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Abstract: Ab initio and DFT calculations have been performed to study the origin of the regio- and
stereoselectivity of the DietsAlder reactions of dialkylvinylboranes with substituted dienes. B3LYP/6-31G*
energies of the transition structures for the reactions of dimethylvinylborane and vinyl-9-BBNrauiit
piperylene and isoprene yielded calculated ratios which are in very good agreement with experimental values.

Nonclassical carborboron [4+3] secondary orbital

interactions seem to account for the ragho

stereoselectivity of these reactions. However,ECinteractions become less important when the bulkiness of
the alkyl groups attached to boron increases. Baidoand exo transition structures for the reactions of
dimethylvinylborane and vinyl-9-BBN adopt classicaHt{2] character. This study also extends Singleton’s
investigation on butadiene to regioselectivity. FMO theory has been used to rationalize the lack of regioselectivity
in the reactions of dimethylvinylborane. The anomalous meta regioselectivity of the-Dielsr reaction of
vinyl-9-BBN with trans-piperylene is mainly caused by steric effects.

Introduction

The Diels-Alder reaction is one of the most widely used
and efficient approaches to carbecarbon bond formation.
Although there is a vast amount of work in this area, new
methodologies continue to emerge in the chemical literdture.
The synthetic utility of dialkylvinylboranes as Dietg\lder
dienophiles has been investigated by Singleton €Tak [4+2]
cycloadditions of these boron activated alkenes exhibited a
number of striking features such as high reactivity, regioselec-
tivity, andendostereoselectivity. Table 1 shows the experimental
results obtained in the DietsAlder reactions of dimethylvi-
nylborane 2) and vinyl-9-BBN @) with some simple substituted
dienes such asans-piperylene 4), isoprene %a), and myrcene
(5b) (Scheme 1).

The experimental results obtained with these and other
vinylboraneg show that the properties of this class of dieno-
philes can be optimized by choice of the alkyl groups attached
to the boron atom.

Previous ab initio RHF calculations showed that nonclassical
[4+3] secondary orbital interactions played an important role

* Current address: Departamento de’i@iea Orgaica, Facultad de
Ciencias, Universidad de Extremadura, E-06071 Badajoz, Spain.

(1) For a recent review see: Dell, C. £.Chem. Soc., Perkin Trans. 1
199§ 3873.

(2) (a) Singleton, D. A.; Martinez, J. B. Am. Chem. S0d.99Q 112
7423. (b) Singleton, D. A.; Martinez, J. Petrahedron Lett1991, 32, 7365.
(c) Singleton, D. A.; Martinez, J. P.; Watson, J. Retrahedron Lett1992
33, 1017. (d) Singleton, D. A.; Martinez, J. P.; Ndip, G. M.0Org. Chem.
1992 57, 5768. (e) Singleton, D. A.; Martinez, J. P.; Watson, J. V.; Ndip,
G. M. Tetrahedron.1992 48, 5831.

(3) For the results obtained with 1-vinyl-3,6-dimethylborepane (vinyl-
DMB) and trivinylborane see refs 2d and 2e.

Table 1. Regioselectivity andEndo Stereoselectivity of
Diels—Alder Reactions of Dialkylvinylboranes

diene dienophile regioselectivity = endostereoselectivity
2 50:50 >90% for each regioisomer
3 >08:2 92:8
5a 2
3 937
5b 2 61:39
3 96:4

2 The ratios given are for meta:ortho products fi@ns-piperylene
(4) and for para:meta products for isoprel@)(and myrcenegb).
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in the endotransition states for the reactions of butadiene with
vinylborane () and dimethylvinylborane2).* However, some
important aspects of these intriguing Dielalder reactions
remained unanswered.
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To fully assess the importance of electronic and steric effects

4 5
in the outcome of the DielsAlder reactions of dialkylvinylbo- 6 .5 “. B @
. -~ . A . 3 @

ranes, we carried out an ab initio and DFT investigation. First, ¢ % @ W ’
we aimed to clarify whyendotransition structures adopt{48] 2041 2561 2698 715344

. @179 . (2504) 2141 2078 ; (2807)." | (2.528)
character whereasxotransition structures have{£2] character. [ (2.067) (1.982), P
In addition, we wanted to rationalize one of the most remarkable L ’ ¢ ) 0 )
features of these reactions, namely, the high anomalous meta 102 29

regioselectivity observed in the reactions of 1-substituted

butadienes with highly substituted boranes such as vinyl-9-BBN TANN 1AON
Q). . . .
4
6 . . , \ . . 5 ‘

Computational Methods ' % @ ¢

2533 ° 2570 ) 2771

(2646); - (2422) (2098 2016 (2.539), | 2.876

For the reactions of vinylborand)(and dimethylvinylborane2), P / (2.086) (1997)" Sy

geometry optimizations of the transition structures and the reactants . ®» @ )] @ 5
were carried out by using ab initio methods at the restricted Hartree v 2 v P
Fock (RHF) level of theory with the 3-21G and 6-31G* basis Sets 1AMX 1AOX

and with DFT methods, using the B3LYRinctional with the 6-31G*
basis set. For the reactions of vinyl-9-BBB) (the transition structures
and the reactants were first optimized with the semiempirical AM1 @ carbon hydrogen @ voron

method and then optimized at the B3LYP/6-31G* level of theory. ) B ] )

Frequency calculations were used to confirm the nature of the stationary 7igure 1. Transition structures for the reaction of vinylboradggnd
points. All transition state structures had only one imaginary harmonic ranspiperylene 4) with B3LYP/6-31G* and RHF/6-31G* (in paren-

vibrational frequency corresponding to the formation of the@bonds. theses). All distances are A.
Ab initio and DFT calculations for the reactions of vinylborarig ( .
and dimethylvinylborane2) were carried out with CADPAE6.0 and 5 4 ‘ @ -
6.5. For the reactions of vinyl-9-BBNBJ, semiempirical calculations c D @ ; 3 [ ) @
and DFT calculations were performed with MOPAC @Bid GAUSS- Q 2500 B @ ‘ 2.706 /! 2881
IAN 98,1° respectively. Natural bond orders were calculated at the 2 ean a0 202, &) @80
B3LYP/6-31G* level with GAUSSIAN 98. P . (2.067) ' . ‘-'Q.
> &3 ¢ 2 e
Results and Discussion
2AMN 2AON

To investigate the origin of the regio- and stereoselectivity s 4 4 5
of the Diels-Alder reactions of dialkylvinylboranes, we ex- c® @ ; o @ ¢ ®
tended Singleton’s studies on the reactions of butadiene by e > o 3¢ 9
examining the reactions dfans-piperylene 4) and isoprene 2rer | | 2345) jz2 rorz.  Gase | 308
(5a) with vinylborane () and dimethylvinylborane2j. The o g 2030)", [ e
transition structures obtained for isoprene can also be used as O : 2 .2 L
models for the reactions of myrcengbj. 9 ! & P

Geometries. Figures 4 show the transition structures
obtained for the four possible modes of addition for each 2AMX 2A0X

Figure 2. Transition structures for the reaction of dimethylvinylborane

(5) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.Initio (2) andtranspiperylene 4). See Figure 1 for key.
Molecular Orbital Theory Wiley: New York, 1986.

6) (a) Becke, A. D.J. Chem. Phys1993 98, 5648. (c) Lee, C.; Yang, . - .
W( F)’a(1?r), Ff,ghi,s_ Re. 81932137’ 37/85_ 3 (c) Lee ang reaction!! All transition structures are asynchronous, with
(7) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J.P.  forming C2-C3 bonds lengths being shorter than -€16

Am. Chem. Sod 985 107, 3902. distances.

(8) CADPAC: The Cambridge Analytic Dedtives Packagelssue 6, .
Cambridge, 1995. A suite of quantum chemistry programs developed by ~ Ortho transition structures are more asynchronous than the
R. D. Amos with contributions from I. L. Alberts, J. S. Andrews, S. M. i i
Colwell, N. C. Handy, D. Jayatilaka, P. J. Knowles, R. Kobayashi, K. E. cprrespondlng meta counterparts for the reaCtlc.msrms-
Laidig, G. Laming, A. M. Lee, P. E. Maslen, C. W. Murray, J. E. Rice, E. Piperylene §) (Figures 1 and 2), whereas there is not much

D. Simandiras, A. J. Stone, M.-D. Su, and D. J. Tozer. difference in asynchronicity between meta and para transition

Bul(f)l"é'%PéagA General Molecular Orbital Package (QCPE 4@8PE  stryctures for the reactions of isoprere)((Figures 3 and 4).

(10) Frisch, M. J.: Trucks, G. W.: Schlegel, H. B.; Scuseria, G. E.; Robb, Furthermoreexotransition structures are slightly more asyn-
M. A.; Cheeseman, J. R.; Zaﬁrzewskil,I V.G Montgom?ry, J.A; Strgttmann, chronous than the correspondiagdotransition structures for
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. ; ; ; ;

N.: Strain. M. C.. Farkas, O. Tomasi. J.: Barane. V.. Cossi. M.: Cammi. the reactions of vinylboranel) (Figures 1 and 3) whilendo
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; (11) We named the transition states as follows: the number indicates
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. the dienophile, i.e., 1 for vinylborand)( 2 for dimethylvinylborane %),

V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; and 3 for vinyl-9-BBN @). Then we added A forH)-1,3-pentadieneians
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,  piperylene4) and B for 2-methylbutadiene (isoprerd). Finally, we used

M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, O, M and P forortho, metaandpararegiochemistry and N and X fando

P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, and exo stereochemistry. For exampl@AOX is the transition state

C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98Revision corresponding to the reaction between dimethylvinylborane and trans-
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998. piperylene leading to thertho regioisomer with arexo stereochemistry.
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Figure 3. Transition structures for the reaction of vinylboradggnd
isoprene %a). See Figure 1 for key.
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Figure 4. Transition structures for the reaction of dimethylvinylborane
(2) and isoprene5a). See Figure 1 for key.

transition structures are as asynchronouses&s transition
structures for the reactions of dimethylvinylbora@g (Figures
2 and 4).

In eachendo transition structure for all the reactions of
vinylborane () (Figures 1 and 3), we observed that C-6 is

always closer to the boron than to C-1. These results are in

agreement with the [4 atomr 3 atom] character of thendo
transition structures previously found by Singleton for the
reactions of vinylboranelj and dimethylvinylborane?) with
1,3-butadiené.

In contrast,exo transition structures corresponding to the
reactions of vinylboranel] both have some degree of2]
and [4+3] character since forming CAC6 bonds lengths are
similar to C6-B distances.

The transition structures for the reactiondrains-piperylene
(4) with dimethylvinylborane2) (Figure 2) are generally slightly

Pellegrinet et al.

the reactions of dimethylvinylboran€)( (Figures 2 and 4).
Consequently, botlendoand exotransition structures for the
reactions oftrans-piperylene §4) and isoprene5a) with di-
methylvinylborane %) adopt classical [42] character. This
demonstrates that the addition of two methyl groups to the boron
atom weakens the €B interaction and makes transition
structures become more synchronous and hav@]4haracter.
These results are in contrast to Singleton’s observation based
on the transition structures for the reactions of butadiene which
suggested thaendo transition states adopt §43] character
whereasexotransition structures have §42] charactef? The
effect of substitution could be rationalized based on steric
premises since it appears that, when the bulkiness of the
substituents increases, steric factors operate governing the
interactions in the transition structures. However, it is plausible
that other factors contribute to this substituent effect. For
instance, the methyl groups may well donate electron density
to the electron-deficient boron, weakening thet-g} C—B
orbital overlap and consequently increasing theZ#icharacter

of the transition states.

Energetics.As for many other Diels Alder reactions, RHF
methods compute higher activation energies than DFT methods.
It is well documented that RHF theory gives activation energies
substantially above experimental values while methods that
include electron correlation reproduce activation energies
nicely 12 On the other hand, it is also known that the inclusion
of electron correlation in geometry optimizations slightly
modifies RHF geometries. In this case, RHF geometries were
modified to some extent (up to 0.31 A for 3-21G and 0.25 A
for 6-31G*). Consequently, we will only discuss the results
obtained with B3LYP/6-31G* energies of the fully optimized
B3LYP/6-31G* geometries (Table 2).

The calculated activation energies for the reactions of
vinylborane () with trans-piperylene 4) predict the formation
of a 93:7 mixture of theendometa andendoortho products?
Similarly, the calculated activation energies for the reactions
of vinylborane () and isoprene 5a) favor endo transition
structures over thexoones, predicting the formation of a 88:
12 mixture of the meta and para regioisomers. The addition of
two methyl groups to the boron increases the energy barriers
compared to the reactions of vinylborari¢ &nd decreases the
energy differences betweemdoandexotransition structures.
The calculated ratio for the reaction of dimethylvinylborae (
with trans-piperylene 4) agrees very well with the experimen-
tally observed ratio since it predicts the formation of a 46:54
mixture of the meta and ortho products with 96:4 and @h&d
exoratios for the meta and the ortho regioisomers, respectively.
For the reaction of dimethylvinylborang&)(with isoprene %a),
the computed ratio predicts a 60:40 mixture of the para and

(12) Had we only analyzed the results of the RHF/6-31G* calculations
for the reactions of vinylborand), we would have agreed with Singleton’s
conclusion thatendotransition structures have 48] character angxo
transition structures have f£2] character. We repeated Singleton’s RHF/
6-31G* calculations for the reactions of vinylborarig ith 1,3-butadiene
and also reinvestigated the transition structures with the B3LYP/6-31G*
level of theory. Although we corroborated thet{3] character of thendo
transition structures with both methods, we found that while the RHF/6-
31G* exotransition structure exhibits classicahf2] character, the B3LYP/
6-31G* result suggests that tlexo mode of addition has some degree of
both [4+2] and [4+3] character.

(13) (a) Birney, D. M.; Houk, K. NJ. Am. Chem. Sod99Q 112, 4127.

(b) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, .AChem.
Phys. 1997 106, 1063. (c) Nguyen, M. T.; Chandra, A. K.; Sakai, S.;

less asynchronous than the ones corresponding to the reactionsorokuma, K.J. Org. Chem1999 64, 65. (d) Maranzana, A.; Ghigo, G.;

of vinylborane () (Figure 1). For isoprenesg) (Figures 3 and
4), this is only true forexotransition structures.

Tonachini, G.J. Am. Chem. SoQ00Q 122, 1414. (e) Birney, D. MJ.
Am. Chem. So00Q 122, 10917.
(14) All product ratios were computed from the equatighk, = e AE/RT,

In addition, C1-C6 forming bonds distances are shorter than \yhereAE is the difference between the calculated activation energies for

C6—B distances in alendoand exo transition structures for

the two processef= 298.15 K andR = 1.9872 cal K* mol~.
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Table 2. Energetics of the DietsAlder Reactions of Vinylboranel] and Dimethylvinylborane2) with trans-Piperylene 4) and
Isoprene %a)

AEH(RHF/6-31G*) Erel AE*(B3LYP/6-31G*) Erel
TS (kcal moi™) (kcal mol?) (kcal moi™) (kcal mol™) calcd ratios
1AMN 36.84 0.00 11.46 0.00
1AON 38.20 1.36 12.97 1.51 93:7 meta/ortho
1AMX 41.39 4.55 17.03 5.57 100eéhddexo
1A0X 41.68 4.84 16.83 5.37
2AMN 41.39 0.00 18.48 0.10
2AON 42.19 0.80 18.38 0.00 46:54 meta/ortho
2AMX 43.33 1.94 20.43 2.05 96:4 and 9E8ddexo
2A0X 44.05 2.65 20.04 1.66
1BMN 32.84 0.00 8.99 0.00
1BPN 35.51 2.67 10.17 1.18 12:88 para/meta
1BMX 40.69 7.85 15.92 6.92
1BPX 39.90 7.06 15.41 6.42
2BMN 40.41 0.52 17.00 0.23
2BPN 39.89 0.00 16.77 0.00 60:40 para/meta
2BMX 42.68 2.79 19.40 2.63
2BPX 42.11 2.22 18.90 2.13
Table 3. Reaction Energies of the Dietf\lder Reactions of Table 4. Natural Bond Orders at the B3LYP/6-31G* Level for the
Vinylborane @) and Dimethylvinylborane2) with trans-Piperylene Transition Structures of the DietAlder Reactions of Vinylborane
4 (1) and Dimethylvinylborane2) with trans-Piperylene 4) and
AE(B3LYP/6-31G*) Eeel Isoprene $2)
product (kcal mof™) (kcal mol?) TS C1-C6 Cc2-C3 C6-B
1AMN —29.68 0.00 1AMN 0.16 0.41 0.40
1AON —28.65 1.03 1AON 0.16 0.45 0.25
1AMX —29.18 0.50 1AMX 0.23 0.44 0.15
1AO0X —29.23 0.45 1A0X 0.19 0.49 0.09
2AMN —30.38 0.00 2AMN 0.23 0.44 0.14
2A0ON —28.63 1.75 2A0ON 0.20 0.49 0.10
2AMX —29.74 0.64 2AMX 0.27 0.43 0.08
2A0X —29.91 0.47 2A0X 0.22 0.49 0.06
1BMN 0.11 0.36 0.47
L 1BPN 0.14 0.38 0.33
meta products would be formed, which is in excellent agreement 1BMX 0.21 0.43 0.16
with the experimental result obtained with myrce®®)( 1BPX 0.20 0.45 0.13
To gain further insight into the origin of the energy barriers 2BMN 0.21 0.44 0.15
we determined whether the calculated energy barriers correlated  2BPN 0.19 0.42 0.13
with the overall reaction enthalpies. Consequently, we calculated ~ 2BMX 0.24 0.44 0.08

the energies of the products of the reactions of vinylbordhe ( 2BPX 0.23 043 0.07

and dimethylvinylborane2?) with trans-piperylene §) (Table
3). We observed that products did not follow the same energy orbital interaction> Bond order analysis also evidences the
trend as transition structures. This result supports the fact thateffect of substitution on boron since €8 bond orders are
the interactions in the transition structures determine the energyconsiderably smaller for the reactions of dimethylvinylborane
barriers and hence control the outcome of the reaction. (2) compared to vinylborand). For example, irendotransition
Stereoselectivity. That endotransition structures are more  Structures, bond orders vary in the ranges €430 and 0.4+
stabilized thanexo ones due to [43] secondary orbital  0.25, respectively. However, {43] secondary orbital interac-
interactions is evident from the Natural Bond Order analysis tions inendotransition structures for the reactions of dimeth-
(Table 4). A number of trends emerge from this analysis. To Ylvinylborane @) seem to be strong enough to control the
begin with, examination of the forming -€C bond orders  stereoselectivity of the reaction.
confirms that these DielsAlder reactions occur through Singleton previously raised the question about the origin of
concerted and asynchronous transition structures with higherthe intriguing paradoxical behavior ehdoandexotransition
C2—-C3 bond orders than CAC6 bond ordersEndotransition structures in adopting [43] versus [4-2] charactef. The results
structures exhibit higher G68 bond order values (0.470.25 obtained in this DFT investigation indicate that betidoand
for 1 and 0.15-0.10 for2) thanexotransition structures (0.16 exo transition structures exhibit considerabletd] character
0.09 for1 and 0.08-0.06 for 2). for the reactions ofrans-piperylene ¢) and isoprene5a) with
vinylborane () while the corresponding transition structures
for the reactions of dimethylvinylborane)(adopt classical
[4+2] character. Nonetheless, the highetB} character irendo
transition structures compared ¢éso transition structures can
be explained in terms of overall orbital overlap. Figure 5 shows
a schematic representation of three possible geometric disposi-

This suggests that {43] secondary orbital interactions
account for the relative stability afndotransition structures.
The high values obtained for the €8 bond orders irendo
transition structures (even higher than-&16 bond orders in
endotransition structures for the reactions Df highlight the
magnitude of C-B secondary orbital interactions. This analysis
substantiates the existence of nonclassicat3y secondary (15) (a) Garcia, J. I.; Mayoral, J. A.; Salvatella,Acc. Chem. Re€00Q
orbital interactions as a special type of controversial secondary 33, 658. (b) Kong, S.; Evanseck, J. R.Am. Chem. So200Q 122, 10418.
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Table 5. Frontier Molecular Orbital Energy Gaps for the Reactions s '.5 4' .4 ® s P
of 4 and5a with 1 and2 (in eV) ® ’3 d ; ’
I . V2720013
L 2 2804 : "_2455 J2122 1985 ", S 522
HOMO,;—LUMO gienophite 3.98 4.68 ! i - - _
LUMO 4—HOMOyienophite 7.45 7.00 -0 ‘ 12 2214 2
HOMOSa_LUMOdienophile 4.21 491 [ J ‘ P
LUMO 55— HOMO4ienophite 7.34 6.89 :
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tions of the HOMO of the diene and the LUMO of the
dienophile in the transition structures. The bond order analysis JAMX 380X
indicates that irendotransition structures the dienophile can
adopt a geometric disposition that leads to a good overlap
between B and C6 and C2 and C3 and also allows a considerable
degree of interaction between C1 and C6 (TS1). On the other
hand, if C2 and B inexo transition structures are located i 5
adequately so as to obtain good overlap with the C3 and C6, 1 0@ 6 6
respectively, C1 becomes very close to the atoms in the diene & 9.2 732 2.'?10..-‘
experiencing repulsive secondary orbital interactions with C3  20ss", : . q '
and C4 (TS2). Consequently, calculagatransition structures A g ‘ * ® 'y
adopt geometries similar to TS3, where C1 and C2 overlap with - !
C6 and C3 but the boron moves quite far away from C6 and @ ®
therefore the [4-3] secondary orbital interaction becomes e 2 A
weaker. ;

Regioselectivity. The calculated 46:54 meta/ortho ratio for 3BMN 3BPN
the reaction of dimethylvinylboran&) with trans-piperylene
(4) agrees very well with the experimentally observed 50:50
ratio. Similarly, for the reaction of isopren&d) with dimeth- 4 5 B~ 54 W

. A L 3 B ® s 6 B —@
ylvinylborane @) the computed 60:40 para/meta ratio is in Q > . ‘. ’3
excellent agreement with the experimental result obtained with 2.541 ."!2332 2914 2879 /208
myrcene §b) (61:39). 2085 / .

Table 5 shows that these reactions are dominated by diene ’2 " Q “ .. b ?
HOMO-—dienophile LUMO interactions. The LUMO coef- & ’
-

Figure 6. Transition structures for the reaction of vinyl-9-BBIS) (
and piperylene4) with B3LYP/6-31G*. See Figure 1 for key.

ficients of the dienophiles demonstrate that frontier orbitals of
vinylboranes are highly polarized. Indeed, the LUMO coef-
ficients on boron £0.4) are much higher than the coefficients
on C1 ¢-0.2). However, the HOMO coefficients on C1 and C4
of bothtranspiperylene 4) and isoprene5a) are very similar
(~0.3 for both carbons). These FMO arguments could then be
used to interpret the lack of regioselectivity for the reactions of

.
)

o? S

IBMX 3BPX

Figure 7. Transition structures for the reaction of vinyl-9-BBIS) (
and isoprene5a) with B3LYP/6-31G*. See Figure 1 for key.

dimethylvinylborane Z) with both transpiperylene 4) and that the addition of alkyl groups to the boron atom weakens
myrcene bb). C—B [4+3] secondary orbital interactions. Regarding the
Calculations with vinyl-9-BBN (3). For the reaction dfrans energetics, calculations predict a 80:20 meta/ortho ratio for the

piperylene 4) with the bulkier vinyl-9-BBN @), the anomalous  reaction withtranspiperylene 4) with 95:5 and 85:1%ndd
meta regioselectivity increases significantly (meta/ortho ratio exoratios for the meta and ortho regioisomers, respectively,
>08:2). In the same way, when vinyl-9-BBIS)(is used as the  and a 88:12 para/meta ratio for the reaction with isopréag (
dienophile, the para isomer is experimentally obtained as the (Table 6). While the computed results underestimate the
major product with both isopren&4) and myrcenefb). These experimental regioselectivity for the reaction withans
observations motivated us to perform calculations for the piperylene 4), the increase of regioselectivity compared to the
reactions with vinyl-9-BBN 8). We first obtained the transition  reactions with dimethylvinylboran&)is correctly reproduced.
structures for the reactions of vinyl-9-BBN using RHF/AM1 Furthermore, the calculated stereoselectivity for the reaction with
and then optimized these initial geometries with B3LYP/6-31G* transpiperylene 4) agrees very well with the experimental
(Figures 6 and 7). valuelé

We found asynchronous transition structures with-23 The HOMO coefficients on the terminal carbons of the dienes
character for each mode of addition. Once more, this proves are again very similar. Consequently, these high regioselectivi-
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Table 6. Energetics of the DielsAlder Reactions of Vinyl-9-BBN dienophile (Figure 7). This is evidenced by a similar degree of

(3) with trans Piperylene 4) and Isoprenedg) with B3LYP/6-31G* asynchronicity in meta and para transition structures. However,
AEF Erel the distance between the carbon of the methyl group of isoprene

TS (kcalmol!)  (kcal mol?) calcd ratios and one of the hydrogens of the 9-BBN portion (2.81 A) can

3AMN 18.85 0.00 be used again to explain the lower stability3dMN compared

3AON 19.74 0.89 80:20 meta/ortho to 3BPN.

3AMX 20.60 1.75 95:5 and 85:¥nddexo .

3A0X 20.75 1.89 Conclusions

3BMN 18.41 1.28 We have used ab initio and DFT methods to investigate the

3BPN 17.14 0.00 88:12 para/meta origin of the regio- and stereoselectivity of the Dieklder

3BMX 19.55 241 reactions of dialkylvinylboranes with substituted dienes. DFT

3BPX 19.10 1.97 calculations successfully reproduced experimental regio- and

stereoselectivities for the reactions of dimethylvinylbora®je (
) . . and vinyl-9-BBN @). Although we have confirmed that
ties cannot be explained wholly in terms of FMO theory. ponclassical carberboron [4+3] secondary orbital interactions
However, the geometries of the transition structures suggest thakyist in these species, we have shown that they become less

steric effects play an important role in determining the regio- important when the bulkiness of the alkyl groups attached to

chemical outcome of these reactions. the boron increases. Bo#mdoandexotransition structures for
For instance, in the ortho transition structBAON the the reactions of dimethylvinylboran@)(and vinyl-9-BBN (3)
carbon of the methyl group d¢fans-piperylene 4) is only 2.89 adopt classical [#2] character. However, €B secondary

A away from one of the hydrogen atoms of the 9-BBN portion orbital interactions seem to account for the higidostereo-

of the dienophile (Figure 6). This distance is lower than the selectivity of the Diels-Alder reactions under study. We have
sum of the van der Waals radii of carbon (1.7 A) and hydrogen also extended Singleton’s study by investigating the origin of
(1.2 A), which evidences the important clash experienced the regioselectivity. While the lack of regioselectivity in the
between the substituents in the reactants. Furthermore, thereactions of dimethylvinylboran@) with bothtrans-piperylene
distance between the carbon of the methyl group and the boron(4) and myrcene §b) has been rationalized based on FMO
atom is 3.53 A. A similar picture is observed BAOX, where theory, steric effects dominate the regioselectivity preferences
the corresponding distances are 3.09 and 3.79 A, respectively.of bulky dialkylvinylboranes such as vinyl-9-BBNBY,

These interactions also account for the higher asynchronicity
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f the frontier molecular orbitals of the reactants; Mulliken
overlap populations for the transition structures of the Diels

The transition structures for the reactions with isoprés® ( Alder reactions of vinylborane and dimethylvinylborane with
show similar patterns of interactions between the atoms of the trans-piperylene and isoprene; calculated entropies for the
methyl group of the diene and the 9-BBN substituent of the transition structures of the DietsAlder reactions of vinyl-9-

16 Weal r7od the ot butonTorth " iyl BBN with trans-piperylene and isoprene; and side and top views
e also analyzed the entropy contribution for the reactions of vinyl- " : N -
9-BBN (3). The calculated entropies favendotransition states over the of the transition structures for the reactions of vinyl-9-BBN with

exo counterparts. In addition, only small energy differences are obtained trans-piperylene and isoprene (PDF). This material is available
for regioisomeric transition structures if the contributions from the entropies free of charge via the Internet at http://pubs.acs.org.

are considered. Consequently, the calculated ratios were slightly modified

and still favored the experimentally observed products. JA015838G




