 (br, CHZB), 30.69 (br, CH,B), 39.45 (br, 
CH,B), 124.38 (CH=), 128.50 (CH=); "B (CDCl,, 64 MHz) b 86.6 
ppm (re1 to Etz0-BF3). 

Reaction of 3-Borinene 6 with Methanol. An excess of 
methanol was added at room temperature to the mixture of 
tripropylborane and compound 6 (5:4) obtained by thermolysis 
of 4. A small amount of ethereal HCl was added for the com- 
pletion of the reaction. According to the "B NMR spectrum after 
1 h, the mixture consisted of tripropylborane (50%) and 4-pen- 
tenylpropylmethoxyborane 7 (50%), bp 48-50 "C (15 mmHg). 
'H NMR (CDC13, 200 MHz): 6 0.87 (t, J = 7.2 Hz, 3 H, CH,), 
1.0-1.6 (m, 8 H, 4 CH,), 2.04 (dt, J = 7.5, 8.0 Hz, 2 H, CHz), 3.52 
(e ,  3 H, OCH,), 4.87 (dm, J = 9.2 Hz, 1 H, CHz=), 4.98 (dm, J 
= 15.2 Hz, 1 H, CH2=), 5.77 (m, 1 H, CH=); 13C NMR (CDCl,, 
50 MHz), b 17.35 (CH,), 17.80 (CH3), 23.36 (CH,), 30.95 (br, 2 

Reaction of 3-Borinene 6 with Cyclopentanone. The 
mixture (1.19 g) of tripropylborane and compound 6 (45, see 
above) WM treated with an excess of cyclopentanone (20 mL) at 
room temperature without solvent. After 1 day, the standard 
oxidation was performed (HZOz + NaOH); the reaction mixture 
was extracted with ether; the solvent was evaporated, and the 
product was purified by column chromatography (silica gel, eluent 
ether-hexane) to give 0.56 g of 3-(l-hydroxycyclopentyl)-4-pen- 
tenol(8), mp 83-84 "C (from ether). 'H NMR (CDC13, 200 MHz): 
b 1.5-1.9 (m, 10 H, 5 CHz), 2.23 (td, J = 9.7, 3.7 Hz, 1 H, CH), 
3.62 (m, 2 H, CH,OH), 5.10 (m, 2 H, CH,=), 5.76 (ddd, J = 9.7, 

38.34 (CHz of cyclopentane), 32.77 (CHz), 50.87 (CH), 60.80 
(CH,OH), 83.75 (COH), 117.23 (CH,=), 138.94 (CH=). Anal. 
Calcd for C1$I1802: C, 70.55; H, 10.66. Found: C, 70.31; H, 10.50. 

Thermolysis of 3-Borinene 6. Compound 6 in a mixture with 
tripropylborane (45,  see above) was heated in a sealed tube at 
160 "C during 2 h. According to NMR spectra this resulted in 
quantitative conversion of 6 into an equimolar mixture of 1- 
propyl-2-borinene (9) and l-propyl-2-methyl-2-borolene (10). 

1.19 (m, 2 H, CH,), 1.45 (m, 4 H, 2 CH,B), 1.58 (m, 2 H, CH,), 
2.23 (m, 2 H, CHz), 6.32 (dt, J = 11.5, 1.8 Hz, 1 H, HI), 7.15 (dt, 
J = 11,5, 3.7 Hz, 1 H, H2); 13C NMR (CDC13, 50 MHz) 6 17.59, 
18.03, 30.91 (C3H7), 19.24 (C5), 23.95 (br, C6), 33.49 (C4), 133.95 
(br, C2), 167.65 (C3); "B NMR (CDC13, 64 MHz) b 73.8. 

1 0  'H NMR (CDCl,, 200 MHz) 6 1.19 (t, J = 7.8 Hz, 3 H, CHJ, 
1.19 (m, 2 H, CHJ, 1.33 (m, 4 H, 2CHzB), 1.91 (dt, J = 2.0, 2.2 
Hz, 3 H, CH,), 2.42 (m, 2 H, CH,), 7.33 (br 8, 1 H, CH=); 13C 

25.94 (br, C5), 30.30 (C4), 149.88 (br, Cz), 157.50 (C3); "B NMR 

Reaction of Compounds 9 and 10 with Acetic Acid. An 
equimolar amount of acetic acid was slowly added to the mixture 
of 9 and 10 at room temperature. After 2 h of stirring, the 
standard oxidation (H202 + NaOH) was carried out. The product 
was extracted with ether and then distilled in vacuo to give an 
equimolar mixture of 11  and 12, yield 78%, bp 113-115 "C (740 
mmHg). 

4-Pentenol (11). 'H NMR (CDCl,, 200 MHz): b 1.5 (m, 2 H, 

2 H, 2 CH); 13C{'HJ NMR (CDC13, 50 MHz) 6 17.15 (CHZ), 17.92 

CHZB), 36.75 (CH,), 114.41 (CH,=), 139.17.(CH=); "B NMR 
(CDCl,, 64 MHz) b 53.2. 

10.6,16.8 Hz, 1 H); '9 NMR (CDC13,50 MHz) 23.76,23.81,37.95, 

9 'H NMR (CDC13, 200 MHz) b 0.92 (t, J = 7.8 Hz, 3 H, CH3), 

NMR (CDCl,, 50 MHz) b 15.46 (CH,), 17.59, 18.03, 30.91 (C3H,), 

(CDCl,, 64 MHz): b 82.9. 

8 I 
I I 

c3H7 

7'50 7 00 6 '50 0'00 5 50 5 00 

Figure 5. 'H NMR spectra (200 MHz, CDCl,) of the products 
of thermolysis of 2,4pentadienyldipropylborane (4): (a) spectrum 
of 1-propyl-3-borinene (6). (b) spectrum of the same sample after 
heating 1 h at 160 "C. 

In the IR spectrum a strong absorption at 1580 cm-' was 
observed which is characteristic for a vinylic (B-C=C) 
bond instead of the weak band at 1650 cm-' of compound 
6. Two broad signals in the low-field area of 13C NMR 
spectra (133.95 and 149.88 ppm) also indicated the pres- 
ence of B-vinylic fragments in compounds 9 and 10. The 
signals of the C2 carbon atoms for compounds 9 and 10 had 
chemical shifts of 166.8 and 158.3 ppm. Similarly, un- 
usually high values of chemical shifts were reported earlier 
for related sy~tems.'~3' The reaction of compounds 9 and 
10 with acetic acid followed by oxidation gave the corre- 
sponding alcohols 11 and 12, which provides additional 
evidence for their structures. Formation of l-propyl-2- 
borolene 10 from 9 can be described as the consequence 
of dehydroboration-hydroboration reactions. 

Conclusion 
The investigation of the dynamic behavior of 2,4-pen- 

tadienylborane 4 showed that both E- and 2-isomers 4a 
and 4b can interconvert reversibly or undergo intramo- 
lecular degenerate rearrangement via two consecutive 1,3-B 
shifts, with the thermodynamically unstable isomer 4c as 
an intermediate. The most facile is the degenerate rear- 
rangement of the E-isomer 4a. Such dynamic properties 
of borane 4 are completely different from those of penta- 
dienyl derivatives of Sn, Zn, and Be; unusual properties 
of boron compounds are due to the unoccupied 2p atomic 
orbital of the boron atom. 

Experimental Section 
NMR spectra were recorded on the Bruker AC-POOP spec- 

trometer. IR spectra were obtained with the UR-20 spectro- 
photometer. All operations with organoboron compounds were 
performed in the atmosphere of dry argon. 
2,4-Pentadienyldipropylborane 4. To a solution of penta- 

dienyllithium obtained from 26.8 g (0.39 mol) of 1,Cpentadiene 
and an equimolar amount of 1.8 N butyllithium in hexaneTHFz1 

~ ~~~ 

(19) (a) Herberich, G. E.; Hessner, B.; % h e n ,  J. J.  Organornet. Chem. 
1983,256, C23-C26. (b) Herberich, G. E.; Hessner, B.; Sohnen, D. Ibid. 

(20) Herberich, G .  E.; Boveleth, W.; Hessner, B.; Hostalec, M.; Koffer, 
D. P. J.; Ohst, H.; Sohnen, D. Chem. Ber. 1986,119,420-433. 

1982,233, C35-C37. 
(21) Bates, R. B.; Gosselink, D. W.; Kanynski, J. A. Tetrahedron Lett. 

1967, 199-204. 
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CHZ), 2.12 (dt, J1 = Jz = 6.2 Hz, 2 H, CH&, 3.61 (t, J = 6.2 Hz, 
2 H, CHJ, 4.99 (dm, J = 9.3 Hz, 1 H), 5.06 (dm, J = 17.8 Hz, 1 
H), 5.85 (m, 1 H, CH=). 

&Penten01 (12). 1H NMR (CDC13, 200 MHz): 6 1.68 (dm, 

J = 6.2 Hz, 2 H, CH,OH), 5.45 (m, 1 H, CH=), 5.57 (dt, J = 15.3, 
6.1 Hz, 1 H, CH=). 

J = 7.1 Hz, 1 H), 2.24 (dt, J1 = 52 = 6.2 Hz, 2 H, CHJ, 3.68 (t, 120-92-3. 

Molecular Recognition Using Bioorganometallic Probes: NMR, 
X-ray Crystallographic, and Molecular Modeling Study of the 
Conformations of Cr( CO), Derivatives of Hexestrol and Their 

Relevance to Estradiol-Receptor Binding 

Grard Jaouen, *s t  Siden Top,+ Anne Vessi&es,+ Brian G. Sayer,$ Christopher S. Frampton,$ and 
Michael J. McGlinchey**$ 

Ecoie Nationale Sup&ieure de Chimie de Paris, 11, Rue Pierre et Marie Curie, 
7523 1 Paris Cedex 05, France, and Department of Chemistty, McMaster University, 

Hamilton, Ontario L8S 4M1, Canada 

Received July 7, 1992 

The structures of the meso-hexestrol derivatives R10C6H4CHEtCHEtC6H40R2, where R' = R2 = H, 
1; R1 = R2 = CH2Ph, 6; R' = HO(CH&, R2 = H, 7, have been investigated both by molecular modeling 
techniques and by 'H NMR spectroscopy at 500 MHz; the centrosymmetric antiperiplanar conformation 
10 is favored. The tricarbonylchromium complexes of 6 and 7, viz. 9 and 8, respectively, as well as the 
DES derivative PhCH20C6H4CEt=CEtC6H4[Cr(C0)3]OCH2Ph, 13, have also been prepared. Crystals of 
8 are monoclinic, of space group Cc with a = 15.449 (6) A b = 21.077 (5) A, c = 7.623 (3) A, /3 = 113.41 
(3)O, and V = 2278 (1) A3 for 2 = 4. For 13, a = 14.905 (7) A, b = 8.558 (2) A, c = 26.084 (13) A, / 3=  115.58 
(3)O, and V = 3001 (2) A3 for 2 = 4 in the monoclinic space group P2,/n. In 8 the phenyl rings are not 
parallel; the twist angle is 25". In 13, the phenyl rings are within 1l0 of being parallel (as is the case for 
DES itself) but are almost orthogonal to the plane containing the central double bond. The relative binding 
affinity of 7 is 15% of the RBA for the natural hormone, 17g-estradio1, and this diminishes slightly upon 
incorporation of the Cr(C0I3 group, as in 8. The RBA's for the series of hexestrol derivatives have been 
measured and are discussed in terms of the favored molecular conformers. IR spectroscopy in the v, region 
is used to demonstrate not only that the Cr(C0)3 tripod remains attached but also that the organometallic 
derivative of hexestrol is still well recognized by the estradiol receptor. 

Introduction 
The interactions of organometallic moieties with systems 

of significance to molecular biology have become a new and 
important area of study. In this burgeoning area, one of 
the concepts which is of increasing current importance 
involves the utilization of metal fragments as cold (Le. 
nonradioactive) markers.' Typically, cobalt and molyb- 
denum carbonyl cluster derivatives of the mycotoxin 
zearalenone have high binding affinities for specific an- 
tibodies and provide the basis of new immunoassay tech- 
niques.2 The pivotal factor in such studies is the recog- 
nition of the particular protein receptor site by a biological 
molecule even when modified by the incorporation of the 
organometallic fragment. I t  is thus apparent that the 
influence of the organometallic bioprobe on the molecular 
geometry of these systems needs to be understood a t  a 
rather fundamental level so that some measure of steric 
control may be achieved. We here describe how a com- 
bination of molecular modeling techniques and high-field 
NMR spectroscopy, together with X-ray crystallographic 
structural determinations for some key molecules, allows 

Ecole Nationale SupCrieure de Chimie de Paris. 
1 McMaster University. 

the rationalization of the relative binding affinities (RBAs) 
of a series of nonsteroidal hormones. 

Results and Discussion 
Nonsteroidal hormones such as hexestrol, 1, and di- 

ethylstilbestrol (DES), 2, occupy an important place in 
studies of the hormone F? estradiol receptor system? This 
topic has gained in significance with the recognition that 
the mechanism of the development of certain types of 
breast cancer is hormone dependent. Moreover, this 
knowledge has been exploited not only in terms of early 
diagnosis of such cancers but also in hormonal treatment 
therapy. 

The nonsteroidal hormones possess two important 
characteristics. First of all they have in general a very good 

(1) (a) Jaouen, G.; VessiBres, A. Pure Appl. Chem. 1989,61,565. (b) 
Jaouen, G.; VessiBres, A.; Top, S.; Ismail, A. A.; Butler, I. S. C. R.  Acad. 
Sci., Ser. 2, 1984,298,683. (c) Jaouen, G.; VeasiBres, A.; Top, S.; Ismail, 
A. A.; Butler, I. S. J. Am. Chem. SOC. 1985,107, 683. 

( 2 )  (a) Gruselle, M.; Deprez, P.; VessiBres, A,; Greenfield, S.; Jaouen, 
G.; Larue, J.-P.; Thouvenot, D. J. Organomet. Chem. 1989,359, C53. (b) 
Cordier, C.; Cruselle, M.; Jaouen, G.; Hughes, D. W.; McGlinchey, M. J. 
Magn. Reson. Chem. 1990,28, 835. 

(3) EstrogenlAntiestrogen Action and Breast Cancer Therapy; Jor- 
dan, V. C., Ed.; University of Wisconsin Press: Madison, WI, 1986. 
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