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Abstract: B3LYP/6-31G* calculations have been performed on the chair Cope rearrangements of a wide variety
of 1,5-hexadienes, substituted with cyano or with vinyl groups. In agreement with experimental data from the
study of phenyl substituent effects, cyano and vinyl groups at C(2) and C(5) are found to provide cooperative
lowering of the activation enthalpy, as are substituents at C(1), C(3), C(4), and C(6). In contrast, the stabilization
of the transition structure by substituents at C(2) and C(4) or at C(1), C(3), and C(5) is predicted to be
competitive, rather than cooperative. These findings are consistent with what Doering has termed a chameleonic
transition state for the Cope rearrangement, one in which the relative importance of the cyclohexane-1,4-diyl
and bis-allyl radical resonance contributors can be altered by substituents, depending on the carbons to which
the substituents are attached. The computed bond lengths in the transition structures and the calculated and
experimentally observed kinetic isotope effects are all consistent with a chameleonic transition state for the
Cope rearrangement.

Introduction

The Cope rearrangement is an unusual pericyclic reaction in
that this rearrangement could, in principle, occur by two different
diradical pathways. Breaking the C(3)}C(4) bond in 1,5-
hexadiene leads to a pair of allyl radicals, whereas making a
bond between C(1) and C(6) leads to cyclohexane-1,4-diyl.
However, the heat of formation of two allyl radicalsnd that
estimated for cyclohexane-1,4-diyl, assuming no interaction
between the radical centetsyre, respectively, 26 and 11 kcal/
mol higher than the experimental heat of formation of the
transition state for the Cope rearrangement of 1,5-hexadiene.
These energy differences represent the effect that concerted bongigyre 1. The Cope rearrangement and the three different resonance
breaking and bond making has on lowering the enthalpy of the contributors to the transition state.
transition state, relative to each of the two diradical alternatives.
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As shown in Figure 1, the delocalized bonding in the
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transition structure for the Cope rearrangement can be repre-
sented schematically as a resonance hybrid, containing contribu-
tions from the two diradical extreméd his representation has
the virtue of predicting that radical-stabilizing groups at C(2)
and C(5), as well as at C(1), C(3), C(4), and C(6) should lower
the activation enthalpy for the Cope rearrangements of substi-
tuted 1,5-hexadienes, as has been found to be the case
experimentally. The rate-accelerating effects of phenyl substit-
uents have been the most extensively stuflibdt the effects

of cyand and vinyf have also been investigated.
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The positioning of radical-stabilizing substituents on 1,5- transition structure¥? Since analytical gradients are not yet
hexadiene is likely to affect not only the degree to which they available for methods that use second-order perturbation theory
lower the activation enthalpy but also the geometry of the to supply electron correlation for CASSCF wave functions,
transition structure. For example, a transition structure resem-complete geometry optimizations at the CASPF2or
bling two weakly interacting allyl radicals might be favored by CASMP23® |evels of theory are not currently feasible.

substituents at C(1), C(3), C(4), and C(6), whereas a transition  Calculations on the Cope rearrangement that use density
structure that resembles cyclohexane-1,4-diyl could be favoredfunctional theory (DFT) provide an attractive alternative to ab
by substituents at C(2) and C(5). The secondary deuteriuminitio calculations. DFT calculations at the B3LYP/6-31G* level
kinetic isotope effects (SKIEs) measured by Conrad and give activation enthalpies for the Cope rearrangements of 1,5-
Gajewski for the Cope rearrangements of substituted 1,5- hexadiené# more highly unsaturated derivativesand semi-
hexadienes provide strong experimental evidence that thepuyllvalené® that are in nearly exact agreement with the
transition structure does, in fact, change in response to theexperimental values. The fact that DFT also gives calculated
positioning of substituenfsDoering has suggested the term  secondary kinetic isotope effects (SKIEs) for the Cope rear-
“chameleonic” to describe such a variable transition strucure. rangement of 1,5-hexadiene that are in very good agreement
Although SKIEs provide evidence for a chameleonic Cope with those that have been measuf@drovides permissive
transition state, the experiments on the Cope rearrangementgvidence that the geometries of transition structures are also
of substituted 1,5-hexadienes leave a number of questionsaccurately calculated by this method.
unanswered. Among them are t_h_e following: How much are | this paper we describe the results of B3LYP/6-31G*
the bond lengths in the transition structure for the COpe caicylations on the Cope rearrangements of derivatives of 1,5-
rearrangement of the parent 1,5-hexadiene altered by substituentg oy 5 diene. Since, as already noted, more experimental informa-
at different carbons? Are the effects on the geometry and theig, js available for phenyl than for any other substitufent,
stabilization energy strictly additive when two substituents are phenyl was our substituent of choice. However, a complete

attached to the carbons in 1,5-hexadiene [e.g., C(1) and C(4)g3| yp/6-31G* study of phenyl substituent effects on the Cope

or C(2) and C(5)] that allow both substituents to stabilize the oarrangement proved too time-consuming for the computational
same diradical contributor to the transition structure? In such a (aqqurces currently available to Hs0 we elected to use vinyl

case is the geometry of highest symmetry a transition state or;, place of phenyl.
an energy minimum on the potential-energy surface? What is
the effect on the geometry and energy of the transition structure
in the Cope rearrangement of a 2,4-disubstituted 1,5-hexadiene
where each substituent stabilizes a different diradical contributor
to the transition structure?

Although some information about a few of these questions
can be gleaned from the available experimental data, the
uncertainties in the experimental activation enthalpies make
answers to detailed questions about additivity of substituent - . L

i . P o number of calculations with cyano than with vinyl groups as
effects uncertain. Moreover, if a diradical intermediate is formed .
) - - . substituents.
in the Cope rearrangement of a disubstituted 1,5-hexadiene, no : .
information about the energy of this intermediate is available =~ COmputational Methodology. DFT calculations were per-
formed with the 6-31G* basis s&t,using the hybrid, three-

from the measurement of the activation parameters for the )
transition state leading to it. Similarly, although secondary Parameter, exchange functional of Betkeand the nonlocal
correlation functional of Lee, Yang, and P&t¥®.Restricted

isotope effects can provide qualitative information about the
extent of .bond mak'“g and b_ond breaklng in the tr_anS|t|0n (12) (a) Hrovat, D. A.; Morokuma, K.; Borden, W. T. Am. Chem.
structure, its precise geometry is not accessible expgrlmentally.SOC_lgg4 116, 1072. (b) Kozlowski, P. M.: Dupuis, M.; Davidson, E. R.
For these reasons, we have turned to electronic structureJ. Am. Chem. S0d.995 117, 774.

calculations to answer the questions posed in the previous (13) (@) Andersson, K.; Malmgyist, P.-A.; Roos, B. 0.Chem. Phys.
HO q P P 1992 96, 1218. (b) Kozlowski, P. M.; Davidson, E. R. Chem. Phys.
paragraptt. 1994 100, 3672.

Convergence on a consistent transition structure for even the  (14) weist, O.; Black, K. A.; Houk, K. NJ. Am. Chem S0d.994 116,
parent Cope rearrangement has proven unexpectedly chalIengin%23?3)f334(b) Jiao, H.; Schleyer, P. v. Rngew. Chem., Int. Ed. Engl993
o 2 bd ; . 334,
for ab initio calculationg! It has been found that_ inclusion (15) Black, K. A.; Wilsey, S.; Houk, K. NJ. Am. Chem Sod998
of dynamic electron correlatidhis necessary to obtain notonly 120, 5622. Preliminary results on the 2,5-divinyl-1,5-hexadiene Cope

satisfactory activation enthalpies but also the geometries of rearrangement were published along with the related [5,5]-sigmatropic
shift: Beno, B. R.; Fennen, J.; Houk, K. N.; Lindner, H. J.; Hafner JK.

Vinyl provides only slightly more radical stabilization than
phenyl; the difference amounts to about 2 kcal/d$dlnfor-
tunately, very little experimental information is available
concerning the effects of vinyl substituents on the Cope
rearrangementTherefore, we also carried out calculations on
the effects of cyano substituents, for which somewhat more
experimental data has been publisR&ince cyano has higher
symmetry and fewer atoms than vinyl, we performed a larger

(6) (a) Foster, E. G.; Cope, A. C.; Daniels,F.Am. Chem. Sod.947, Am. Chem. Sod 998 120, 10490.

69, 1893. (b) Wehrli, R.; Schmid, H.; Bellus, F.; Hansen, HHdlv. Chim. (16) Jiao, H.; Nagelkerke, R.; Kurtz, H. A.; Williams, R. V.; Borden,
Acta 1977, 60, 1325. W. T.; Schleyer, P. v. RJ. Am. Chem So0d 997 119, 5921.

(7) Limberg, A.; Diplomarbeit, University Bochum, 1991, cited in Roth, (17) For example, a complete B3LYP/6-31G* vibrational analysis on
W. R.; Wollweber, D.; Offerhaus, R.; Rekowski, V.; Lennartz, H.-W.; the optimizedC,h structure in the chair Cope rearrangement of 2,5-diphenyl-
Sustmann, R.; Miler, W. Chem. Ber1993 126, 2701. 1,5-hexadiene required over 7.5 days on a Digital Personal Workstation

(8) Gajewski, J. J.; Conrad, N. 3. Am. Chem. S0d.979 101, 6693. 433au. Small imaginary frequencies were found for the two possible

(9) (a) Doering, W. v. E., private communication to K.N.H and W.T.B.  combinations of phenyl torsions but not for asymmetric distortion of the
(b) Doering, W. v. E.; Wang, YJ. Am. Chem. So&999 121, 10112-10118. C—C bonds in the cyclohexane-1,4-diyl ring. These results suggest the

(10) An attempt was made to address some of these questions for theexistence ofC,, C;, and probablyC; conformers of a diradical intermediate,

Cope rearrangements of dicyano-substituted 1,5-hexadienes by ab initiothus necessitating transition state searches and subsequent vibrational
calculations that were published eight years ago: Hrovat, D. A.; Borden, analyses of much longer duration than the calculationSzinsymmetry.
W. T.; Vance, R. L.; Rondan, N. G.; Houk, K. N.; Morokuma, K.Am. (18) (a) Roth, W. R.; Staemmler, V.; Neumann, M.; Schmuck,&ibigs
Chem. Soc199Q 112 2018. However, both the basis set (3-21G) and the Ann 1995 1061. (b) Hrovat, D A.; Borden, W. T. Phys Chem 1994
technigues used to account for electron correlation were primitive by today’s 98, 10460. (c) Ellison, G. B.; Davico, G. E.; Bierbaum, V. M.; DePuy, C.
standards. H. Int. J. Mass. Spectrom. lon Processe396 156, 109.

(11) Borden, W. T.; Davidson, E. RAcc. Chem. Red996 29, 67. (19) Hariharan, P. C.; Pople, J. Aheor. Chim. Actel973 28, 213.
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B3LYP/6-31G* calculations were performed on the reactants Table 1. Absolute Energies and Zero Point Energies and

and most of the transition states, but unrestricted (U)B3LYP/ Egmf‘s'p(iﬁstﬁé %%?e}ri’ti;eé%tir\flaecteofi)r;ec?)ezclt?a;;fr’ afr?r ettrl:aeﬁtt%t]itonary
6._316* qucu!atlons were C{?‘med out to CheCk for the. Interme- Cyano-Substituted 1,5-Hexadienes, C(E)mputed at%he Becke3LYP/
diacy of diradicals and diradical character in the transition states g_31G* Level

leading to them. Stationary points were located, and vibrational
analyses were performed at either the B3LYP or the UB3LYP o _
level, using Gaussian $4.Corrections for differences in both substitution chaircope TS = AZPE  AHaes

- . ; - . attern 1,5-hexadieneor intermediate (kcal/mol) (kcal/mol
zero-point vibrational energies (ZPE) and heat capacities were P ( ) ( )

energy (hartrees)

calculated from unscaled vibrational frequencies. SKIEs were H —23461171  —234.55687  —0.30 332
: . : 1-CN —326.85789 —326.79996 —0.87 35.5
also computed without scaling, using the program Quiter. 3 <\ 32684799 32679996  —0.64 293
We arbitrarily chose a common temperature of 298 K at 1,3-diCN —419.09054 —419.04082  —0.99 29.7
which to compute the heat capacity corrections and the SKIEs, %gg:g“ :ﬁg-g?igg :218-8‘3‘%23 :(1)-(7)? gg-g
even though, in practice, the temperatures at Whlch_the Cc_)peljl_diCN 41909148 —419.03267 —145 349
rearrangement kinetics were measured would vary widely with >_cn —326.85568 —326.80976 0.07 28.0
the number and positions of the substituents. The choice of 2-CN\? —326.85568 —326.81059 0.21 27.8
temperature has little effect on the heat capacity corrections. ggg'g’:lp —ﬁg-gggﬂ —ﬁg-gggig 003-%’9 2§4§4
- . . ,5-di - . - . —0. .
They differ by Iess_ _than one k|Iocan_r|e pgr_mole _betweer! 2'5-diCNF 41909911 —419.06606 0.76 20.2
reactants and transition states, and their variations with substit-5'4_gicn —419.09004 —419.04621 —0.29 26.5
uents amount to only a few tenths of a kilocalorie per mole. 1,35-triCN —511.33018 —511.28142 —0.94 29.1
—603.55598 —603.51370 —1.60 24.7

In contrast, the size of SKIEs is highly temperature dependent, 1:3.4.6-tetraCN
and the virtue of computing all of them at a common  aUB3LYP/6-31G* optimizedCs intermediate & = 0.80).° UB3LYP/
temperature is that their sizes can then be compared. However§-31G* optimizedC; transition state§ = 0.08).¢ UB3LYP/6-31G*
for molecules for which experimental SKIEs are available for OPtimizedCa intermediate & = 0.94).
the Cope rearrangements of closely related derivatives of 1,5-

hexadiene, we have also computed the SKIEs at the temperature 1'\‘?5 1393/ 83 1'3819414
at which the experiments were performed. 1407 ' s (& %Ng
2.082
Results and Discussion
2.236 CN 14332270288
For each cyano-substituted 1,5-hexadiene, the relative en- 1392&‘;{1‘&99‘ NCLT‘j‘C“,Q“
thalpies of the reactant, the Cope transition state, and any 1.433
intermediate in the Cope rearrangement are given in Table 1.
The C-C bond lengths in each transition structure and 2317 1.373 1 895 CN
intermediate are shown in Figure 2. The same information for 1_383&‘: 1.427 L:\71.422
the vinyl-substituted 1,5-hexadienes is provided in Table 2 and 1399 )1, 4?; 1440 - 1434
Figure 3. Comparisons of calculated SKIEs with those that have 2207 cN concerted TS
been measured for closely related derivatives of 1,5-hexadiene CN CN
are given in Table 3. A complete tabulation of all the SKIEs 1 a78 /180717397 \‘:7‘5271-413
that have been computed is available as Supporting Information. 1488 %443‘ -
Cyano Substituents. (A) Effects of Cyano Substituents on intermediate NC oncerted TS
Enthalpies. An E-1-cyano group raises the activation enthalpy oN
for the Cope rearrangement of 1,5-hexadiene by 2.3 kcal/mol, 1683 /4 ay7 1575 N,
but a 3-cyano substituent lowers the activation enthalpy by 3.9 1""%1128 %@8
kcal/mol. The difference of 6.2 kcal/mol between the enthalpy NG 1.832 NC -
of E-1-cyano-1,5-hexadiene and its 3-cyano isomer reflects the stepwise TS intermediate
strong preference for conjugation of the cyano group with the 1.426 CN 104 CN
double bond. This thermodynamic factor causgs’ for the 1,\-“&%935%1.428 v w07/ 227 406
Cope rearrangement &-1-cyano-1,5-hexadiene to be higher 1.427 %70 41415 - dacn
than that for the unsubstituted hydrocarbon. Such thermody- T 1.966 NC'1.435 '
namic effects on the activation barriers for 3,3-sigmatropic shifts
have been discussed extensively for the Claisen rearrangément. » 467 CN
(20) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Lee, C.; Yang, -~ 16?\193
W.; Parr, R. GPhys. Re. B 198§ 37, 785. NC 1.425

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; . . . .
Johnson, B. G.: Robb, M. A.- Cheeseman, J. R.. Keith, T. A.: Petersson, F19uré 2. Bond lengths of the transition structures and intermediates

G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Latham, M. A.; Zakrzewski, Of the Cope rearrangements of 1,5-hexadiene and cyano-substituted
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; derivatives.

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Were attachment of a cyano group to C(l) or C(S) to affect

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head- ; R N 1E ; ;
Gordon, M.: Gonzalez, C.. Pople, J. Aaussian 94(Revision C.2): only the energies of the-1- and 3-cyano-1,5-hexadiene isomers

Gaussian, Inc.: Pittsburgh, PA, 1995. relative to each other, the average of the two activation
(22) Saunders, M.; Laidig, K. E.; Wolfsberg, M. Am. Chem. So4.989 enthalpies would remain at 33.2 kcal/mol. Instead, the average

tlhlé gr%%?ér\:]\’e thank Professor Saunders for supplying us with a copy of js 0.8 kcal/mol lower, indicating that the cyano group lowers
(23) Yoo, H. Y.; Houk, K. N.J. Am. Chem. Sod997, 119, 2877. (b) the enthalpy of the transition state by this amount, relative to

Aviyente, V.; Yoo, H. Y.; Houk, K. N.J. Org. Chem1997, 62, 6121. its effect on the average enthalpy of the reactant and product.
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Table 2. Absolute Energies and Zero Point Energies and 1389 1 440,349
Enthalpies at 298 K, Relative to the Reactants, for the Stationary 2.150 1779 07
Points on the Potential Surface for Cope Rearrangement of 1392& O /1\“?274 1.431/ ‘:%
Vinyl-Substituted 1,5-Hexadienes, Computed at the Becke3LYP/ 1403, 37‘9 /1 338 1420 | ag:;o 1.430
* . N .
6-31C" Level concerted TS
energy (hartrees) 1.429 _1.352
substitution chaircope TS AZPE AHagg 1.418/" 839 1.445
pattern 1,5-hexadieneor intermediate (kcal/mol) (kcal/mol) 1.460

1-vinyl —312.01650 —311.95466 —1.06 37.1 1449450

2-vinyl —312.01301 —311.96276 —0.30 30.4 stepwise TS

2-vinyl2 —312.01301 —311.96271 —-0.81 30.0

2-vinylb -312.01301 —311.97011  —0.31 26.0 | 2284138
3-vinyl —312.00149 —311.95466  —0.64 28.1 /1\-403
1,3-diviny! —389.40558 —389.35501 —1.36 29.9 - 7, 1.460
1,4-divinyl —389.40538 —389.35597 —1.16 29.3 1.342
2,5-divinyl® —389.41418 —389.37327 -0.77 24.2

2,5-diviny —389.41418 —389.39066 —0.36 13.8 1.382
2,4-divinyl —389.40207 —389.35768 —0.53 27.3 1.563 { 399
2,4-divinyl —389.40207 —389.35840 —0.65 26.7 | 502
2,4-divinyf —389.40207 —389.36178 —0.38 24.9 . ’
1,3,5-trivinyl  —466.80668 —466.75551 —1.30 30.4 ) . )
1,35-riviny®  —466.80668 —466.75323  —0.87 32.2 1443 stepuise TS ntermediate

— — 1.336] 1 gos 1.346
3 UB3LYP/6-31G* optimized transition stat&(= 0.14). A second 1.486 7> )_ 1.4224 760

transition structure with slightly lower enthalpyf.ss = 29.6 kcal/ 1.426, ) h 417
mol) also connects to the UB3LYP intermediat&)B3LYP/6-31G* T405 ¢, gsi
optimized intermediate & = 0.94).° UB3LYP/6-31G* optimized concerted TS

transition state® = 0.10).9 UB3LYP/6-31G* optimized intermediate
(S = 1.01).e UB3LYP/6-31G* optimized transition stat&(= 0.47).

We were unable to find the higher energy of the two UB3LYP transition
structures that connect to the UB3LYP intermediate, but its enthalpy
should be less than the value &AH293 = 27.3 kcal/mol found for the
RB3LYP transition structuré.UB3LYP/6-31G* optimized intermediate

(2 = 0.93).9UB3LYP/6-31G* optimized intermediates{ = 0.93).

341

Since the Cope rearrangement of 1,4-dicyano-1,5-hexadiene
is degenerate, the activation enthalpy for this reaction can be TA Y sog
compared directly with that for the parent. Table 1 shows that 14921 506 333
the activation enthalpy for 1,4-dicyano is lower by 3.3 kcal/ intermediate
mol, which is slightly more than four times the average lowering Figure 3. Bond lengths of the transition structures and intermediates
of AH* (0.8 kcal/mol), caused by a single cyano group at one of the Cope rearrangements of vinyl-substituted 1,5-hexadienes.

of these two carbons, Table 3. Comparison of the Experimental (EX@nd Calculated
The Cope rearrangement of 1,3-dicyano-1,5-hexadiene is also, Caled, 'B3LYP/6_3lG*) Secondary Kinetic Isotope Effects/ko)

degenerate, but in this case, both cyano groups are attached ty the Cope Rearrangement of Substituted 1,5-hexadienes
the same allylic fragment in the transition structure. However,

as shown in Table 1, the effect on the activation enthalpy of suggtt&urtr:on (o-(r:) kiko HeD kiky He=D

having both cyano groups on the same allylic fragment, rather

than on different allylic fragments, is negligible. g:\r;;g;?yl-z-phenyl Cgi(c% 174.6 11'%91 (?53?;4442) 06777824 ((11‘11’%6%)
The Cope rearrangement of 3,3-dicyano-1,5-hexadiene to its 5_giphenyl exp 107 (3.3.4.4) 0.636 (1,1,6,6)

1,1-dicyano isomer is computed to be exothermic by 11.6 kcal/ 2 5-divinyl calcd 55.5 1.03 (3,3,4,4) 0.637 (1,1,6,6)

mol. This is only slightly less than twice the exothermicity of 3,3-dicyano-1,2- exp 1.19 (4,4) 0.943 (6,6)

6.2 kcal/mol that is computed for moving one cyano group into _ diethy! 90.0

conjugation with the double bond. The average enthalpy of 3:3-dicyano caled L4 (44 0927 (66)

activation for the Cope rearrangements that equilibrate 3,3- and 2 Using the steady-state approximation for the intermediate.
1,1-dicyano-1,5-hexadiene is 4.1 kcal/mol lower than that for
the parent Cope rearrangement. Thus, two cyano groups on theat this temperature by Sunko and co-workers for dialkyl
same carbon have a slightly larger effect on stabilizing the derivatives of these two compountfsOur calculated bond-
transition structure than when one is attached to C(1) and themaking and bond-breaking SKIEs of, respectivetylkp, =
other to C(3) or C(4). 0.927 andky/kp2 = 1.14 are in reasonable agreement with the
The activation enthalpy for the rearrangement of a 1,2-dialkyl experimental values oku/kpz = 0.943 andky/kp, = 1.19,
derivative of 3,3-dicyano-1,5-hexadiene was found by Cope and ajthough B3LYP seems to underestimate slightly the amount
co-workers to be\H*= 25.2 kcal/moF@ This experimental value  of hond breaking in and, hence, the diradical character of the
is in good agreement with the value &H* = 23.3 kcallmol  transition structure. This might reflect the fact that the transition
that we have computed for the Cope rearrangement of thegiryciure is actually a maximum iAG, not AH, along the
compound without the alkyl groups. At least for this compound, o4 ction coordinate; the experimental geometry could be influ-

th";. efneigef'luc effectst 0(; thtetENoB?ﬁr(]g /Zugfgtflentslaaptﬁar 10 b€y ced by the more favorabiSfor a looser transition structure
saustactorily computed at the ) evel of tNeoY. ihat resembles more closely two allyl radicHls.

As shown in Table 3, we have also calculated the SKIEs at
90 °C for the Cope rearrangements of 3,3-dicyano-1,5-hexadi- (24) Humski, K.; Malojcic, Borcic, S.; Sunko, D. . Am. Chem. Soc
ene-6,6-dand 4,4-d. These isotope effects have been measured 197Q 92, 6534.
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A cyano substituent at C(2) is computed to lower the ~2.2 kcal/mol lower than that of this mixed spin state, or 20.2
activation enthalpy for the Cope rearrangemeX\H* = 5.2 — 2.2=18.0 kcal/moP’ Thus, from our UB3LYP calculations,
kcal/mol), much more than the average effect of 1-cyano and the energy of the singletsf = 0) diradical intermediate is
3-cyano groupsXAH* = 0.8 kcal/mol). It might be argued that  estimated to be only 18.0 kcal/mol above that of 2,5-dicyano-
there is only half as much radical character at each of the four 1,5-hexadiene.
equivalent carbons in the resonance contributor that depicts the The calculated net stabilization of 15.2 kcal/mol that is
transition structure as two weakly interacting allyl radicals than provided by the two cyano groups in this diradical intermediate
there is at the two equivalent carbons in the cyclohexane-1,4-is ~5 kcal/mol greater than twice the 5.4 kcal/mol net
diyl resonance contributor. However, the two cyano substituents stabilization computed for a single cyano substituent. Conse-
in 1,3- and 1,4-dicyano-1,5-hexadiene reduce the activation quently, it would appear that the effects of the two cyano groups
enthalpy by just 3.5 and 3.3 kcal/mol, respectively, which is on stabilizing this diradical intermediate, relative to the reactant,
only about two-thirds of the reduction due to the single cyano are not merely additive but are actually cooperative.
group in 2-cyano-1,5-hexadiene. Interestingly, the enthalpies of the B3LY®,, transition

The same observation can be made for phenyl substituentsstructure for the concerted reaction and the UB3LYPR
from the experimental data of Dewar and Doering. A substituent transition structure = 0.08), which connects the reactant to
at C(2f2chas a larger effect than substituents at both C(1) and the UB3LYP C,y diradical intermediate, are nearly identical.
C(4y%¢ on reducing the activation enthalpy for the Cope Both give enthalpies of activation that are very close to the
rearrangement. experimental value ofAH* = 23.3 kcal/mol, measured by

Analyzed in terms of the two resonance contributors in Figure Schmid and co-workers for a methyl derivative of 2,5-dicyano-
1, the calculations of the cyano substituent effects and the 1,5-hexadiené® This agreement with experiment provides
experimental data on the effects of phenyl groups both indicate additional evidence that the cyano substituent effects on the
that the bonding in the Cope transition structure resembles thatCope rearrangement are accurately calculated at the (U)B3LYP/
in cyclohexane-1,4-diyl more than in two weakly interacting 6-31G* level of theory.
allyl radicals. This is consistent with the 15 kcal/mol lower heat ~ The experimental activation enthalpies for the Cope rear-

of formation of cyclohexane-1,4-dihan of two allyl radicalg. rangements of 2-phenyl- and 2,5-diphenyl-1,5-hexadiene also
The lower-energy resonance structure makes the greater confeveal a cooperative effect between the two phenyl groups in
tribution to the electronic structure of the transition state. stabilizing the transition structuf@.The first phenyl group

In fact, a UB3LYP optimized diradical intermediate is lowers the activation enthalpy by 4.2 kcal/mol, while each
computed to be 0.2 kcal/mol lower in energy than the concerted phenyl group in the disubstituted case lowers the activation
transition structure. As shown in Figure 2, the geometry of the enthalpy by 6.1 kcal/mol.
intermediate resembles cyclohexane-1,4-diyl, while the nearly ~ Both substituents in 2,5-dicyano- and in 2,5-diphenyl-1,5-
isoenergetic concerted transition structure has stretched C  hexadiene are on carbons where they can stabilize the cyclo-
bonds, characteristic of a delocalized aromatic species. Bothhexane-1,4-diyl resonance contributor to the electronic structure
are nearly the same in energy; the potential surface is very flat of the Cz, species, formed in the Cope rearrangement of each

in this region. of these two compounds. As a result, (g, species acquires
With cyano substituents at both C(2) and C(5), B3LYP more of the character of this diradical than when only a single
predicts a net lowering of the activation enthalpy/AAH* = substituent is present at C(2) in the reactant. This allows the

8.8 kcal/mol, which is less than twice the valuerodkH¥ = 5.2 radical-stabilizing substituents attached to C(2) and C(5) in the
kcal/mol for a single cyano substituent at C(2). However, a reactant each to provide more stabilization for @i species
UB3LYP calculation finds &, energy minimum, which has  than a single substituent at just one of these carBons.

a calculated enthalpy that is 4.2 kcal/mol lower than @ The calculated value ohH* = 24.7 kcal/mol for the Cope
B3LYP transition structuré®26 rearrangement of 1,3,4,6-tetracyano-1,5-hexadiene reveals the

Becauses? = 0.94 for this UB3LYP reaction intermediate, €Xistence of a cooperative substituent effect for this reaction,
it is a mixture of 53% pure single&f = 0) and 47% pure triplet 100, in which all four cyano groups are positioned to stabilize
(S = 2.00) states; the computed energy is a weighted averagethe bis-allylic resonance contributor to the transition structure.
of these two states. At the optimized geometry of the intermedi- The value ofAAH* = 8.6 kcal/mol for the four cyano groups
ate, the triplet UB3LYP energy = 2.03) is 2.6 kcal/mol in this compound is~2.0 kcal/mol larger than twice the value
higher than that of the mixed® = 0.94) spin state. Therefore,  ©Of AAH* = 3.3—-3.5 kcal/mol for the two cyano substituents in

the energy of the UB3LYP diradical wits? = 0 should be ~ both 1,3- and 1,4-dicyano-1,5-hexadiene.
The enthalpy of activation for the Cope rearrangement of

(25) For the Cope rearrangements of 1,5-hexadiene and 2'Cya”0'1,5'1,3,4,6—tetraphenyl—1,5-hexadiéﬁprovides experimental evi-

hexadiene, UB3LYP intermediates wi = 0.63 and 0.80, respectively, - .
were also found® However, the UB3LYP energy of the formeaZn dence for the same type of cooperative substituent effect. The

intermediate was computed to be 3.2 kcal/mol higher than that of the B3LYP two phenyl substituents in 1,4-diphenyl-1,5-hexadiene lower the
Can transition structure, and the UB3LYP energy of the lateintermediate enthalpy of activation from that for the Cope rearrangement of

was computed to be just 0.2 kcal/mol below the B3L¥P transition . ; ¥ 5d
structure. In the latter case the asymmetric UB3LYP transition structure 1,5-hexadiene bAAH 3.6 keal/mok< However, the four

was not located, but it is almost certainly higher in energy than the B3LYP Phenyl substituents in 1,3,4,6-tetraphenyl-1,5-hexadiene provide
transition structure. an enthalpy of activation lowering @AH* = 12.2 kcal/mol,

(26) The instability toward the breaking of spin symmetry of B3LYP
has been discussed by Davidson for rearrangement of 1,5-hexadiene. (27) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. S0d996 118,
(Davidson, E. RChem. Phys. Lettl998 284, 301 and Davidson, E. R. 6036. (b) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K@hem. Phys.

Int. J. Quant. Chem1998 69, 241). Unlike some other computational  Lett 1988 149 537.

methods that are based on restricted wave functions, B3LYP at least gives (28) However, a necessary condition for a cooperative effect to occur
a lower-energyCop, structure than the corresponding unrestricted calculation between two identical substituents is merely that attachment of the first
(i.e., UB3LYP) for the parent Cope rearrangement. A more detailed analysis must cause a change, usually in geometry, that allows attachment of the
of the diradical and aromatic character of the variable Cope transition state second substituent to provide even more stabilization than that furnished
has been performed by V. N. Staroverov and E. R. Davidson, submitted by the first alone. Coolidge, M. B.; Borden, W. J..Am. Chem. Sod99Q

for publication. 112 1751.
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a transition state stabilization energy which is not twice, but mol lower than for the parent hydrocarbon, the cyano groups
more than three times greater than that in the diphenyl at C(1) and C(4) lengthen the interallylic distance in the
compound. transition structure by 0.305 A. In the transition structure the
In contrast to the cooperative effects of simultaneous substitu- intraallylic bonds to the carbons to which the cyano groups are
tion at C(2) and C(5), or at C(1), C(3), C(4), and C(6), attached are 0.016 A longer than the intraallylic bonds to the
substitution of cyano at C(2) and C(4) gives an effect that unsubstituted carbons. This is indicative of some degree of
B3LYP predicts to be clearly competiti?® Whereas a cyano  localization of one electron at each of the cyano-substituted
group at C(2) is calculated to lower the activation enthalpy for carbons in the transition structure.
the Cope rearrangement of 1,5-hexadiene by 5.2 kcal/mol, the  The four cyano substituents in 1,3,4,6-tetracyano-1,5-hexa-
cyano group at C(2) of 2,4-dicyano-1,5-hexadiene lowers the diene result in the interallylic bonds in tk, transition structure
activation enthalpy for the Cope rearrangement of 3-cyano-1,5- for its Cope rearrangement being 2.467 A long. The stabilization
hexadiene by only 2.8 kcal/mol. of the bis-allylic resonance contributor to the transition structure
Even more striking is the B3LYP prediction that addition of by all four cyano groups makes the interallylie-C bonds>0.5
a cyano substituent to C(5) of 1,3-dicyano-1,5-hexadiene lowers A longer than those in th€,;, transition structure for the Cope
the activation enthalpy for Cope rearrangement by just 0.6 kcal/ rearrangement of unsubstituted 1,5-hexadiene.
mol. This is only about 10% of the calculated effect of the  aqgition of cyano substituents to C(2) and C(5) of 1,5-
addition of a C(2) cyano substituent on the Cope rearrangementexadiene also results in large changes in the bond lengths of
of 1,5-hexadiene. If the activation enthalpies of 1,3,5-tricyano- he transition structure for the chair Cope rearrangement. A
and 2-cyano-1,5-hexadiene are compared, B3LYP predicts thatgjngle cyano group at C(2) in the reactant shortens the interallylic
the pair of cyano substituents at C(1) and C(3) actually raise pond lengths in th€s transition structure by 0.140 A. A second
the activation enthalpy by 1.1 keal/mol. _ cyano group at C(5) in the reactant shortens thes€ ®onds
The competitive effect that is predicted for 2,4-dicyano-1,5- py an additional 0.073 A in th€,, B3LYP transition structure
hexadiene arises because the C(4) cyano group stabilizes theing py 0.142 A in theC,, UB3LYP diradical intermediaté
resonance contributor repre_senting_two_ weakly interacting a_II_y I It has been noted previously that, because the Cope transition
radicals and thus enhances its contribution to the Cope transition . tire is a resonance hybrid, the potential surface for the

structure. Since the cyclohexane-1,4-diyl resonance contrlbutorIoarent Cope rearrangement is pathologically flat along a

:oecon]lfes tl_ess ;mi)ogylan_t, at(qud't'ton oft_the ?(Z)t cyanotr?rogp 'S coordinate that shortens and lengthens the interallylic bonds,
ressrrenecrlr\llenetl ng AI,IEIing ne lrasnﬁ' |)<()n dis Luc tl;]renln f 29 OEe while preservingCz, symmetry!? It is clearly this flatness that
earrangement ot 2,2-dicyano-1,5-hexadiene than of 2-Cyano- g 4\ys radical-stabilizing substituents to have such large effects

1,5-:]1_exad|e;ne. ion for th . ” f th on the geometries of the transition structures and intermediates
This explanation for the competitive effect of the cyano Cope rearrangements.

substituents in 2,4-dicyano-1,5-hexadiene is supported by the For example, we find that distorting ti&n geometry of the

computational results for the Cope rearrangement of 1,3,5- » .
tricyano-1,5-hexadiene. The cyano groups at C(1) and C(3) in transition structure for the Cope rearrangement of 1,5-hexadiene
the latter diene both stabilize the resonance contributor repre-to theC_i geometry of the transition structure b 1,4:8(\j|cyano
senting two weakly interacting allyl radicals. Thus, this con- _denvatwe requires qnly 2.5 l_<ca|/mo|, despite the 0.26 . cha_lnge
tributor is more important in the transition structure for the Cope in the lengths of the interallylic bon_d_s - The analogous distortions
of the 1,5-hexadiene Cope transition structure to the B3LYP

rearrangement of 1,3,5-tricyano-1,5-hexadiene than of 2,4- - . .
. o . .and UB3LYP optimizedC,, geometries for the 2,5-dicyano
dicyano-1,5-hexadiene. Consequently, the C(5) cyano group " derivative require, respectively, 3.4 kcal/mol (B3LYP) and 4.8

1,3,5-tricyano-1,5-hexadiene is predicted to have almost no 2
effect on lowering the Cope activation enthalpy, relative to that keal/mol .(l.JBSLYP)' )
for 1,3,-dicyano-1,5-hexadiene, and the C(1) and C(3) cyano The driving force for these geometry changes is that cyano

for the tricyano compound higher than that for 2-cyano-1,5- diradical character than at the geometry of the transition structure

hexadiene. for the Cope rearrangement of unsubstituted 1,5-hexadiene. For

(B) Effects of Cyano Substituents on Chair Transition example, at the trgnsition state geometry for the Cope rear-
Structures. Support for these explanations of the cooperative f@ngement of 1,4-dicyano-1,5-hexadiene, the cyano substituents
and competitive cyano substituent effects on the enthalpies offurnish 5.3 kcal/mol more stabilization energy than at the
the chair transition structures and intermediates in Cope fransition state geometry for the parent Cope rearrangement.
rearrangements comes from the predicted@Cbond lengths ~ For the rearrangement of 2,5-dicyano-1,5-hexadiene, the cor-
at these chair geometries. Figure 2 shows that even a Sing|erespond|ng increases in substituent stabilization energy were
cyano group at C(3) of 1,5-hexadiene has a major effect on thecalculated to be 6.9 and 12.7 kcal/mol, respectively, at the
bond lengths in the transition structure for the chair Cope B3LYP and UB3LYP levels of theor¥:

rearrangement of this compound. - - - -
L (30) The restricted B3LYP calculation almost certainly underestimates
Although the calculated activation enthalpy for the Cope s change in bond lengths. However, because the UB3LYP calculation
rearrangement of 1,4-dicyano-1,5-hexadiene is only 3.3 kcal/ gives a mixed statesf = 0.94) that is nearly an equal mixture of singlet
and triplet, UB3LYP almost certainly overestimates this bond length change.
(29) Dewar and Wade found that the substituents in 2,4-diphenyl-1,5- Through-bond interaction between the radical centers in the singlet should
hexadiene lower the enthalpy of activation from that for the parent result in it having longer interallylic €C bonds than the triplet.

hydrocarbon byAAH* = 8.9 kcal/mol, which is 0.7 kcal/mol less than the (31) At the UB3LYP geometry for the diradical intermediate formed from
sum of the substituent effects in 2-phenyl-1,5-hexadiéneH = 4.2 kcal/ 2,5-dicyano-1,5-hexadiene, a UB3LYP calculation for singlet cyclohexane-
mol) and 3-phenyl-1,5-hexadienAAH* = 5.4 kcal/mol)®2 However, 1,4-diyl givesS = 0.92, and the UB3LYP energy is lower than the B3LYP

experimental uncertainties in the activation enthalpies, combined with the energy for this species by 16.3 kcal/mol. Since the UB3LYP energy of the
fact that the kinetics for the phenyl-substituted derivatives were measured triplet state & = 2.00) at this geometry is 3.1 kcal/mol above the mixed
in o-dichlorobenzen& whereasAH* = 33.5 kcal/mol for 1,5-hexadiene is state withs = 0.92, a true & = 0) UB3LYP singlet cyclohexane-1,4-diyl

a gas-phase valdezaution against attaching any significance to this small would be lower in energy than the mixed state by an additional 2.6 kcal/
deviation from additivity. mol at this geometry.
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Returning to the comparison of the chair geometries for the similar to the effects caused by a single cyano group. In the
Cope rearrangements of 2-cyano- and 2,5-dicyano-1,5-hexadi-1-vinyl case, the activation enthalpy for Cope rearrangement is
ene, the intraallylic €C bond lengths are longer and the-CN increased by 3.9 kcal/mol; in the 3-vinyl case it is decreased
bond lengths shorter in the latter than in the former chair by 5.1 kcal/mol. The average value for the activation enthalpy
geometry. This difference is especially striking when the is 32.6 kcal/mol, which is only 0.6 kcal/mol lower thaxH*
comparison is made using the UB3LYP geometry for the for the parent reaction. This very small reduction is comparable
dicyano diradical intermediafé Addition of the second cyano  to that for cyano groups attached at the same two cartobsit
substituent causes the UB3LYP geometry for the dicyano = 0.8 kcal/mol).
intermediate to resemble a cyclohexane-1,4-diyl more closely \yhen substituted at C(2), one vinyl group leads to a decrease
than the monocyano transition structure does. in the activation enthalpy t&AH* = 30.4 kcal/mol, which is

The effects on the geometry of the transition structure of the a0yt 2 kcal/mol smaller than the reductiomAiki* for 2-cyano
competitive interaction between the substituents in 2,4-dicyano- Ag* = 280 kcal/mol). This result is somewhat surprising
1.5-hexadiene are also apparent in Figure 2. The interallylic yocqse a vinyl substituent would be expected to provide more
bond lengths in the transition structure do not resemble those i pilization than cyano for a radical center at C(2).
in the transition structures for the Cope rearrangements of either In fact. as shown in Table 2. UB3LYP calculations do find
of the monosubstituted compounds. In fact, the bond lengths ina diradi(;aloid intermediate fo’r the Cope rearrangement of
the 2,4-dicyano transition structure are closest to those in the vinvl-1 5-hexadiene with = 0.94 and at an enthaloy 26.0
transition structure for the parent Cope rearrangement. Becaus% I/y I' b th tant Th- bl | pyT bl 1
each of the two cyano groups stabilizes a different resonance; CatrToU?BSOIY\?P _etreac a(tjr_] .t 1€ E[:r?mgara € values in at ef
contributor to the transition structure, neither group is successful or the interme 'aE In the ope ire_arrangemen 0
in distorting the G-C bond lengths toward a geometry where 2-cyano-1,5-hexadiene afé = 0.80 andAH. =27.8 kcal/
either of the cyano groups could, by itself, provide the greatest moI._Thus, at the L_JI_33L_YP level of t_heory, vinyl does, indeed,
stabilization. provide more stabilization for a radical center at C-2.

As shown by the results in Table 1, the C(2) and C(4) cyano Because of the orientation of the C(2) vinyl substituent, both
groups in the disubstituted transition structure each provide lessthe B3LYP transition structure and the UB3LYP intermediate

stabilization than they do in the corresponding monosubstituted @re¢ asymmetric. Therefore, two different transition structures
transition structure. Consequently, each of the@N bond connect the UB3LYP intermediate to the reactant and product,
lengths in the disubstituted transition structure is longer than Which also differ by whether the C(2) vinyl group sscis or
the C-CN bond length in the corresponding monosubstituted s-transto the double bond between C(1) and C(2). The higher-
transition structure. However, consistent with the greater transi- energy UB3LYP transition structurAH* = 30.0 kcal/mol)
tion structure stabilization provided by a cyano group at C(2) connects te-cis2-vinyl-1,5-hexadiene; the lower-energy struc-
than at C(3), the former €CN bond length is shorter than the  ture (AH* = 29.6 kcal/mol) connects to tretransconformer.
latter in both the mono- and disubstituted transition structures. The two UB3LYP transition structures have much lower values
In the transition structure for the Cope rearrangement of 1,3,5- of & (0.14 and 0.25, respectively) than the UB3LYP intermedi-
tricyano-1,5-hexadiene, the interallylic<€ bond lengths are ate, and both of their energies are less than 1 kcal/mol below
about the same as the average of those in the transition structuréhat of the B3LYP transition structure.
for the Cope rearrangement of 3-cyano-1,5-hexadiene. As For the degenerate Cope rearrangement of 1,4-divinyl-1,5-
indicated by the interallylic bond lengths in the 2-cyano-, hexadiene, the activation enthalpy is 3.9 kcal/mol below that
3-cyano-, and 2,4-dicyano-1,5-hexadiene transition structures,for the parent reaction and 3.3 kcal/mol below the aversigé
it appears that the effects of C(2) and C(3)/C(4) cyano groups for 1- and 3-vinyl substitution. As is the case for 1,4-dicyano-
on distorting these interallylic bond lengths from those in the 1 5-hexadiene, the effect of the 1,4-divinyl substituents on the
transition structure for the parent hydrocarbon are about the geometry of the transition structure is large; the interallylic
same. This near cancellation results in the average interallylic distance is 0.3 A longer than in the parent reaction, even though
bond lengths in the transition structures for the Cope rearrange-their influence on the activation energy is rather small.
ments of 3-cyano- and 1,3,5-tricyano-1,5-hexadiene being very - o unexpectedly, the degenerate Cope rearrangement of 1,3-
similar. . divinyl-1,5-hexadiene is calculated to have a valueAbt* very
Because the C(5) cyano group provides only a 0.7 kcal/mol ¢jose tg that of the 1,4 isomer. The values of, respectively
additional lowering of the_enthalpy of activation for the Cope _ 59 9 and 29.3 keal/mol in Table 2 for these two degenerate
rearrangement of l,3,5-tr|cyanq-1,5-hexad|.e_ne, one would ex-Cope rearrangements are very close to the valuesHf =
pect the C(%CN bond length in the transition structure.for 29.7 and 29.9 kcal/mol in Table 1 for the same reactions with
this reaction to be longer than the CG{ZJN bond lengths in cyano substituents at C(1) and C(3) and at C(1) and C(4).
the transition structures for the Cope rearrangements of any of o . . .
the 2-cyano-1,5-hexadienes. Figure 2 shows that this is, in fact, Th_e strongest stabilization by two vinyl subsn_tu_ents IS
the case. Consistent with the calculated effect of the pair of predicted for the Cope rearrangement of 2,5-divinyl-1,5-
cyano groups at C(1) and C(3) on increasing the enthalpy of hexadlene*. The UB3LYP barrier height is Iowereq by 9.0 kcal/
activation for the Cope rearrangement of 1,3,5-tricyano-1,5- Mol 10 AH™ = 24.2 kcal/mol, due to the cooperative effect of
the two radical-stabilizing substituents on the nearly closed-

hexadiene from that for 2-cyano-1,5-hexadiene, the €Y . . "
bond length in the transition structure for the former reaction Shell (UB3LYP givesS* = 0.10 at this geometry) transition
is 0.013 A longer than the C(2)CN bond in the transition struc@qre. However,. much lower in energy than this UB3LYP
structure for the latter. transition structure is the UB3LYP intermediate withsym-

Vinyl Substituents. A comparison of Table 1 with Table 2 ~ Metry. As shown in Table 2, its UB3LYP energy is computed
shows that the effects of a single vinyl substituent are very t(z bet10.4 kcal/mol below the UB3LYP energy of the transition
structure.

(32) At the B3LYP geometry of the transition structure for the Cope The UB3LYP intermediate haS® = 1.01. so it is truly a
rearrangement of 1,5-hexadiene, even with one cyano group at C(2) and 7

one at C(5), a “singlet” UB3LYP calculation give® = 0 and the same diradical but a mixture OT a pure triples2(.= 2.0) and a pure
energy as a restricted B3LYP calculation. singlet & = 0.0) state. Since the former is computed to be 1.2
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kcal/mol higher in energy than the mixed state, the pure singlet B3LYP value of AH* for the Cope rearrangement of 1,5-
diradical is predicted to be only 12.6 kcal/mol above the reactant. hexadiene.

Even if the enthalpy of the mixeds{ = 1.01) spin state is If, instead, comparison is made for the enthalpies of the
used, the stabilization energy per vinyl substituent of the UB3LYP intermediates in the Cope rearrangements of 2-vinyl-
UB3LYP intermediate, relative to the B3LYP transition structure and 2,4-divinyl-1,5-hexadiene, relative to the reactants, Table
for the Cope rearrangement of unsubstituted 1,5-hexadiene, is2 shows that the C(4) vinyl group in the reactant lowers the
computed to be (33:213.8)/2= 9.7 kcal/mol?3 Comparison relative enthalpy of the latter intermediate by only 1.1 kcal/
of this value with the UB3LYP stabilization energy of 7.2 kcal/ mol. This is also considerably less than the 5.1 kcal/mol
mol, calculated for the Cope rearrangement of 2-vinyl-1,5- lowering of AH* computed for Cope rearrangement of 1,5-
hexadiene, indicates a strong cooperative effect between thehexadiene by addition of a vinyl group to C(3).
vinyl substituents in stabilizing the diradical intermediate. As  As shown in Table 2, the addition of a vinyl group at C(5) is
shown by comparison of both the geometries of the mono- and predicted actually to raise by 0.5 kcal/mol the B3LYP value of
divinyl intermediates in Figure 2 and the associated values of, AH* for the Cope rearrangement of 1,3-divinyl-1,5-hexadiene.
respectively S = 0.94 and 1.01, addition of the second vinyl B3LYP thus predicts that conjugation of the C(5) vinyl group
substituent gives an intermediate with more cyclohexane-1,4- With the double bond at this carbon in the reactant provides
diyl diradical character. This allows each of the vinyl groups slightly more energy lowering than any radical-stabilizing effect
to provide greater stabilization for this intermediate than the that the C(5) vinyl group has in the transition structure.
single vinyl group furnishes for the monosubstituted intermedi-  An alternative comparison, the effect of vinyl substitution at
ate28 C(1) and C(3) on the UB3LYP relative energy of the diradical

The geometries of the transition states, which lead to the Stabilized by a C(5) vinyl group [i.e., the diradical formed from
diradical intermediates in the Cope rearrangements of 2,5- 2-Vinyl-1,5-hexadiene] shows that the two additional vinyl
divinyl- and 2,5-dicyano-1,5-hexadiene, are similar. However, 9rOUPS substantially raise the energy of t_hls diradical, r_eI_atlve
in the divinyl case the bond breaking/bond making process is (0 the reactant. The UB3LYP calculation on the trivinyl

not as advanced [C(3)C(4) = 1.638 A and C(1)}-C(6)= 1.934 intermediate finds a diradicaloid®{ = 0.93) local minimum,
A] as in the dicyano species [CBL(4) = 1.683 A, C(1)» with an enthalpy that is 1.8 kcal/mol higher than the B3LYP
C(6)= 1.832 A]. Thus, the diviny! transition étate is,the earlier transition structure. The diradicaloid intermediate resembles a

cyclohexane-1,4-diyl, for which vinyl groups at C(1) and C(3)
in the reactant can provide no allylic stabilization.

In contrast, since the C(1) vinyl group in the reactant is
conjugated with the double bond at this carbon, it does stabilize
the reactant. Addition of vinyl groups at C(1) and C(3) of “5"-

of the two, in accord with the lower energy of the diradical
intermediate to which it leads.

We calculated the secondary kinetic isotope effects (SKIES)
for the Cope rearrangement of 1-vinyl-, 2-vinyl-, 1,4-divinyl-,
and 2,5-divinyl-1,5-hexadiene. Experimental data are available _. . .

" ) vinyl-1,5-hexadiene is actually computed by UB3LYP to
for 2-phenyl-3-methyl- and 2,5-diphenyl-1,5-hexadiene. The provide 6.2 kcal/mol more stabilization for the reactant than
computational and experimental results are summarized in Tableg | "y cyclohexane-1,4-diyl formed from it
3. If a vinyl group is assumed to provide a good model for a i : . ) . .
phenyl substituent, then the calculated values for the SKIEs are o ';‘geg'(;nn%f \llilt;?él :#:i:'gj:?éz arlttal(;t(i%/)e agr?e?(?))o ;Stﬁéeggiii
in reasonable agreement with the experimental data. The Iargest g 9y

deviation from experiment, for 3-methyl-2-phenyl, may be due lrasrfﬁlet}')?; di::[::igcn':'fb|fgrztz(ra-]o(\ivospfh;??r:?réggeg(gn;[/;;esm-dvfmyl-
to the lack of the 2-methyl group in the calculations. ' )

) for the Cope rearrangements of 2-vinyl and 1,3,5-trivinyl-1,5-

We also performed calculations on the Cope rearrangementsyeyadiene are computed to be essentially the same. If the
of 2,4-divinyl-1,5-hexadiene and 1,3,5-trivinyl-1,5-hexadiene. gnegies of either of the transition structures that leads to the
In these reactions the stabilizing effects of the vinyl groups at g3 yp intermediate in the Cope rearrangement of 2-vinyl-
C(2) and C(5) are anticipated to be competitive with those at 1 5_hexadiene are used, addition of the two vinyl substituents
C(1), C(3), and C(4), rather than cooperative, since substitution ;g actually computed to rais&H* slightly.
of vinyl groups at these two different types of carbons each
stabilizes a different diradical resonance contributor to the Cope conclusions
transition structure (Figure 1).

Comparing the B3LYP values afH* = 28.1 kcal/mol for
3-vinyl with AH* = 27.3 kcal/mol for 2,4-divinyl, the C(2) vinyl
group is found to lower the activation enthalpy by only 0.8 kcal/
mol. This lowering of AH* is considerably less than the 2.8
kcal/mol by which addition of a 2-vinyl group lowers the

As shown in Figure 1, there are two very different diradical
resonance contributors to the transition state for the Cope
rearrangement of 1,5-hexadiene. Substituents at C(1), C(3), C(4),
and C(6) in the reactant can stabilize one of these structures,
and substituents at C(2) and C(5) can stabilize the other. Both
the present calculations and previous experintetsonfirm

(33) Another, perhaps more meaningful comparison, would be of the that radical-stabilizing substituents at either one or the other of
stabilization per vinyl substituent of cyclohexane-1,4-diyls, lacking any the two different types of carbons in Figure 1 do lower the
through-bond interactions between the two radical centers, relative to 1,5- energy of the transition structure, relative to the reactant.
hexadiene. If such species are modeled by the triplet states of the diradicals, : ! e
then the relevant energies are the 41.0 kcal/mol higher energy of triplet Substituents at C(.Z) and C(5) have a much larger stabilizing
cyclohexane-1,4-diyl, relative to 1,5-hexadiene, and the 15.0 kcal/mol higher effect than substituents at the other four carbons of 1,5-
energy of triplet 1,4-divinylcyclohexane-1,4-diyl, relative to 2,5-divinyl- hexadiene, suggesting that the transition state for the parent Cope
1,5-hexadiene. The resulting net stabilization energy of 13.0 kcal/mol rearrangement resembles cyclohexane-1,4-diyl more than it
provided by each vinyl group is comprised of the stabilization of triplet . ) ! L
cyclohexane-1,4-diyl upon converting the secondary radical centers into feSe€mbles two weakly interacting allyl radicals. This inference

tertiary, allylic radical centers, minus the stabilization of 1,5-hexadiene by is consistent with estimates of the relative energies of these two
addition of s-trans vinyl groups at C(2) and C(5), where they are in  ({jradicals.

conjugation with the double bonds at these two carbons. By using . ..

experimental heats of formation, Doering and Wang estimate a net A fundamental question about the transition structure for the

stabilization per vinyl group of 12.0 kcal/m#j. Cope rearrangement is whether it retains the same size contribu-
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tions from these two diradicals, regardless of substituents, or substituents at C(1) and C(3) can actually raise the activation
whether the sizes of these contributions can be altered byenthalpy for Cope rearrangement of the trisubstituted diene
substituents. In the former type of transition state, which Doering slightly above that for the diene with a single radical-stabilizing
has termed centauri@lsubstituent effects would be additive; substituent at C(2).
in the latter, which Doering has termed chameleonic, substituent Recent experiments on the Cope rearrangements of 1,3,5-
effects could be either cooperative or competitive, depending triphenyP? and 1,3-dicyano-5-phenyl-1,5-hexadiéhiind that
on the carbons to which radical-stabilizing substituents were the effects of the substituents at C(1) and C(3) and the phenyl
attached. group at C(5) deviate from additivity in the direction predicted
A number of different types of evidence indicate that the by our B3LYP calculations. However, although the substituent
transition structure for the Cope rearrangement is chameleonic,effects measured by them are clearly competitive in both
capable of responding in different ways to the substitution of compounds, the substituents at C(1) and C(3) do effect some
radical-stabilizing substituents at the two different types of lowering of AH*, albeit by only about half as much as when
carbons. This evidence includes the following: (a) the coop- these these groups are substituted at C(1) and C(3) of 1,5-
erativity, calculated for substituents at C(2) and C(5) and at hexadiene. Calculations on the compounds actually studied by
C(1), C(3), C(4), and C(6), and found experimentally for phenyl Doering and Wang will answer the question of whether this
groups at these two sets of carb&m (b) the competition small difference between their experimental and our computa-
between substituents at C(2) and C(4) and at C(1), C(3), andtional results is due to a difference between the phenyl
C(5), (c) the large changes in geometry with substituents that substituents in the 1,5-hexadienes on which they made their
we compute for the transition structures, and (d) the variations, kinetic measurements and the cyano and vinyl substituents in
both calculated and fourfdin the secondary kinetic isotope  the 1,5-hexadienes on which we performed our calculations.
effects for bond making and bond breaking with substituents.  Both theoretical and experimental studies show that substit-
In particular, the geometries computed here provide strong uents not only stabilize the Cope rearrangement transition state
support to the conclusions made by Gajewski on the basis of but also alter the geometry to maximize this stabilization.
KIEs? that the transition state is variable and altered by Multiple substituents may work together to alter the nature of
substitution. the transition state or may compete and give a compromise
In the 2,4-disubstituted-1,5-hexadienes, the stabilization of a structure. The results are closest to a chameleon adapting as a

different type of diradical resonance contributor by each of the single organism to the environment represented by the substit-
substituents clearly creates a confused chameleon. Unable tqients.

adapt by the conflicting demands of the two substituents to
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