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Abstract: The effects of thiomethoxy and methoxy substituents on the rates and the mechanisms of anionic
oxy-Cope rearrangements were investigated with density functional theory (B3LYR/6*31Thiomethoxy
substituents at positions C4 or C6 of 3-oxido-1,5-hexadienes cause acceleration and promote heterolytic cleavage
rather than concerted rearrangement, and the Cope product is formed via a stepwise pathway. The corresponding
methoxy substituents impede heterolytic cleavage and slow the concerted rearrangement.

The enormous acceleration of Cope rearrangements of n,c
3-hydroxy-1,5-hexadienes by deprotonation of the hydroxyl
substituent has made the anionic oxy-Cope rearrangement a very
useful synthetic transformatidr?. Evans et al. have presented
an explanation for this acceleration, based on the weakening of
o-bonds in alkoxide&? Recently, we showed that the anionic
amino-Cope rearrangement proceeds by cleavagmombina-
tion, rather than via a concerted pathway, and frequently the
rearrangement does not occur because of competing cleavagesc
We provided a model to rationalize and differentiate acceleration
from cleavage reactiorfsWe have now studied the effect of
substitution of thiomethoxy and methoxy substituents on the THF, -78 °C, 5 min
rates and the mechanisms of anionic oxy-Cope rearrangements; OTBS  NH4Cl. HzO
we have discovered a remarkable difference between these — S™ OPMB (G0l
substituents and now provide explanations of a variety of

puzzling data in the literature. which occurs at 0C. The bottom figure shows a similar anionic oxy-
Evans et al. found that anionic oxy-Cope rearrangements of Cope rearrangement with a sulfur substituent at C6. This reaction occurs

1,5-diene-3-alkoxides with 4-thiophenoxy substituents are sub- ;; ;g oc.
ject to a large rate acceleration, but fragmentation can also

Figure 1. The top figure shows an anionic oxy-Cope rearrangement

occur? Similar 1,5-diene-3-alkoxides with 4-methoxy substit-

uents rearrange at a much lower rat@ne of our groups found

that thiophenoxy substituents at the C6 position of bicyclic

divinyl carbinols accelerate rearrangements (Figure 1), but NH CH o

alkoxy substituents at the same position cause decelefation. Ph-CHZ ?
Macdonald et al. observed anionic amino-Cope rearrange- )

ments ofl—3 (Figure 2). However, no product was observed

for 4 (Figure 2)7 They suggested that a cleavage mechanism
followed by an addition reaction are responsible for the product.
The Meyers group prepared several N-allyl N-substituted amines

and treated them with a strong base. The reactions gave
T University of California, Los Angeles. 2 2
*The Ohio State University. ocHg| N OCH3

(1) Paquette, L. AAngew. Chem., Int. Ed. Engl99Q 29, 609. CHzPh
(2) Paquette, L. ATetrahedron1997 53, 13971.

Rearranges Rearranges
to product to product

(3) Evans, D. A,; Baillargeon, D. J.; Nelson, J. ¥.Am. Chem. Soc. 3 4
1978 100, 2242. h
(4) Steigerwald, M. L.; Goddard, W. A., Ill; Evans, D. . Am. Chem. Rearranges
Soc.1979 101, 1994. . to product No reaction
(5) Young Yoo, H.; Houk, K. N.; Lee, J. K.; Scialdone, M. A.; Meyers, ) ) o )
A. I.J. Am. Chem. Sod.998 120, 205. Figure 2. Properties for anionic amino-Cope rearrangements of endo
(6) Paquette, L. A.; Wang, H.-L.; Zeng, Q.; Shih, T.<L.Org. Chem. and exo isomers with C4 unsubstituted or methoxy substituted.
1998 63, 6432. . . . . .
(7) Sprules, T. J.; Galpin, J. D.; Macdonald, Tetrahedron Lett1993 dissociated and/or recombined addition products in the presence
34, 247. of THF. However, when the less polar solvent toluene was used,
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no reaction occurred, not even at higher reaction temperdatures. ”3qh 15;5 d
In a study by Macdonald et al. a 3-amino-1,5-diene with a 137 o A
thiophenoxy substituent at C4 was treated with strong base at '25;’_505\'&9 137
—40°C. Rearranged product was formed when toluene was used d J
as solvent.

. . Figure 3. Stationary points located and geometry optimized of the
We have explored alkoxy and thioalkoxy substituent effects Cope rearrangement using B3LYP/6-3G* (previously publisheth9).

on the anionic oxy-Cope rearrangement, using hybrid density zero-point energies are included.
functional theory. Quantum mechanical computations were

erformed on the systems depicted in Scheme 1. Q 250
P 4 P Q‘/ k I 15.472%; l~259@
Computational Methods osar ‘-352% ,
Rt /2326
All computations were performed with the B3LYP density functional On, . QQ . -0
and the 6-3+G* basis set using the Gaussian 94 progfaithe 9].377 1415
optimized stationary points were checked by means of frequency 129°

calculations. Unscaled frequencies were used to obtain zero-point
energies. The location of global minima of the ground states and the

products was guided by previous calculations on the anionic oxy-Cope 8.3
rearrangemerst.
Results and Discussion 0
Neutral and Anionic Oxy-Cope Rearrangements with a 264
Methoxy Substituent at C4 or C6.The optimized geometries -
and the computed activation energies of the parent Cope @4 "%, 13997 NJE
rearrangement, previously publishid,shown in Figure 3. The ) ,wlmg'iggz@, a0
|

transition state of the parent reaction consists of two interacting
delocalized allyl radicals with no charge polarizatfors
methoxy substituent at C6 does not change the transition-stateFigure 4. Stationary points located and geometry optimized of the
ﬁ]t?l(émetry significantly and the activation energy changes very anionic oxy-Cope rearrangement using B3LYP/6F&* (previously

.. . published'9. Zero-point energies are included.
By contrast, the anionic oxy-Cope rearrangement is very

exothermic with an early transition state (Figure 4), constituting orientation (Figure 5), the GiC6 bond is also 0.1 A longer

a weakly interacting acrolein and allyl aniérin the anionic  than the corresponding bond in the anionic oxy-Cope rearrange-
oxy-Cope rearrangement, a methoxy substituent at either C4 orment, while the difference in the €4 bond length is very

C6 has a significant effect on the transition-state geometry andsmall. The activation energy of the C4 methoxy-substituted
the activation energy (Figures-5). The C3-C4 bond length  (axial) anionic oxy-Cope rearrangement is 9.3 kcal/mol.
stretches from 2.326 Ain the anionic OXy'Cope transition state The results from the Computations indicate that methoxy
(Figure 4) to 2.468 A (C4 equatorial) (Figure 6) and 2.471 A sypstituents at C4 and C6 slow the anionic oxy-Cope rearrange-
(C6) (Figure 7). The corresponding €C6 bond lengths shorten  ment. The intrinsic reaction coordinate (IRC) calculation shows
from 3.284 A (anionic oxy-Cope) to 3.198 A (C4 equatorial) that anionic oxy-Cope rearrangements with a methoxy substitu-
and 3.066 A (C6). The activation energy increases from 8.3 ent at C6 follow a concerted asynchronous mechanism:; as with

kcal/mol to 8.4 and 12.0 kcal/mol, respectively (Table 1). When the parent anionic oxy-Cope, the transition state is nearly
the methOXy substituent at C4 is pOSItloned in an axial dissociative but is not an energy minimum.

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, Neutral and . Oxy-Cope Rearranggments with a Thio'
B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.; methoxy Substituent at C4 or C6.A thiomethoxy substituent
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. gt C6 has a small effect on the neutral Cope rearrangement,

G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; . : P :
Nanayakkara, A Challacombe, M. Peng, C. Y. Ayala, P. Y.. Chen, w: Increasing the activation barrier from 34.6 kcal/mol to 37.4 kcal/

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;  mMol. In the anionic oxy-Cope rearrangement, however, a
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- dramatic change occurs. Early and asynchronous chair transition
Si(t)t?bounr’grllwb AGong;éezv C.; Pople, J. Aaussian 94 Gaussian, Inc..  gtates were located and geometry optimized with-C@ bond

(9) Wiest, O.; Black, K. A.; Houk, K. NJ. Am. Chem. Sod.994 116 lengths of 2.110 A (the thiomethoxy substituent at C4, equatorial

10336. position (Figure 8)), 2.033 A (the thiomethoxy substituent at
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Figure 5. Stationary points located and geometry optimized of the ) ) o
anionic oxy-Cope rearrangement with a methoxy substituent at C4 (axial Figure 7. Stationary points located and geometry optimized of the

position) using B3LYP/6-3:+G*. Zero-point energies are included. anionic oxy-Cope rearrangement with a methoxy substituent at C6 using
B3LYP/6-314+-G*. Zero-point energies are included.

1.258
Do s @ Table 1. Computed Energies of Activation of the Anionic
/1358 4ol 1240 Oxy-Cope Rearrangements with Methoxy and Thiomethoxy
S e ) 2,468 Substituents at C4 and €6
- dl.ztoa'lwo —
? el @ =~ "‘”2% transition state product
@ reactant rearrangement  cleavage rearrangement
24 Qo 6-SMe 5.0 4.6 —13.1
’ 4-SMe SYN 5.6 6.0 —25.4
4-SMe ANTI 5.3 5.0 —20.9
0.0 6-OMe 12.0 —15.0
4-OMe SYN 9.3 —18.7
13369 o 207 4-OMe ANTI 8.4 -20.7
HOUQ.M\’ aThe energies are relative to the methoxy- and thiomethoxy-
o H*LIIL0 507 substituted 3-oxido-1,5-hexadienes and are computed with B3LYP/6-
1

31+G*. Zero-point energies are included (kcal/mol).
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Figure 6. Stationary points located and geometry optimized of the 12;59" . T 2110
anionic oxy-Cope rearrangement with a methoxy substituent at C4 & 1361 58y QF A

(equatorial position) using B3LYP/6-34G*. Zero-point energies are s ?5% L%
included. ® i(54° s & o

9 1339
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C4, axial position (Figure 9)), 2.100 A (the thiomethoxy

substituent at C6) (Figure 10). The activation energies decrease

from 8.3 kcal/mol for the parent anionic oxy-Cope rearrange-

ment, to 5-6 kcal/mol for 4- or 6-thiomethoxy-substituted cases

(Table 1). The forming bond length is 3.5 A, so long that it is 109°

unlikely there is any significant interaction between the termini. s WY e ~

Indeed, conformation isomers of these transition states were oI -20.9

found for both the 4- and 6-thiomethoxy cases. These are

essentially the same in energy and lead to acrolein plus the

thiomethoxyallyl anion. These transition state structures are also )]

shown in Figures 810. This demonstrates that cleavage is likely

with thiomethoxy substituents. Thus, the thiomethoxy substituent

stimulates cleavage and stabilizes the thiomethoxy allyl anion. ) ) o
The intrinsic reaction coordinate (IRC) calculation shows for I';g“;emse-msvffi‘ttr']ogaﬁoﬁfémz ):chﬁgti‘;?j;;i‘ztagf?: Sggr?;peoéﬁgr‘])

th.e anionic oxy-Cope rearrangement W.Ith q thlomethqu sup_ andggeometry optimized WithyB3LYP/6-?rIB*. Zero-goint ene?gies

stituent at C6 that a concerted mechanism is followed; despite are included.

the absence of an intermediate, the reaction is completely

asynchronous: the G3C4 bond cleaves, and subsequently, the tion of the allyl anion and thiomethoxyacrolein is negligible.

C1-C6 bond is formed. The reason the IRC calculation suggestsThus, the cyclic and the cleavage transition states found are

a concerted mechanism is that the energy barrier for recombina-conformers which react according to a cleavage mechanism.
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Figure 9. Stationary points located for the anionic oxy-Cope rear-
rangement with a thiomethoxy substituent at C4 (axial position) and
geometry optimized with B3LYP/6-3#G*. Zero-point energies are
included.
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Figure 10. Stationary points located for the anionic oxy-Cope

J. Am. Chem. Soc., Vol. 121, No. 50, 19883

Table 2. Computed Homolytic and Heterolytic Bond Dissociation
Energies for the Formation of Hydroxy- and Thiyl-Substituted
Methyl Radicals and Anions, and Methoxy- and
Thiomethoxy-Substituted Allyl Radicals and Anidns

reaction radical anion
H—CH,OH —5.6 -3.9
H—CH,SH —4.3 —19.0
1-methoxypropene —2.4 3.1
3-methoxypropene -8.0 —2.4
1-thiomethoxypropene —-2.9 —135
3-thiomethoxypropene —6.0 —16.6

a2The energies are relative to the homolytic and heterolytic bond
dissociation energies of methane and propene. Zero-point energies are
included (kcal/mol).

substituents stabilize the methyl radical by 4.3 and 5.6 kcal/
mol, respectively, below that of methane.

The computations show that thiyl and hydroxy substituents
stabilize methyl anions and methyl radicals. The thiyl substitu-
ent, however, stabilizes the anion to a much higher extent than
the hydroxy substituent does. The large stabilizing effect by
the RS substituent is caused by polarizability of the SR B8nd.
The hydroxy substituent stabilizes the methyl radical slightly
more than the thiyl substituent does.

Calculations were also applied to the heterolytic and ho-
molytic bond dissociation energies of propene and substituted
propenes to form the corresponding allyl anions and radicals.
The reactions are given in Table 2. The formation of the
1-thiomethoxy allyl anion from 3-thiomethoxypropene is easier
by 16.6 kcal/mol, than creation of the allyl anion from propene.
From anti-1-thiomethoxypropene, the energy of formation is
13.5 kcal/mol lower. The methoxy group stabilizes the allyl
anion by only 2.4 kcal/mol relative to 3-methoxypropene, but
destabilizes it by 3.1 kcal/mol when formed from 1-methoxy-
propene. Again, the thiomethoxy stabilizes the allyl anion to a
very large extent, while methoxy slightly stabilizes or even
destabilizes the allyl anion.

The computed homolytic bond dissociation energies, relative
to propene, for the formation of allyl radicals ar€5.0 kcal/
mol (from 3-thiomethoxypropene}; 2.9 kcal/mol (from 1-thio-
methoxypropene);-8.0 kcal/mol (from 3-methoxypropene), and
—2.4 kcal/mol (from 1-methoxypropene). Both thiomethoxy and
methoxy substituents stabilize the allyl radical to about the same
extent. The enol ether and enol thioether (1-methoxypropene
and 1-thiomethoxypropene) are both stabilized by the resonance-
donating methoxy and thiomethoxy substituents. Consequently,

rearrangement with a thiomethoxy substituent at C6 and geometry it is thermodynamically more favorable to form the allyl anion

optimized with B3LYP/6-3%G*. Zero-point energies are included.

No transition states involving cleavage could be found for the

parent, the anionic oxy-Cope rearrangement, or its methoxy-

substituted counterparts.

Stabilization of Anions and Radicals by Hydroxy and
Thiyl Substituents. To assess the substituent effects on radical
and anionic stabilization, B3LYP/6-31G* calculations were
used to compute heterolytic and homolytic bond dissociation
energies of HCH,OH and H-CH,SH. The reactions are given
in Table 2. Schleyer et al. studied a similar system, with RHF
and MP2 calculation¥ The thiyl substituent stabilizes the
methyl anion by 19.0 kcal/mol, while the hydroxy substituent
stabilizes the methyl anion by only 3.9 kcal/mol. These

(10) (a) Lehn, J.-M.; Wipff, GJ. Am. Chem. S0d.976 98, 7498. (b)
Borden, W. T.; Davidson, E. R.; Andersen, N. H.; Denniston, A. D.; Epiotis,
N. D.J. Am. Chem. Sod978 100, 1605. (c) Schleyer, P. v. R.; Clark, T;
Kos, A. J.; Spitznagel, G. W.; Rohde, C.; Arad, D.; Houk, K. N.; Rondan,
N. G.J. Am. Chem. S0d.984 106, 6467.

from propene than from 1-methoxypropene.

Prediction of Cleavage or Cope Rearrangement Based on
Computed Homolytic and Heterolytic Bond Dissociation
Energies of Thiomethoxy and Methoxy-Subtituted 3-Oxy-
1,5-hexadienesRecently we presented a model that explains
and predicts the outcome of anionic oxy- and amino-Cope
rearrangementsOn the basis of the heterolytic and homolytic
bond cleavage of the G3C4 bond of the Cope reagent, the
reaction is predicted to proceed via a stepwise mechanism which
includes bond cleavage to acrolein (or amino-acrolein) and the
allyl anion, or along an asynchronous concerted rearrangement
mechanism. Since the transition state of a concerted Cope
rearrangement is considered to consist of two weakly interacting
radicals, a low homolytic bond dissociation energy favors
rearrangement. A low heterolytic bond dissociation energy, on
the other hand, results in bond cleavage. Subsequent combina-
tion of the fragments can lead, formally, to the same product.
This hypothesis was tested on the thiomethoxy- and the
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Table 3. Computed Homolytic and Heterolytic Bond Dissociation ~ mentation was observédThe computations showed that the
Energies for Cleavage of the €€4 Bond of 4- and methoxy-substituted anionic oxy-Cope rearrangements proceed

6-Methoxy-3-oxido-1,5-hexadiene and 4- and . . .
6-Thiomethoxy-3-oxidio-1 5-hexadiene Anions at the B3LYP/ via concerted rearrangement pathways, as in accordance with

6-31+G* Level (kcal/mol} experiments. _ o
We observed rapid anionic oxy-Cope rearrangement of a

reaction homo hetero homo - hetero . - . . . . .
divinyl camphor derivative with a vinyl sulfide substituent in
6-OMe 24.4 28.5 —4.1 C6 position at—78 °C (Figure 1). An analogous vinyl ether
3:8”2 i;\(#l 113 'g 223?;1 :3:1 co_mpound had to be hegted t60@ befo_re any reaction occurred
6-SMe 253 13.1 121 (Figure 1). In both studies acceleration was observed with the
4-SMe SYN 21.7 9.6 12.1 sulfur substituents. Evans et al. observed cleavage, while we
4-SMe ANTI 21.9 9.8 12.1 found a rearranged produtt. Our computations show no

significant difference between thioalkoxy substituents at C4 or
C6. This example likely involves cleavage and recombination
Jieading to rearrangement because the reactant is bicyclic. When
cleavage of the G3C4 bond occurs, the fragments are held in
proximity so that the C*C6 bond can form, and the rearranged
product is formed.

Macdonald et al. found that isomeks 3 (Figure 1) rearrange,

a Zero-point energies are included.

methoxy-substituted Cope reagents. The computed energies ar
presented in Table 3.

For all the methoxy substituents at C4 or C6 the homolytic
BDE is lower than the heterolytic, whereas the opposite is true
for thiomethoxy substituents. Our calculations suggest that <~ i
substituted anionic oxy-Cope rearrangements follow different while isomer4 _does not. We suggest that this is because the
mechanisms depending on the substituents. A methoxy sub-methOXy sut_)stltuent SUPPresses cleavage.
stituent decelerates the reaction and promotes a concerted and Only starting matgna_l was observed when toluene was L!SEd
homolytic mechanism, while a thiomethoxy substituent acceler- as solvent for an anionic amlno-quQ rearrangement redction.
ates the reaction via a stepwise cleavage mechanism. This i acdonald et al: perfo_rmed a similar anionic amino-Cope
nicely predicted by the model. The computed heterolytic bond rearrangement W_'th a th|o°methoxy _substltuent in toluene. The
dissociation energies of the thiomethoxy-substituted Cope react7|on was rapid a”?‘ C. The y'eld. was, howeyer, only
reagents are 12.1 kcal/mol lower than the homolytic bond 20% This car'llbe explamgd by thg ability of the thiomethoxy
dissociation energies. Thus, heterolytic cleavage is preferred overdroup to stab|I|ze_ aII)_/I anions, .Wh'Ch promotes Cleavage but
the concerted rearrangement. The computed homolytic bondWith POOr recombination, explaining the low yield.
dissociation energies of the methoxy-substituted Cope reagentscgnclusions
are lower than the heterolytic ones by 4.1 kcal/mol, suggesting
that concerted rearrangement is the preferred route. This study shows that anionic oxy-Cope rearrangements with

Comparisons with Experimental Data. Evans et al. dem- thiomethoxy substituents at positions C4 or C6 proceed via an
onstrated that 4-thiophenoxy-3-hydroxy-1,5-hexadienes undergo@ccelerated stepwise mechanism. The corresponding methoxy
anionic rearrangements under much m||der Cond|t|0ns than theSUbStltuentS cause the I‘eaCtlon to proceed Via a decelerated, but
alkoxy-substituted counterparts. However, cleavage of the Still concerted mechanism. The results in this study can
thiophenoxy-substituted dienes competes with rearrangeiment. fationalize and explain sev_eral expenmental data in anionic oxy-
Our results show that the 1-thiomethoxyallyl anion is stabilized. COpe rearrangements. With a proper choice of substituents the
This anion should be even more stabilized in a polar solvent, 0Xy-Cope rearrangement can be tuned to proceed either to
and thus cleavage should be favored. In a nonpolar solvent, on€arrangement or fragmentation of the starting material.
the other hand, the weakly solvated metal cations will bind more
strongly to the oxy anion, and rearrangement rather than
cleavage will be favored. When 4-hydroxy-4-methyl-5-thiophe-
noxyhepta-2,6-diene was treated with@tand KH at 25°C, it
underwent Cope rearrangement, but in the more polar solvent
THF and employing the more electronegative alkali metal NaH
predominant cleavage occurrédhe alkoxy-substituted dienes
rearranged at considerably higher temperatures, and no frag-JA993274zZ
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