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Abstract: The Moore (C?>—C7) cyclization and the alternative C2—CS8 cyclization of enyne—ketenes belong
to the family of biradical cyclization reactions such as the Bergman reaction of ene—diynes, both the
cyclizations of enyne—allenes and enyne—cumulenes. The latter garnered substantial interest due to their
antitumor efficacy. The mechanisms of both cyclization modes of enyne—ketenes are still unclear, but as
the enyne—ketenes can formally be regarded as heteroanalogues of enyne—allenes, both cyclizations are
expected to react via biradical routes. Nevertheless, as shown recently for cyclic allenes, the substitution
of a methylene group by oxygen can lead to different energetic ordering of the electronic states of the key
intermediates. To elucidate the mechanism, the present work investigates the course of both cyclization
modes for various model compounds. To reveal general motifs for the large family of biradical cyclizations,
a comparison with enyne—allenes is performed.

1. Introduction Scheme 1. Moore, Bergman, Myers, Myers-Saito, and Schmittel
Cyclization of Enyne—Ketenes, Ene—Diynes, Enyne—Cumulenes,

The Moore cyclization of enyneketene$® yielding quino- and Enyne— A”enes
nes via phenoxy biradicals (see a in Scheme 1) belongs to the 4 s R o R
family of biradical cyclization reactions such as the Bergman a [ o — l —
reaction of enediynes (b)%7 the cyclization of enyne :é 0. MGOIEO
cumulenes (c§,and the Myers-Saito reaction of enynallenes
(d),>19 together with its regioalternative Schmittel cyclization
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The Bergman and the Myers-Saito reactions were awarded b <
with substantial interest, because they represent the basis of the AN
antitumor antibiotic efficacy of enediynes and enyneallenes.

Despite its DNA strand cleavage ability, the Moore cyclization

did not gained as much attention as the formerly mentioned @i‘/
Bergman or Myers-Saito cyclizations. | Z
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(8) Edo, K.; Koide, Y.Neocarzinostatin: The Past, the Present and Future of
an Anticancer DrugMaeda, H., Edo, K., Ishida, N., Eds.; Springer: Tokyo;

© %A9997r:sppA2(?3r45|><-u0 E. Y.; Finney. N. 1. Am. Chem. Sod989 111 As indicated in Scheme 2, the cyclization of enyiketenes
30%775305'9, T Yo s A ' possesses two reaction modeghe first mode is the so-called
(10) Nagata, R.; Yamanaka, H.; Okazaki, E.; Saitddtrahedron Lett1989 Moore reaction (Scheme 2, lower pathway). It forms the new
(11) Schmittel, M.; Strittmatter, M.; Kiau, Setrahedron Lett1995 36, 4975~ bond between €and C. For this reaction pathway, several
4978. i i i i eadi
(12) Schmittel, M.; Kiau, SLiebigs Ann 1997, 733-736. |ntermed|§tes have .to be cop5|dered. In aFjdmon to the blradlcal
(13) Schmittel, M.; Keller, M.; Kiau, S.; Strittmatter, M\Chem. Eur. J1997, route leading to the intermediate, the reaction could also yield
3, 807-816. ; o ; >
(14) Schmittel, M.; Strittmatter, M.; Kiau, $\ngew. Chem., Int. Ed. Englo96 the cyclic alleneld or a zwitterionic intermediatge. In addition
35, 1843-1845, to the G—C7 cyclization, a five-membered ring betweeid C
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gchgme |2_|-( beSSibledRﬁ?Cti-or} Routesd for1 alndd BTirﬁldiga[ (1a, 1c), unrestricted ansatz. All stationary points were analyzed by
SS(rac?ense(Ilg)(Re)[’)rzgents?Rg: Trr]zta?g‘iliec)r:aé?;té fo)f theelnvvfglrtgiacl)'lr?rc])lfC computed harmonic frequen_C'es_ on the _Same !evel_ of theory
the Allene and tested for wave function instabiliti€s?® Vibrational,
H”“ H thermal, and entropy corrections at 298 K were computed on
e b the B3LYP/6-31G(d) level of theory.
o T N O | o Transition state energies farwere also obtained by single
. s : 1a 1b point computations employing the more reliable closed shell
@9 SNl " 9 Qouplr_ed Cluster (CCSD _and CCSD(T)) ang&t# in co_njunc-
e @’[ @: tion with a cc-pVDZ basis set to evaluate the quality of the
1 S, o) o® DFT calculations. These computations were performed with the
e 1d 1e MOLPRO 2000.1 packag®.The reliability of the Coupled

Cluster ansatz was validated using fhediagnostics.
. oh oh NH, NO, Reaction energies fdt have been computed using a multi-
Z i Ho. A & Z reference configuration interaction ansatz in connection with a
“\//O Go ]\?o | o | 0 Davidson estimate of quadruple excitations (MBI+Q) as
MeQ T implemented in the DIESEL-MRCI packag®as well as the
¢ CASPT2 implementation of the MOLCAS program packaye.
These computations based on CASSCF(10,10) wave functions
employing accpVDZ basis set and Widmarkso-Ibasis s&f
in a (8s4p)— [3s1p] contraction for hydrogen and a (14s9p4d)
intermediatelb. — [4s3p2d] contraction for carbon and oxygen. The contraction
The mechanisms of both cyclization modes of the eryne schemes were taken f_rom the basis_ set library of the MOLCAS
ketenes are unclear, but as the Moore cyclization of eryne Program package. This basis set will be denoted as VTZP. The

ketenes can be regarded as a heteroanalogue Myers—Saitéeference space pf the.individually se!ecting Mel consistgd
reaction of enyneallenes, both the six- and the five-membered of up to 1.5 configuration state functions (CSF) generating a
fing cyclizations are expected to react via a biradical route. configuration space of up to 1ESF. The secular equations to
However, the differences in the electronic structure of the SCIV& were up to the order of 10

enyne-allenes and enyneketenes could lead to an energetic 3, |pvestigation of the Parent System

preference of the other intermediates. Such a preference was o o

recently seen for cyclic allenes, where substitution effects 1h€ cyclization of enyneketenes in principle possesses two
reversed the energetic ordering of the biradical and zwitterionic POSSible regioalternatives. One mode of cyclization is a forma-
specied516 tion of a five-membered ring betweer? @d C (see Scheme

To answer these questions, the present work investigates the?» UPPer path) on a biradical pathway yielding the-biradical
course of both cyclization modes for the model compounds 120r the carbenelike specid. The second mode, known as
depicted in Scheme 3. For this instance, all stationary points of the Moore reaction, forms the new bonq betwee:?naﬁd c .
both reaction paths were computed and characterized. To study>cheme 2, lower pathway). Possible intermediates for this
whether a general motif exists for the family of reactions eaction mode are the biradicald, the cyclic allene1d), and

discussed above, relations between emyketenes and enyre the zwitterion (€). Various computational studies prove DFT
allenes compounds are also investigated. to be in principle appropriate to treat reactions including
biradical intermediate®:~34 This finding is helpful since mul-

Scheme 3. Model Compounds Used in This Study

1 2 3 4 5

and C (Scheme 2, upper path) can be formed via the biradical
pathway, yielding thes,z-biradical 1a, or via a carbenelike

2. Computational Aspects
(20) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56, 2257

Geometrical parameters of all stationary points were opti- 2261.
i i i i ithi ity (21) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007-1023.
mlzeq employing analytic energy grad@nts within thg Density (22) Seeger R.. Popie. 1. A Chem Physlo77 66, 3045-3050.
Functional Theory (DFT) framework as implementedauss- (23) Bauernschmitt, R.; Ahlrichs, R. Chem. Phys1996 104, 9047-9052.
ian 9817 For the DFT calculations. the BLYP and B3LY83° (24) Gauss, J. Coupled Cluster Theomhe Encyclopedia of Computational
. X . . ! Chemistry Schleyer, P. v. R., Allinger, N. L., Clark, T., Gasteiger, J.,
functional in connection with a 6-31G(d), 6-311G#)and a Kollman, P., Schaefer, H. F., lIl., Schreiner, P. R., Eds.; Jon Wiley &

g 21 . f : Sons: Chichester, 1998; pp 48897.
cc-pVDZ basis set was employed using a spin and space 5 Punis . b.. Bartiett, R. 4. Chem, Phys1982 76, 1910-1918.

(26) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordonChem.

(15) Engels, B.; Scheeboom, J. C.; Moster, A. F.; Groetsch, S.; Christl, M. Phys. Lett.1989 157, 479-483.
J. Am. Chem. So@002 124, 287—297. (27) Werner, H.-J.; Knowles, P. MOLPRO 2000.1Stuttgart, 2000Molpro

(16) Musch, P. WThermal Cyclizations of EnynéAllenes and Heteroanalogue is a package of ab initio programs written by H.-J. Werner and P. J. Knowles
CompoundsReport, UniversitaWurzburg, 2000. with the contributions from J. AlnilpR. D. Amos, M. J. O. Deegan, S. T.

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. Elbert, C. Hampel, W. Meyer, K. Peterson, R. Pitzer, A. J. Stone, and P.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, R. Taylor.

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, (28) Hanrath, M.; Engels, BChem. Phys1997 225 197-202.
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, (29) Andersson, K., Barysz, M.; Bernhardsson, A.; Blomberg, M. R. A.; Cooper,

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; D. L. ; Fleig, T.; Filscher, M. P.; de Graaf, C.; Hess, B. A.; KarlstroG.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Lindh, R.; Malmquist, P.- A; Neogdy, P.; Olsen, J.; Roos, B. O.; Sadlej,
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, A. J.; Schtz, M.; Schimmelpfennig, B.; Seijo, L.; Serrano-Andrd..;
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Siegbahn, P. E. M.; Stalring, J.; Thorsteinsson, T.; Veryazov, V.; Widmark,
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, P.-O.MOLCAS ver. 5., Lund University, Sweden, 2000.
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;  (30) Widmark, P.-O.; Malmquist, P.-A.; Roos, B. Dheor. Chim. Actd99Q
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, 77, 291-306.
M.; Replogle, E. S.; Pople, J. AGaussian 98rev. A.7; Gaussian, Inc.: (31) Engels, B.; Hanrath, Ml. Am. Chem. So0d.998 120, 6356-6361.
Pittsburgh, PA, 1998. (32) Schreiner, P. R.; Prall, Ml. Am. Chem. Sod.999 121, 8615-8627.
(18) Becke, A. D.J. Chem. Phys1993 98, 5648-5652 (33) Grédenstein, J.; Hjerpe, A. M.; Kraka, E.; Cremer, D. Phys. Chem. A
(19) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789. 200Q 104, 1748-1761.
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Table 1. Computed Barriers of Activation for Model System 12

C?-C" cyclization C?—CT cyclization

method AE* AH55 AG¥pgg AE* AH55 AG¥p0q
B3LYP/6-31G(d) +41.2 +39.4 +41.4 +13.3 +12.1 +13.6
B3LYP/6-311G(d) +45.6 +43.7 +45.8 +16.7 +15.6 +17.8
BLYP/6-31G(d) +30.6 +29.1 +31.1 +9.6 +8.7 +10.5
CCSD/cc-pVDZ/IB3LYP/6-31G(d) +48.0 +23.7
CCSD/cc-pVDZ//BLYP/6-31G(dh +45.5 +22.4
CCSD(T)/cc-pVDZ//B3LYP/6-31G(d) +41.3 +17.6
CCSD(T)/cc-pVDZ//BLYP/6-31G(dh +36.2 +16.9

a All energies are given in kilocalorie/molé CCSD and CCSD(T) calculations employing larger basis sets could not be performed due to computational
limitations.

Table 2. Selected Geometrical Parameters for 1 and the TS for Additionally, the computed geometries point to much more
the C2~C° Cyclization® productlike transition states (Table 2).
1 TS C?—C® cyclization Due to the strong change in the electronic structure along
parameter B3LYP BLYP B3LYP BLYP the reaction path, the computation of the reaction energies
d(c—c9) 3.01 3.04 1.69 1.76 (1 — 1a 1 — 1c—e) is quite demanding. For the2€CS
gg—g)) ig i;g ig(l) igé cyclization (L — 1a), B3LYP/cc-pVDZ predicts the reaction
Do) 174 174 11 104 energy to k_)e 25 kcal/mol. This value lies between the values
0(Co—C7—He) 179 179 133 142 obtained with CASPT2/cc-pVDZ (23 kcal/mol) and MRED/
cc-pVDZ (27 kcal/mol), underlining again the applicability of
aDistances are given in angstroms and angles in degrees. the B3LYP functional in the present context. Improving the basis

set from VDZ to VTZ leads to only small changes in the

tireference methods for open shell and Coupled Cluster calcula-computed reaction energies if the CASPT2 or the MRQI
tions for closed shell species are only applicable to smaller approach is employed. Interestingly, the DFT approach possesses
systems, leaving the computationally less demanding DFT to a stronger basis set dependency than the more sophisticated
be the only opportunity to treat systems including all substituents approaches.
present in the experimentally handled compound. Nevertheless,  Similar to the enyneallenes® the biradicallcand the allene
the results of these computational studies show that a validationstructureld of the @—C7 cyclization are found to be very close
of the DFT approach is necessary because various pitfalls arein energy, whereas the zwitterionic structeies much higher.
known for systems with complicated electronic structure. The most reliable values are presumably given by the MRTI
Additionally, it cannot be predicted which functional gives the approach in combination with the VTZP basis set. While the
most accurate values for a given class of compounds. For thedifference betweetic and1d is computed to be 56 kcal/mol,
cyclization of the parent systeiy such a validation can be taken  the energy difference betwedi andleis about 16 kcal/mol.
from Tables +-3. Table 1 shows the computed activation \While the B3LYP functional agrees nicely with the more
energies for the reaction routes frdno 1a(C*—C°cyclization)  sophisticated approaches, the BLYP functional again deviates
and tolc—e (C>~C’ cyclization). The computed geometrical by computingld to represent the lowest lying intermediate of
parameters can be taken from Table 2. Table 3 contains thethe 2—C7 cyclization. Summarizing our evaluation, in the
reaction energies. present system, B3LYP is applicable to locate accurate transition

The transition states (TS) of thé-€C" cyclization tolaand structures and reaction energies. As found in other examples,
of the @—C7 cyclization tolc possess almost complete closed- BLYP seems to be inadequate. As expected, the CASSCF and
shell character with only minor spin contamination which allows the MP2 approaches lead to completely wrong results.
the use of CCSD and CCSD(T) as more reliable methods to  Our computations show that for the parent systerthe
test the B3LYP and BLYP functionals. The activation energy Moore reaction (E—C7 cyclization) is kinetically and thermo-
for the G—CS cyclization using B3LYP/6-31G(d) is predicted dynamically strongly favored with respect to the?—CS
to be 41.2 kcal/mol with a slight thermodynamic correction to cyclization. In comparison t@-1,2,4-heptatriene-6-yne which
the Gibbs free energy of 41.4 kcal/mol. It agrees perfectly with represents the parent system of enyalenes,1 possesses a
the CCSD(T) energy based on the same geometry (41.3 kcal/much higher barrier for the & C8 cyclization (41 vs 31 kcal/
mol). With respect to CCSD(T), B3LYP/6-31G(d) underesti- mol) while the barrier for the &-C7 cyclization is reduced (13.3
mates the barrier height of the alternative reactioA—(C’ vs 24.0 kcal/mol). This behavior may arise from a diminished
cyclization) by about 4 kcal/mol (13.3 kcal/mol vs 17.6 kcal/  electron density in the enyndetene compared to the enyne
mol). Corrections to the Gibbs free energy do not change the allene which favors the -C7 cyclization and stipulates the
barrier of activation significantly AG*,9s = 13.6 kcal/mol C?—CS6 cyclization. Both enyneketene cyclizations are more
compared toAE* = 13.3 kcal/mol). CCSD yields the same endothermic by about 10 kcal/mol than their counterparts in
qualitative picture as CCSD(T) but predicts slightly increased the enyne-allenes. WhileArGagg 0f the G@—C? cyclization is
barriers of activation for both the 2©C® and the G—C’ +27 kcal/mol for the enyneketenela, a value of about-13

cyclizations. The BLYP functional seems not to be appropriate kcal/moP® is found for the enyneallenes. For the &C’
to describe the reaction modes. The computed barriers are much
lower than the CCSD(T) counterparts (30.6 vs 41.2 kcal/mol). (35) Hudhes, T. S.; Carpenter, B. .Chem. Soc., Perkin Trans1299 2291

(36) Engels, B.; Lennartz, Ch.; Hanrath, M.; Schmittel, M.; Strittmatter, M.
(34) Grédenstein, J.; Cremer, IRhys. Chem. Chem. Phyz00Q 2, 2091-2103. Angew. Chem., Int. EA.998 37, 1960-1963.
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Table 3. Computed Reaction Energies for Model System 12

' S >« G

1a 1c 1d le
Method ARE  AgHaos ArGaos ARE  AgHaos ArGage ARE  AgHag ArGags ARE  AgHaos ArGaos
B3LYP/6-31G(d) +234 +22.8 +248 +2.0 +22 +48 +68 +72 496
B3LYP/6-311G(d) +28.8 +28.1 +30.2 +7.9 481 +10.7 +11.5 +11.8 +14.2
BLYP/6-31G(d) +27.1 +264 +285 +63 +58 +8.9 +47 +49 +74
B3LYP/cc-pVDZ +25.0 +24.2 +263 +54 +56 +8.1 +9.8 +10.0 +12.4 +13.4 +i2.1 +146
B3LYP/cc-pVTZ//B3LYP/cc-pVDZ +29.4 +8.8 +11.8 +16.1
MP2/cc-pVTZ/B3LYP/ce-pVDZ @ +61.1 +33.0 +12.0 +19.5
CASSCF(10,10)/cc-pVDZ//B3LYP/cc-pVDZ  +33.2 +11.6 -4.2 +38.4
CASPT2/cc-pVDZ//B3LYP/cc-pVDZ +22.8 +1.0 +7.8 +9.8
MRCI+Q/cc-pVDZ//B3LYP/cc-pVDZ +26.6 +4.1 +9.8 +18.0
CASSCF(10,10)/VTZP//B3LYP/cc-pVDZ  +24.3 +2.1 -15.0 +27.7
CASPT2/VTZP//B3LYP/cc-pVDZ +23.7 +1.5 +7.8 +9.0
MRCI+Q/VTZP//B3LYP/cc-pVDZ +26.0 +3.0 +7.7 +15.9

Geometries for 1a and 1c were calculated in C, symmetry for the 6-31G(d) and 6-311G(d) and in C; symmetry for the cc-pVDZ
basis set. 1d was computed in C; symmetry for all basis sets used. The transition state 1e for the inversion of the cyclic atlene 1d
could only be located in C; symmetry. ® Reactant and closed-shell species 1d and 1e were calculated using spin restricted MP2

while for biradicals 1a and I¢ spin unrestricted UMP2 was applied. Spin projected MP2 (PMP2) worsens the results dramatically.

a All energies are given in kilocalorie/mole.

Scheme 4. Experimental Regioselectivity of 3 parent systenl (AG*agg = 41.4 kcal/mol). This reduction of

PR Ph the free energy of activation for the*€C?® cyclization of2 is
wo. 4" o4 more pronounced than in the enyredlene compound for which
| Os — o Ph substitution diminishedG*,9g only from 31.4 to 28.7 kcal/
P 7 MY e MeOT e mol. The increase of the reaction barrier for thé—C’
Ho | ~ o 3a 46% cyclization of2 by about 6 kcal/mol (13.6 kcal/mol) vs 19.8
MeO N HO__&_Ph o on kcal/mol @)) is of the same order of magnitude as was computed
OMe JV\;[ — j;:\[ for the corresponding enyreallenes AG*,95 = 24.0 kcal/mol
3 MeO Oe MeO o) to 29.8 kcal/mol). Although the influence of the phenyl group
OMe OMe is considerable larger for the enyrlketenes than for the enyne
3¢ 21% allenes prefers the Moore reaction by about 10 kcal/mol over
the C—CS5 cyclization. This prediction also holds if we consider
cyclization, the corresponding numbers are abbéitand—11 that the B3LYP approach seems to underestimate the barrier of
kcal/mol, respectively’ the @—C7 cyclization by about 4 kcal/mol while the barrier of

the C—CS5 cyclization seems to be predicted in a better accord
with higher level CCSD(T) computations.

From the structural similarity between enyrelenes and The switch from the &-C7 to the C—C?® cyclization is found
enyne-ketenes, a comparable reaction scope can be expectedit the OH and OMe substituents being present in the experi-
Indeed, althougli reacts in a €-C’ cyclization leading to 1,4-  mentally studied compound are taken into acco@it These
benzoquinone, for the phenyl-substituted enyketene3 (see  oxygen-containing substituents further decrease the free energy
also Scheme 4), Moore and co-workers found that the product of activation for the &—C8 cyclization from AG¥e5 = 28.7
of the competing five-memberec?€CP cyclization represents  kcal/mol @) to AG¥05 = 18.7 kcal/mol 8) while AG¥,gs for
the major product (46% yield vs 21%)This regioselectivity  the —C7 cyclization raises slightly from 19.8 kcal/ma?)(to
resembles the regioselectivity found for the enya#enes 21.9 kcal/mol 8), leading to a preference of the2€CS
system® but is less pronounced. For an understanding of the cyclization and explaining the experimentally found regio-
differences and the similarities, we computed the reaction barrier g|ectivity.
for various model compounds (Table 4). If the hydrogen of the
enyne terminus in the parent compouln replaced by a phenyl both cyclization modes is much stronger than that found in the

(2), the activation barrier for the® C° cyclization (AG"93 = enyne-allenes but is not sufficient to induce the shift from the
28.7 kcal/mol) decreases by about 13 kcal/mol compared to thecz_c7 cyclization to the @—CS cyclization. As already

(37) MRCHQ calculations employing a cc-pVTZ basis set neglecting the set _ment'oned above, this dlﬁerence_from th§ enygﬁene SySte_mS
of f-functions on carbof® is a consequence of the much highérCS8 cyclization barrier

4. Influence of the Substituents

The influence of the phenyl group on the reaction barriers of

1826 J. AM. CHEM. SOC. = VOL. 124, NO. 8, 2002
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Table 4. Activation Energies for Substituted Enyne—Ketenes 1—5 Computed at the B3LYP/6-31G(d) Level of Theory?@

System C-C* cyclization loXel cyclization

AE” AH 208 AG 98 AE’ AH 305 AG 208
@

+41.2 +39.4 +41.4 +13.3 +12.1 +13.6

Z
. 7
P
) &
|
Ho
3 |
MeO
o)
4
5

A

(0]

P

o +28.1 +26.4 +28.7 +18.8 +17.3 +19.8
Ph
(0]

Me

NH,

O

NO,

0

+18.9 +17.4 +18.7 +20.7 +19.2 +21.9

+8.8 +7.6 +10.2 +11.4 +10.4 +13.5

A
l
5
| +27.8 4258 4274 4169  +154  +175

a All energies are given in kilocalorie/mole.

found for the parent systerh which in turn may result from S N
the presumably diminished electron density in enyketene. 4‘}“
The shift from G—C7 to C2—C? cyclization takes place if the o ‘}‘ .......... -
lower electron density is compensated by the additional donor 4'}“ n
groups OH and OMe which reduce the barrier of thfe-C6
cyclization and increase the barrier of thé<C’ cyclization. Jr}» ------------ 4—
This is in line with the finding of Brunette and Lipt&hthat ° Jr?
oxyanion substitution significantly accelerates the-C8 cy-
clization in enyne-allenes. HaN a OaN

To investigate similarities and differences between enyne Ei E/;
allenes and enyneketenes in more detail, we also studied the c 0. 0
influence of strong electron-donating substituents {Niri4) Figure 1. Orbital scheme for the effect of electron-donating and -withdraw-
and of electron-withdrawing substituents (N@5). For enyne- ing substituents on biradicals.

allenes both substituents preferred the-C® cyclization but
possessed a carbenelike instead of a biradical intermé@i#te.
Compared to the parent compouhdAGFageg = 41.4 kcal/
mol), the amino-substituted enynketene4 possesses a dra-
matically lower free energy of activatiolh(G*,9g = 10.2 kcal/
mol) for the G—CS8 cyclization. In contrast, the activation barrier
for the @—C7 cyclization remains almost constant at about 13.5
kcal/mol. In agreement to the enynallene analogue the
substituent Iegds toa preferencgl?)f the-C* cycfci]zation b’\lljl';| This i_nteraction Iowe_rs ther-orbi_tal and leads to doubly_
for the enyne-allene the activation barriers were found to be occupiedo and orbltalsé (seg Flgure 1). Consequently, in
significantly higher AG¥s = 17.8 kcal/mol for the &-C5 contrast tol—3, the. c-C gycllzatlon o.f4 has to be looked _
cyclization andAGteg = 22.7 kealimol for the &-C7 cycliza- upon as a carbenelike reaction mechamsm. In co.ntrast,.the.maln
tion) 36 If the electron-donating amino group is replaced by the intermediate for the Moore type reaction still remains a biradical.

strong electron-withdrawing nitro substituent the activation Itis predicted to lie below the cyclic allene by about 9.0 kcalf

barrier for the C—C® cyclization decreases from 41.4 kcal/mol mol.

—C6j i i
(2) to 27.4 kcal/mol §). This change is insufficient to switch lAISO' Fhe c-C |r.1tekr]med|ate ob poszt_a;ses a (;]arbenellk(;
the regioselectivity of the reaction as the increase in the free electronic structure; the reasons are different, however. As

energy of activatiom\G*gs for the —C7 cyclization by about indicated by NBO analyses (Figure 1), the substituent, NO
3—4 keallmol to+17.5 kcal/mol ) is too low lowers theg-orbital by its strong electron-withdrawing effect.

; : As a consequence, the energetic difference between-taed
m-orbital is enlarged, leading to a double occupancy of the
o-orbital. Similar effects were also found for the enyradienel®

mechanism. The reaction energies are given in Table 5. While
lawas shown to representoar-biradical, for4 a carbenelike
intermediate is found which possesses a lone-pairbital
centered at the carbon atomdrposition to the NH substituent.
Figure 1 sketches the results obtained from an NBO analysis.
The preference for the carbene structure over the biradical can
be explained byr-conjugation due to the planar Ntsubstituent.

Both the electron-donating N+and the electron-withdrawing
NO, lower the activation barriers and lead to carbenelike
intermediates for the &-C® cyclization, i.e., change the reaction

(39) Glendering, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholdNBO, ver.
(38) Brunette, S. R.; Lipton, M. AJ. Org. Chem200Q 65, 5114-5119. 3.1; Pittsburgh, PA, Gaussian. Inc, 1998.
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5. Summary Table 5. ArGags for Intermediates Representing Local Minima of
Enyne—Ketenes 1-5 Computed at the B3LYP/6-31G(d) Level of
In the present work, the Moore £€C’) cyclization and its Theory®
regioalternative &-CS8 cyclization are investigated. While the System Intermediate
parent systeni is studied with high-level ab initio methods a b ¢ d
(MR—CI+Q, CASPT2, CCSD(T)), substituent effects are m
included, employing the DFT approach. To study similarities 4 248 iag 196
to other biradical cyclization reactions, the present results are | 0 ' ' '
compared to biradical cyclizations of enynallenes.
For the parent systerh the G—C7 cyclization is kinetically 4 P
and thermodynamically strongly favored with respect to the LI 77 06 150
C?—CS cyclization AG*93 = 41 kcal/mol vsAG*p9g = 18 kcal/
mol andArGz9s = +3 kcal/mol vsArGagg = +26 kcal/mol). P
The C—C7 cyclization proceeds via the biradical intermediate 3 HO. ] Z o 05 s 27
1c which is computed to be 5 kcal/mol more stable than the MeO ‘ ‘ '
cyclic alleneld and 13 kcal/mol lower in energy than the OMe
zwitterionic statele NH,
The main difference betweehand the parent system of the 4 Z 458 45 4.4
enyne-allenes Z-1,2,4-heptatriene-6-yne) is the barrier to the | 0
C2—CS cyclization (41 kcal/mol for, 31 kcal/mol forZ-1,2,4- NO,
heptatriene-6-yne). Furthermore, both possible cyclization modes F
for the enyne-ketene are more endothermic than those for the 5 | 0 184 33 72

enyne-allene. Both may originate from the diminished electron

depsity in the enyneketene comp{;\req to the e_nyﬂe"ene a All energies are given in kilocalorie/mole, aae-d correspond to the

which seems to favor the?€ C7 cyclization and disfavors the  various intermediates as denoted in Scheme 2.

C?—C? cyclization. NH; (4) and NQ (5) at the alkyne terminus lead to carbenelike
Substituent effects are more pronounced for the enyne intermediates instead of biradicals, but the reasons are different,

ketenes than for the enynellenes. For example, the reaction however.

barrier for the €—C° cyclization decreases by 13 kcal/mol if Acknowledgment. P.W.M. thanks theStiftung Stipendien-

the hydrogen of the alkyne terminus is substituted by a phenyl 00 4< im Verband der Chemischen Industide a graduate

group. For the enyneallene, the barrier. decreases by only 3 scholarship. This article is dedicated to Prof. Dr. Manfred Christl
kcal/mol. However, due to the strong difference found for the on the occasion of his 60th birthday.

parent systeml, the shift from the &-C’ to the C—C¢ _ _ . . .
cyclization only takes place if additional OH and OMe substit- _ SUPPOrting Information Available: - Absolute energies and
computed structures of all stationary points fer5 in Cartesian

uents B) are present. dinates (PDF). Thi terial ilable f fch .
Our findings about the influence of strong electron-donating fr?;rlnltr(]a?neest' ét htt).'// &Z?Zcirfr 'S avallable free of charge via
or -withdrawing substituents underline the strong similarities p-/pubs.acs.org.

between enyneketenes and enyrallenes (see Figure 1). Both  JA017532F
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