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Abstract: We report an ab initio study of the effect of vinyl substitution on the cycloaromatization of 3-ene-
1,5-diynes (the Bergman cyclization). The majority of the calculations were conducted by using the BLYP
version of Density Functional Theory, and higher level Brueckner orbital calculations were used for a few key
compounds. In all, 46 enediynes, 44 cyclization transition states, 39 spgktzynes, and 28 related triplet
p-benzynes were studied, including simple vinyl-substituted and annulated examples. The data indicate that
strongly electron-withdrawing groups increase the cyclization barrier, whilenating groups decreaseit;
conjugation, especially donation, has little effect. Most annulations, including those involving heteroaromatic
rings, lower the barrier slightly (6 MR) or raise it slightly (5 MR). Larger effects are seen for smaller rings or
charged rings. Some previously observed apparent rate inhibitions are seen to be due to reversibility or forward
reactivity of the intermediatp-benzynes, which are thereby inhibited from the H abstraction step that completes
cycloaromatization. H abstraction reactivity, as judged from gHeenzyne singlettriplet energy gap and

from isodesmic equations, is also examined. Unexpected behavior is predicted for some heteroaromatic systems.
Finally, we anticipate how these results may be applied to the design of prodrug candidates for subsequent
biological application.

Introduction especially from DNAS As a consequence of the antibiotics

The Cope rearrangemémtf hex-3-ene-1,5-diynel€), which
results in concerted cyclization via transition stdte to

o] Yy
p-benzyne 1p),2 was first reported by Bergméin 1972, and HO,{ - NHCO,Me S"SZ% NHCO,Me
has become known as the Bergman cyclizatidncluded in wesss— ==

HL = Hi—=

. . . MeSSS
Bergman's report were instances of intra- and intermolecular s <
trapping ofp-benzynes to give “cycloaromatized” products (e.g., Dl e B
2). In the mid to late 1980s, it became clear that an emerging calicheamicin esperamicin dynemicin A

Z * . H becoming cycloaromatized, the cell under chemical attack

(éd:} C :~© Is{o—urcE © syffere;d DNA clea\(age, ultimately Ieadlng to cell death. These

Q : biological observations led to the synthesis of many nonnatural
le 1t 1p H target$ containing the enediyne “warhead” of the antibiotics,

2 as well as related approaches toward the same®gatlthe
natural antibiotics, as well as the synthetic mimics, possess an
enediyne unit within a medium ring of-910 atoms, thus
incorporating the strain necessary to enable the cyclization to

occur at biologically relevant temperatures. Most of these
(1) For recent theoretical developments, see: (a) Black, K. A.; Wilsey, systems are polycyclic, and contain other adjustable strain-

series of naturally occurring antibiotics, including calicheamicin,
esperamicin, and dynemictrall operated via Bergman cycliza-
tion to ap-benzyne derivative, followed by H atom abstraction,

g-c:hlﬁgllél;, 5-_ géjﬁa/é\;g'r (f_'h}mA- sogﬁgg 15251&28321- z(g)zgggif}%%rg\}; inducing element&,as well as triggering devices which can
D. A. Beno, B. R.; Lange, H.; Yoo, H.-Y.. Houk, K. N.; Borden, W. I.. release_ a more reactive form of_the en_et_:llyne upon activation.
Am. Chem. Sod 999 121, 10529. (d) Hrovat, D. A.; Chen, J.; Houk, K. ~ The utility of this strategy lies in retaining the enediyne in
N.; Borden, W. T.J. Am. Chem. So@00Q 122, 7456. prodrug form until it reaches its biological target, following

(2) Berry, R. S.; Clardy, J.; Schafer, M. Eetrahedron Lett1965 1003. ; : ; ;

(3) Jones, R. R.. Bergman, R. G. Am. Chem. S04 972 97, 660. which the actlye drug is unveiled. Alth(_)ugh _s_everal of t_he

(4) A few examples of the “Photo-Bergman” cyclization have also been Naturally occurring enediynes are undergoing clinical evaluation,
studied: (a) Evenzahav, A.; Turro, N. J. Am. Chem. Sod998 120,
1835. (b) Kaneko, T.; Takahashi, M.; Hirama, Wngew. Chem. Int. Ed (6) Recent results highlight the efficacy of enediynes for protein
1999 38, 1267. Also theoretically: (c) Clark, A. E.; Davidson, E. R.; cleavage: Jones, G. B.; Wright, J. M.; Hynd, G.; Wyatt, J. K.; Yancisin,
Zaleski, J. M Abstracts of the 220th National Meeting of the American M.; Brown, M. A. Org. Lett.200Q 2, 1863.

Chemical SocietyAmerican Chemical Society: Washington, DC, 2000; (7) Review: Maier, M. ESynlett1995 13.
Orgn. Abstr. 272. (8) Arya, D. P.; Warner, P.; Jebaratnam, D.Petrahedron Lett1993
(5) Reviews: (a)Enediyne Antibiotics as Antitumor AgenBorders, 34, 7823. (b) Arya, D. P.; Devlin, T. A.; Jebaratnam, D.; Warner, P. U.S.
D. B., Doyle, T. W., Eds.; Marcel Dekker: New York, 1995. (b) Xi, Z.;  Patent No. 5770 736, June 1998.
Goldberg, I. H. INComprehensie Natural Products Chemistrarton, D. (9) Magnus, P.; Fortt, S.; Pitterna, T.; Snyder, JJPAmM. Chem. Soc
H. R., Nakanishi, K., Eds.; Pergamon: Oxford, 1999; Vol. 7, p 553. 199Q 112, 4986.
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vary from one investigation to another. Recognition of this
H H
N OMe 0
4 OH == 7 Z
= = OMe o
3 4 5 6
= 21.5 kcal/mol) while quinoxalindlewas less reactivek,
biologically relevant reactivity; recent calculatiddsppear to ~ Polarity affects the cyclization rate dflg a result attributed to
tween ground and transition states are impof@hflthough slowly than its unsubstituted paréefitElectronic influence may
fact that7 and8 show almost identical reactivity casts doubt

efforts to produce comparable designed enediynes remain ameasurements is that the apparent rate of enediyne disappearance

formidable challengé® is dependent on the concentration of H atom donor, which may

problem has led most investigators to use very large concentra-
tions of H atom donor and/or very reactive H atom donors. Some
intriguing effects have been observed with enediynes annulated
with heteroaromatic ring® Pyridine10ewas more reactived,

On the basis of his extensive studies, Nicoftquoposed = 33.6 kcal/mol) tharBe, and pyrimidine12 was especially

that the distance between the terminal acetylenic carbons of theréactive £a = 16.1 kcal/mol). Clearly there must be several

enediyne groupd) is a major determinant of reactivity, and factors operative in these cases to account for the huge range

values ofd between 3.20 and 3.31 A would be necessary for Of reactivities reported. Another brief study showed that solvent

have extended this range to 294 A. An effective method to differential polarity in the enediyne Vs its Cognizant transition

temporarily shorten this distance, thereby raising the ground- stateZ* Substitution of an anisyl group on the ene position was

state energy for cyclizatiol,has been by the use of transition ~shown to retard cycloaromatizatiéhRecently, we demonstrated

metal complexatioA? Certainly differential strain effects be- that halo-enediynes, including3-15, each cyclized more

the least well studied, electronic perturbations can have profound

consequences. For exampdaenzannulation at the ene position weo N o o ol

of a dynemicin analogue3) or cyclodecenediyned] resulted 1/ | | | |

in a marked increase in the cyclization barrier. A particularly N S = M S =

large cycloaromatization rate difference between hydroquinone ome 13¢ 14 15

derivative5 (slow) and quinoné (fast) prompted the authors 12

to explain the reactivity based on the “extent of double bond = = =

character in the ene part of the ene-diyn&..Flowever, the IQ | |©

on this explanation; as we discuss later, attention should : OH 176 18

probably be focused on the effect of the additional aromatic

ring in 5 relative to7; this point applies to other candidates, also be important for alkynyl substitution. Indeed, alkynyl

substitution is known to stabilize the enediyne with respect to

OCOtB o = . . e .
= ‘O Z ’NI < C[/Nl Z cyclization?” and accounts for the stability of the strained
OO = Y NN medium ring enediynes, including the naturally occurring ones.
== o) X A A !
OCOtBu  oH . o . " u Placement of an OH or OR group on the carbon proximate to
7 e e e

the terminal acetylene carbon (as 16) has an accelerative
effect?® Although yet not well understood, we speculate that
this is due to an electron-withdrawing decrease in the stabiliza-
tion afforded alkynes by alkyl substitution; in other words, this
may be a ground-state destabilization effect. On the other hand,
from work with para-substituted phenyl groups attached to the
alkyne unit?® others have concluded that the observed electron-
withdrawing group (EWG) acceleration is a transition state
effect, consistent with theoretical predictions of diminished in-
é)lanen repulsions in the presence of EWGS5.

Theoretical treatment of the Bergman cyclization has been
inhibited by the high level of theory needed to adequately treat
this reaction, and the size of the substituted systems. Crédmer,
in his recent theoretical paper treating the parent and the 3-aza-
enediyne case® provided an excellent summary of the previous
work, as well as the results for a variety of theoretical levels,
from density functional theory (DFT) through coupled cluster
and multi-configurational methods. Equally important was
Schreiner’'s demonstration that the BLYP version of DFT could
be used to adequately describe the key enediyne to transition
state segment of the Bergman cyclization reaction coordinate

too (vide infra). Confusion exists regarding the effect of simple
benzannulation, since-diethynylbenzenedg) was reported to
cyclize more rapidly [, = 25.119 26.20 kcal/mol) thanle (E,

= 28.2 kcal/motl). Rather than implying that effects on medium
ring enediynes differ from those on acyclic enediynes, the
apparently discrepant benzannulation cyclization results may be
due to changes in the barriers for retrocyclization of the
annulatedgp-benzynes vs those for H atom abstracfi®At least

for the simple cases, it appears that the latter barrier increase
slightly (by 0.6 kcal/mol for9p), while the former decreases
appreciably (by ca. 12 kcal/mol f@p). The net effect on kinetic

(10) Smith, A. L.; Nicolaou, K. CJ. Med. Chem1996 39, 2103.

(11) Nicolaou, K. C.; Smith, A. LAcc. Chem. Red992 25, 497.

(12) Schreiner, P. Rl. Am. Chem. S0d 998 120, 4184.

(13) This has been referred to as the “new base camp” strategy: Kelly,
T. R.; Silva, R. A;; De Silva, H.; Jasmin, S.; Zhao, ¥.Am. Chem. Soc
200Q 122, 6935.

(14) (a) Warner, B. P.; Millar, S. P.; Broene, R. D.; Buchwald, S. L.
Sciencel995 269 814. (b) Benites, P. J.; Rawat, D. S.; Zaleski, J.JM.
Am. Chem. So00Q 122, 7208.

(15) Snyder, J. PJ. Am. Chem. Sod99Q 112 5367.

(16) Nicolaou, K. C.; Dai, W.-D.; Hong, Y. P.; Tsay, S.-C.; Baldrige,

K. K.; Siegel, J. SJ. Am. Chem. S0d.993 115 7944.

(17) Semmelhack, M. F.; Neu, T.; Foubelo,J.Org. Chem1994 59,
5038.

(18) Boger, D. L.; Zhou, JJ. Org. Chem1993 58, 3018.

(19) Grissom, J. W.; Calking, T. L.; McMillen, H. A.; Jiang, ¥. Org.
Chem 1994 59, 5833.

(20) Roth, W. R.; Hopf, H.; Wasser, T.; Zimmermann, H.; Werner, C.
Liebigs Ann 1996 1691.

(21) Roth, W. R.; Hopf, H.; Horn, CChem Ber1994 127, 1765.

(22) Kaneko, T.; Takahashi, M.; Hirama, Metrahedron Lett1999
40, 2015.

(23) Kim, C.-S.; Russell, K. CJ. Org. Chem1998 63, 8229.

(24) Kim, C.; Russell, K. CTetrahedron Lett1999 40, 3835.

(25) Maier, M. E.; Greiner, BLiebigs Ann. Cheml992 855.

(26) Jones, G. B.; Plourde, G. W., @rg. Lett.200Q 2, 1757.

(27) See ref 12 for a particularly cogent explanation of this effect.
(28) Semmelhack, M. F.; Gallagher,Tetrahedron Lett1993 34, 4121.
(29) Schmittel, M.; Kiau, SChem. Lett1995 953.

(30) Koga, N.; Morokuma, KJ. Am. Chem. Sod 991 113 1907
(31) Cramer, C. JJ. Am. Chem. S0d 998 120, 6261.

(32) Hoffner, J.; Schottelius, M. J.; Feichtinger, D.; Chen].Am. Chem.

Soc 1998 120, 376.
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for some substituted and medium ring enediynes (&4pand excitations [BCCD(T)] using the 6-31G* basis set. They were carried
18, the hydrocarbon parents df3—15).12 Very recently, out using a restricted HF reference wave function [RBCCD(T)] rather
Grafenstein et a3 have proposed use of the B3L¥rhybrid than an unrestricted one [UBCCD(T)] because the latter calculation

functional. They argue that BLYP underestimates barriers and di‘é not fccig\éetr_ge at thel initiatiotnh point. Thesed'calcglfl\t(ig?g ;iké*o“ the
was recommended over B3LYP because of its performance in°"%¢" © Imes as long as the corresponding - ones,

- - . which precluded the use of the 6-3tG** basis set.
carbene calculations. While B3LYP tends to overestimate ) . L . .
barriers and underestimate radical energies, its performanc Electronic energies and vibrational corrections were alsq obtaln_ed
. . . . ; ’ €or the related molecules necessary to complete the isodesmic equations
improves with basis set size, and corrections may be made byiq

I - " cussed below.
using a “sum” formula (apparently performed only fgr Others Although not beyond criticisrfit a simple method for DFT spin

have recently warned that B3LYP may produce spurious correction of unrestricted singlets has been developed, and was applied

diradical intermediates in Cope rearrangeménts. to most of thep-benzynes in this studi. To do so simply requires
calculation of the energy of the vertical triplet species, as well as the
Computational Methods spin expectation values mentioned above (which were 2.0 for all

triplets). Because we found that the spin correctionsLf(BLYP and

Molecular geometries for all species were initially op_timized by using B3LYP) and 1922 (B3LYP) were nearly the same with either the
the BLYP (Becke-Lee—Yang-Parr) functionaf**" as implemented 6-31G* or 6-31H-G** basis sets, we adopted the smaller basis set for

in the Gaussian 98 program packégestalled on a Pentium PC; all all other corrections. For two cases €Xsulfoxyl and phenyl, Table

i i i - * i . . n .
optimizations employed the 6-31G* basis set. As expec_u_ed from 2), the spin corrections are to UDFT energy valuesReasptimized
previous work on the parent system, all enediynes and transition statesgeometries
leading top-benzynes had restricted wave functions that were stable. We feel ié is worth commenting on a technical problem encountered
All p-benzynes, however, had restricted wave functions which were 9 P .

f - . u for several cases when computing the broken-symmetry energies.
unstable with respect to becoming unrestricted. Therefore, “broken-

symmetry” singlet wave function (BS-UDFT) energies at the restricted Despite destroying the.—f; and spatlal symmetries by mixing the

; - HOMO and LUMO, these geometries gave convergedrictedwave
geometries were calculated for each case. These energies were alway]sunctions using the default SCF procedure. However, using a (ver
lower than the restricted energies, and the total spin expectation Valuestime-consuming ) quadraticall cor?ver ent S'CF roce !ﬁ’ stg but y
for Slater determinants formed from the unrestricted keSham 949 y 9 P - ’

. ; not all, cases led to converged unrestricted wave functions. In no case
orbitals were between 0.5 and 1.0. Many (26) of nzynes were did we fail to obtain an unrestricted wave function result for both the
then re-optimized by using unrestricted DFT (UBLYP), which resulted . ; . h
. ) 6-31G* and 6-311+G** basis sets. We emphasize that this reversion
In lowered energies of anywhere between about 2 and 6 kcal/mol, but to a restricted wave function result occurred unpredictably: sometimes
every case could not be reoptimized due to time restrictions. In two of P y:

the annulated cases, attemppeenzyne optimization using restricted \évlljt:i‘nth‘;:r;]t?g;r’ tse?ijflglr_n\?; /ggqgleolirigﬁ;;{iﬁ:s S%tl’_sgdosgmgg?es
wave functions failed due to ring opening; each time unrestricted theory 9 p P ) P

successfully provided @-benzyne minimum. In all, 31 of the 39 tions usuall){ ran b_est when a New guess wave funcﬂo_n was generated
. _ at each optimization step [achieved via the guesgmix, always)

p-benzynes reported herein were optimized at the BS-UDFT level. command], rather than the default technique of using the wave function
Every stationary point was subjected to analytical vibrational frequency P - a 9

; AN -~ - ; from the previous step as the starting point for the new step.
analysis to confirm its optimized stationary point nature, and to calculate
the zero-point vibrational energies (ZPVE) and thermal enthalpy . .
contributions Kaes — Ho). All enediynes andp-benzynes were ~ Results and Discussion

confirmed as local minima (NIMA&O0) and all transition states as Choice of Theoretical Approach.It was previously shows

first-order saddle points (NIMA&1), unless specified otherwise. The .
energies reported include the unscaled vibrational and thermal enthalpythat the BLYP method gives reasonably accurate results for the

corrections at the 6-31G* level (although the electronic energies may CYclization enthalpy of activation for the parefe case (24.3
have been calculated by using a larger basis set), except for the singlet Kcal/mol at 6-31G*, 27.4 kcal/mol at 6-3¥1G**, 27.5 kcal/

triplet energy gaps, which include only the vibrational energy correc- mol at cc-pVT24 vs an experimental value of 28.7 kcal/mol).
tions. A single point energy for every structure was also obtained by The BPW91 DFT method used by Cramer produces consistently
using the 6-31+G** basis set. In addition, the cc-pVDZ and cc-pVTZ  lower values for the cyclization activation enthalpies (22.1 kcal/
basis sef® were used for a limited set of structures for comparison mgol at 6-31G*8 22.0 kcal/mol at cc-pVDZ) and more so for

purposes. . ) ~ the relativep-benzyne enthalpy (R geometry: BPW91, 7.2 kcal/
Single point energies for select structures were also obtained by using ol at 6-31G*. 7.0 kcal/mol at cc-pVDZ; BLYP, 12.1 kcall
Brueckner orbitat® with perturbative estimations of the effect of triple mol at 6-31G* ,18 0 keal/mol at 6-33HG**’ 18.3 k(’:aI/mol at

(33) Grafenstein, J.; Hjerpe, A. M.; Kraka, E.; Cremer,JDPhys. Chem cc-pvVTZ; U geometry: BPW91, 0.9 kcal/mol at cc-pVDZ;

20(()0 )104, lk748 A ) BLYP, 7.3 kcal/mol at 6-31G*, 14.3 kcal/mol at 6-3tG**);

34) Becke, A. D.J. Chem. Phys1993 98, 5648. i i 514 i

(35) Staroverov, V. N.: Davidson. E. . Am. Chem. So@000 122 the (_axpenmental v_alue is a_bout 8.5 kcal/mit>It is seen that,

7377, as discussed previously, this level of theory does not adequately
(36) Becke, A. D.J. Chem. Phy4993 98, 5648. treat thep-benzyne diradical; the lesser basis sets give fortu-
(37) Lee, C.; Yang, W.; Parr, R. ®hys Re. 1988 37, 785 itously close to correct values, but the better basis sets show

Scﬁé%e(fagszagc%i'eﬁaeﬁ'? éc"{)'b'\g' g{' Eﬂzcegégér:’vv%“%s{«?e'w%ki considerable divergence from reality. Importantly, it seems that

J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. the 6-31H-G** results are virtually the same as the cc-pVTZ

Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,

V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. (41) Wittbrodt, J. M.; Schlegel, H. Bl. Chem. Phys1996 105 6577.

Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, (42) (a) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K.@hem. Phys.

D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Lett 1988 149 537. (b) Nendel, M.; Sperling, D.; Wiest, O.; Houk, K. N.

Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, J. Org. Chem200Q 65, 3259

P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, (43) Bacskay, G. BChem. Phys1981, 61, 385.

M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challa- (44) Calculated values from this work. Schreifeyives a value of 28.4

combe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, kcal/mol at 6-31%G** as the enthalpy of activation, but our results give

C. Gonzalez, M. Head-Gordon, E. S. Replogle, and J. A. Pople, Gaussian,this value as the electronic energy of activation (i.e., uncorrected for ZPVE

Inc.: Pittsburgh, PA, 1998. and enthalpy). In his Table 4, similarly uncorrected values are given for
(39) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358. the cycloaromatization of cyclodeca-3-ene-1,5-diyhee); the values we
(40) Handy, N.; Pople, J. A.; Head-Gordon, M.; Raghavachari, K.; discuss are corrected, as are those for cyclonona-3-ene-1,5-dgne (

Trucks, G. W.Chem. Phys. Lettl989 164, 185. (45) Wenthold, P. G.; Squires, R. R.Am. Chem. S0d994 116, 6401.
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values at considerably lesser cost. The possibility that the more Y Y P

popular B3LYP method would perform better with the larger |z |Z QZ

basis set, as was shown fh#3led us to also use this functional ™ 7 2 1 dEa a T 2
for our key halogen-substituted compounds (see Table 1); the 4 p s 4, s
calculated trends were the same. So that we could compare some H 2 H 2 H

of our results to those previously obtained with BLYP, we have a b c

chosen to use primarily that version of DFT. To validate some
of our conclusions, we have also employed the BCCD(T)
method, which was shown to be better than the CCSD(T)
approach for this problem.

Geometries. Cartesian coordinates and energies for all
optimized stationary points are given in the Supporting Informa-
tion section. Figure 3 shows ball-and-stick diagrams of selected
structures, including heavy atom bond distances. Optimization
of all the arenes, radicals, triplet benzynes, enediynes, and
transition state structures for the Bergman cyclization was
relatively straightforward. The distances between the terminal
acetylenic enediyne carbongC:Cs) = d) were fairly constant
in the range of 4.3 to 4.6 A for the 25 acyclic enediynes studied,
as were the values fat (2.03 to 2.12 A) in the 25 associated
transition states (cf Table 2). It should be noted that many of
the enediynes have slightly bent acetylene units, with bond
angles in the 175180 range (enforced 18Mond angles were
often less stable by at least 0.1 kcal/mol). This has been observe
previously, and attributed to in-planme-x repulsion between
the acetylene unit¥ Accordingly, enediynes that have larger
d values should be less distorted from linearity. The trig8f
(d=4.337 A),23(d = 4.626 A), andb4 (d = 5.130 A) illustrate
this effect clearly: CCG=175.5, 177.TF, 178.F and CCH=
177.5,178.3, 179.T, respectively. However, other factors can
come into play, as i® (d = 4.254 A), where the triple bonds
are closer than in any of the previous three, and CEC

Figure 1. Most prevalent substituent orientations.

functional level of theory, the impropgrbenzyne structures
can be tolerated.

The geometries of most of the polyatomic substituents are
as shown in Figure 1a [larger atom, if unsymmetrical, on Z
pointed away from the neighboring;tdnd toward the lone pair
or (developing) radical center apCexamples include-CHO,
—NHCHO, —NO,, —planarized NH, and—BHj] or Figure 1b
(lone atom on Z pointed toward,C examples are-OH and
—OCHO). For amino and borano groups, structures constrained
as in Figure 1c were investigated; these and related structures
are discussed separately. For the sulfoxyl substitue8{Q)H],
the enediyne and transition state structures have the sulfur lone
pair pointed toward & and approximately coplanar with the 6
carbon atoms. Despite the stationary point nature of these

ulfoxyl structures, there may be lower energy rotamers, but
he cyclization activation enthalpy is probably as correct as any
of the others.

Test Case: Can Theory Explain the Impact of Chlorine
Substitution on Cyclization? An impetus for this work was
the experimental observation that 3-chlorocyclonon-3-ene-1,5-
diyne (15), 3-chlorocyclodec-3-ene-1,5-diyn&é3g, and 3,4-
dichlorocyclodec-3-ene-1,5-diynel4) cycloaromatize more
slowly than their unsubstituted counterparts. Why is this so?
178.Yand CCH= 178.7. Although there is an aromatic ring, There are t_hree po_ssible fgctors that could be r_esponsible: ) @)
; : ; . the cyclization barriers areigher for the Cl-substituted cases;
it cannot conjugate with the in-plamebonds, so the effect on ) . .

(2) the p-benzyne ring-opening barriers dver for the Cl-

Inearty o ot suashcnve A enedie and tarsion, st case s was oun o 3 o - 15 e
same plane casé®2%; and (3) the Cl-substituteg-benzynes are relatively

R ) ) more stable to H atom abstraction, which extends their half-
Optimization of the singlet-benzynes was more complicated. jives, thus increasing the likelihood of cycloreversion.

Ma_ny of the substituyed cases gave restricted (R) geometries in As elucidated by Logan and Chétthe singlet-triplet energy
which the benzyne ring was nonplanar. Some produced planargap is a measure of the reactivity of diradicals relative to

structures that had one imaginary frequency, which led to radicals, with “noninteracting’ triplets having approximately

g|stortlon tlo a nondplanarlmmlrgum. The energél fdlffergncez radical reactivity, and the lower energy singlets showing
etween planar and nonplanar benzynes ranged from 0.1 ( “proportionally lower reactivity?5°The experimental value for

fluoro-) to 1.7 kcal/mol (2,3-difluoro-). However, in every case, the AE(s7) for 1p is 3.8 kcal/moB! As shown in Table 1, the

the planar structure gave a lower energy when unrestricted (U)AE(ST) clearly decreases as halogens are added to-Hemzyne

wave fulnctlonfs WSre usedf. Ar!d reor)tlmlzatlor:j of Jhle R structure, thereby signaling an increase in H atom abstraction
geometries using U wave functions always produced lower ;o \vith halogenatiof? This, of course, is opposite to the

energy p'a”f”“ structures, which were minima. To get a hlgher observed reactivity decrease, thereby eliminating explanation
level theoretical sense of whether the nonplanar structures mlght(g) above (vide infra for further discussion of H atom abstrac-

really be lower in energy, we obtained single point BECCD(T)/ iqng). Table 1 also shows the room-temperature calculated
6-31G* relative energies for the various 2-flugpebenzyne

optimized structures: R-optimized nonplanar (5.5 kcal/mol),  (48) Logan, C. F.; Chen, B. Am. Chem. Sod996 118 2113.
R-optimized planar (4.7 kcal/mol), and U-optimized planar (0.0 _ (49) Kraka, E.; Cremer, D.; Bucher, G.; Wandel, H.; SanderQiem.

Phys. Lett1997 268 313.
kcal/mol)#” We thus conclude that, at least for the examples {50) In a recent paper (Okuno, Y.; Iwashita, T.; Sugiura)Yam. Chem.

reported herein, thp-benzynes are all planar. However, since Soc 200Q 122, 6848), the authors calculate a 0.04 kcal/mol change in
we were not able to U-optimize all thebenzynes, some are  AE(sy) for thep-benzyne from the antitumor antibiotic C-1027 upon going

At ; ; rom the nonreactive to reactive environment. They suggest that the drug’s
R-optimized nonplanar ones, and thus have higher energies thaﬁchange in reactivity is, therefore, related to a change in H atom abstraction

they should. Since the emphasis (at least for the 8 R-optimized ates. However, such a small energy change cannot account for the drug’s
p-benzynes) is on the relative energies of the enediynes andswitch from stability to reactivity, which corresponds to a reactivity change

their associated transition states, and since the relative enthalpieﬁégti'neﬁzt 51; gukgglfgzﬂhmg glﬁgzgztrggifr?r C-1027's stability more likely

of the p-benzynes are not accurate anyway at the density (51) Wenthold, P. G.; Squires, R. R.; Lineberger, W.JCAm. Chem.
Soc 1998 120 5279.
(46) Kraka, E.; Cremer, Dl. Mol. Struct, THEOCHEMZ200Q 506, 191. (52) OurAE(sy) for 1pis larger than that given by Schreihebecause
(47) The U-opted planar 2,3-difluon@-benzyne was 6.7 kcal/mol lower ~ we use the U-optimized reference structure for singfgtwhile he uses
in energy than its R-opted planar counterpart at the BCCD(T)/6-31G* level. the R-optimized one.
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enthalpiesfl,gg) for the parentl), monofluoro- (9), difluoro- Table 1. Relative EnthalpiesHz9s kcal/mol) of Stationary Points
(20), chloro- @1), and dichloro- 22) cases. It is clear that both ~ for Halogen Substituerits
DFT (BLYP and B3LYP-where the latter appears to perform x| xoat X@
better with respect to thp-benzyne energies with the better v(\ A v
basis set) and BD levels of theory indicate that the cyclization ene di;e cansition benzyne®
barrier increases as the vinylic hydrogens are replaced with compd. level of theory ® state ®
fluorine or chlorine atoms, with the latter exhibiting a slightly ®
diminished effect relative to the former (the reasons for this Hu Hy Hu [Ha(SCY | AEGr)
will be discussed later). At the BD level, the effect is about 5 | XY (O |[BLYPEIG | 29 T T T
kcal/mol for the first F and about 3 kcal/mol for the second 311G
one. At the same time, it is seen that the cycloreversion barriers DILYPEAG 0 T T e
stay flat to increasing somewhat less than the cyclization 3LI4GH*
barriers. This combination of effects means that explanation (1), Beonamye- o0 S B
but not (2), can account for the aforementioned experimental |x=F, Y=H (19) |BLYP/6:31G* 0.0 254 87 | 62 |26(.1
observations. ?hing; 00 29.1 160 | 135 |27(52)
It might have already been inferred from the stabilityl&f BILYP/6-31G* | 00 30.8 45 | 26 |1504)
that explanation (1) was correct, as the intermediate cyclopen- B 00 N el B
tanop-benzyne 15p) might have been expected to cyclorevert gchC}XT)/G- 0.0 305 79
to 1-(2-chloroethynyl)-2-ethynylcyclopenter4g), had it been X=Y=F  (20) |BLYP6AIG" 0.0 283 97 | 89 07015
BLYP/6- 0.0 32.7 173 16.5 0.5 (1.3)
X 311+G**
o . % cl B3LYP/6-31G* 0.0 33.7 4.4 3.9 0.3 (0.8)
X X i B3LYP/6- 0.0 37.5 115 110 [ 0207
G - (:E> $>D | glclgg(‘;)/s- 0.0 332 7.6 - -
H Ht H ut g H x X=Cl, Y=H (21) 1331LC3'(P/6-316* 0.0 255 78 5.4 2.5 (4.9)
a 18, X=H (0.0) 154 (@3p) 121 227 (236) -5.0 kealimol 25¢ J;ILIZPG/E; 0.0 28.9 150 | 126 | 27(.1)
b: 15,X=Cl (0.0) 169  (15p) - 270  (24¢) -0.2 kcal/mol B3LYP/6-31G* 0.0 31.0 3.5 1.6 15(3.4)
B3LYP/6- 0.0 339 104 8.4 1.6 (3.6)
formed. As suggested by the d&tshown below, both the parent XYo@ ,;f;g’;fw 00 275 g0 | 72 0308
and chloro-substituted cyclopentene diynes are more stable than ?}Ll‘fgﬁ 00 315 154 | 146 | 08(16)
the corresponding medium ring enediynes. However, the cy- BILYP/631G* | 00 33.0 30 | 23 |0532)
clization barriers show quite the opposite trend, in accord with i 00 36.4 100 93 050

the established idea that al_ky!atlon _s,tablllzes t“_p_le bonds more Geometries and thermal rovibrational contributions from the BLYP/
th?n double bonds_(and th'_s IS fen_'n the tran$|t|0n_5tate): and 6-31G* level: since actual B3LYP/6-31G* rovibrational corrections for
this offsets the strain associated with the medium ring. In fact, 1 were only 0.30.3 kcal/mol different from the BLYP/6-31G*
the vinylic alkylation has essentially no effect on the cyclization corrections, the latter were used through8or thep-benzynes, the
barrier relative to H (also seen below for Me substitution). Values are from UBLYP (broken spin symmetry) optimizations and

hiori d d bili he triole bond relati rovibrational corrections: These values are corrected for spin con-
Chlorine, as expected, destabilizes the triple bond relative 10 (zmination effects according to the method described in ref 42; see

the double bond [1-chlorohex-3-ene-1,5-diy@&d) is 4.8 kcal/ text for discussiond AE(s7) is the singlet-triplet energy gap, including
mol higher in enthalpy than 3-chlorohex-3-ene-1,5-diy2ig( ZPVE corrections from the BLYP/6-31G* level; parenthetical values
at BLYP/6-311G**], which makes the cycloreversion of the  include the spin contamination correction; a positive value indicates
p-benzyne to the medium ring even more favorable. Thus the the triplet lies above the singletValues taken from ref 31.

nonproduction oR4eis not a decisive observation.
P 6-311+G** data shown below (th@-benzyne enthalpy values

= . are for BS-DFT calculations on restricted geometries) prove that

x X the acyclic and cyclic substituent effects are quite similar, with
| - the barrier enhancing effect of Cl somewhat greater (2.3 kcal/

= . mol) in the medium ring case than in the acyclic enediyne (1.5
H ot H kcal/mol). The transition stateévalues (1.973 A unsubstituted
176, X=H (0.0 . (79 141 kealimol vs 1.945 A substituted) are consistent with an earlier transition
156, X=C1 (00) 260 asp) 156 kealimol state for the less endothermic, unsubstituted case. It should be

noted that the experimental values for the activation barrier for

. . Ly 4 5 i

Finally, we had to consider the possibility that the results for 17€(23.8*and 24.6°kcal/mol) are quite close to our calculated
the acyclic cases (halo-substituted vs unsubstituted) might notValue Of_ 23.7 keal/mol. _ _
apply to the cyclic molecules. To this end we calculated the  Substituent Effects.With the knowledge that halogens raise
cyclization parameters foll3e and 17e themselves. The the cyclization barrier for enediynes, we proceeded to investigate

. — ~the effects of other substituents, in part to understand the general

er,élsfg{yﬂf(F‘f/rg_h?’al"i{(‘;’ﬂ“reezuﬁ[‘so}’é’)? “:")’,ilrgn%?]t:_'g_egngf’lcso_rg@':ég? ;%hre'”' substituent pattern, and in part to find substituent combinations
cyclopentangp-benzyne with our results at the same levei for the latter that might prove useful as prodrug/drug pairs in biological
benzyne and 1,2-diethynylcyclopentene. The chloro-substituted results wereapplications. Table 2 is a compilation of the relative energies
generated by adding the d|fference_ in the relative cycllzatlo_n activation of the species studied; also included aredhalues, substituent
barriers for 3-chlorohex-3-ene-1,5-diyne and the parent enediyne to the X bilizati halbi lculated f isod - d
= H medium ring cyclization barrier and the difference for 1-chlorohex- Stabilization enthalpies as calculated from isodesmic eq 1, an
3-ene-1,5-diyne and the parent to the=XH cyclopentene barrier. spin contamination corrections for most of thdvenzynes.

(54) Nicolaou, K. C.; Zuccarello, G.; Ogawa, Y.; Schweiger, E. J.; it i ; ; ;
Kumazawa, TJ. Am. Chem. S0a988 110, 4866. (1) Phenyl Substitution. As mentioned in the Introduction,

(55) Magnus, P.; Fairhurst, R. 4. Chem. Soc., Chem. Comm894 an anisyl group44) resulted in abota 3 kcal/mol increase in
1541. the cyclization free energy barrier relative to the corresponding
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Table 2. Relative EnthalpiesHzgs, kcal/mol) of Stationary Points for Various Substituénts

x X o * X@
1 ]
v( \ v .- Y Z
N transition state p-benzyne"
enediyne ® @
O]
compd.
Ho | E' [dA) | Hua [dA) | Bu@w) | Ha | AB(nf r.b(qA)
8¢y’
X=Y=H 0000|4546 274 [2078 143 10.6 51 [2719
@ (18.0)
X,Y=(CH.)s 00| - [4626] 277 |2.099 147 105 6.6 |2.739
(23) 17.1)
X=Me, Y=H|[ 00454434 275 | 2067 147 112 46 |2710
(26 (18.5)
X=CHO, Y=H| 00464482 273 |2.07 14.7 11.0 - -
27 (18.2)
X=Cl, Y=H|00]19]4477| 289 |[2046 15.0 12.6 27 |2711
21) (20.8)
X=Y=Cl 00| - [4325] 315 |2.006 154 14.6 08 |2685
22) (25.2)
X=F, Y=H|[00][55]4544] 291 [ 2039 16.0 13.5 27 | 2724
(19) (21.8)
X=Y=F 00| - [4523] 327 2036 17.3 16.5 05 |2713
(20 (26.2)
X=NO,, Y=H| 00|04 [4458 ] 286 |2.047 147 122 27 [2724
(28) (20.5)
X=0H, Y=H| 00 [10. [ 4394 | 273 | 2.049 15.1 12.4 32 |2712
(29) 6 (19.8)
X=0CHO, Y=H|00][34]4415] 254 | 2065 12.6 95 - -
(30) (16.6)
X=NH, (pyr), Y=H| 00|11 [4423| 272 [2056 15.5 12.5 3.7 [ 2709
(31 8 (19.69
X=NH, (pl, copl), Y=H | 0.0°| - [ 4416 | 2727 | 2.054 | na (19.6) - - -
(32)
X=NH; (pl, perp), Y=H [ 0.0 | - [ 4437 28.6° | 2.056 | na (17.6)° - - -
(33)
X=NHCHO, Y=H|[00]|59[4305] 257 |2.059 135 10.4 - -
(34) (17.8)
X=NHj’, Y=H|00[18]4620] 280 [2034 15.4 12.9 27 | 2717
(35) (L1
X=BH, (copl)) Y=H| 0068|4413 | 253 |2.09 12.4 8.2 62 |[2723
(36) (15.3)
X=BH, (perp), Y=H|00°| - [4.388 | 262" |2.108 12.5 - - -
(37 (15.1y
X=BH;, Y=H|[ 00|24 [4393] 269 [2.121 137 9.8 92 [2723
(38) 5 (14.3)
X=SH, Y=H|00[|40][4461] 277 [2061] 147(na) | 11.8 37 [2707
39)
X=S(O)H, Y=H|[oo0 ]| - [4414] 270 |2092 12.4 8.2" - -
(40) 13 15.9"
X=Ph, vy=H|[o00]| - [4321] 268 [2.060 14.8 10.4¢ - -
(41) _(17.9)
X=pF-Ph, Y=H[00]| - [4321| 268 |2058 14.9 - - -
(42) (18.09)
=pBH,-Ph, Y=H|[ 00| - [4312] 267 [2058] 147 - - -
(43) (17.8)

a Geometries and thermal rovibrational contributions from the BLYP/6-31G* level, electronic energies from the BLYRG*31dvel; absolute
enthalpies (298 K, hartrees) for enediyneke, —230.78940;13e —846.31139;17¢ —386.69118;19¢ —330.06346;20e —429.33128;21¢
—690.4075622e —1150.0219923e —347.4254826¢ —270.0627027e —344.1195328¢ —435.3439129¢ —306.02601,30e —419.35644;
31le —286.1333232¢ —286.1336033¢ —286.1185734e —399.4763035¢ —286.4551036€ —256.2011937¢ —256.1902238¢ —256.85203;
39¢ —628.9886040¢ —704.1651741e —461.7171542¢e —560.9958343¢ —487.12913° For thep-benzynes, the nonparenthetical values are
from UBLYP (broken spin symmetry) optimizations and rovibrational corrections, while the parenthetical values are from all-restricted oasputati
and all electronic energies are from calculations using the 6-&t basis. ¢ This structure has NIMA&1, corresponding to pyramidalizing the
NH; group.d This structure has NIMA&2, corresponding to rotation and pyramidalization of the,Njrbup.€This structure has NIMA&1,
corresponding to rotation of the Bigroup.f This structure has NIMA&3, with extra imaginary frequencies for pyramidalization and deplanarization.

9 This structure has NIMA&3, with extra imaginary frequencies for rotation and pyramidalizafidrnis structure has NIMA&2, where the

extra imaginary frequency corresponds to rotation of the Btdup.' The parenthetical value is for the nonplanar R-optimized minimiuFhis
structure has NIMAG=2, corresponding to two possible modes of coupled: Nyfamidalization/ring deplanarization; thus a slightly lower energy
structure with a planar/coplanar amino group exists on the R-surface, but is meanihglB&¥.P/6-311+G**//BLYP/6-31G* value, since broken
symmetry optimization was not affected in this case; the U-optimized value would be somewhaXltetsguite U-optimized (within 16-8 hartrees)
despite many cycles and exact calculation of Hessian; vibrational correction estifhditesl nonparenthetical value is estimated from UBLYP/
6-31G*//BLYP/6-31G*, as an unrestricted energy at 6-3GF* could not be obtained; the parenthetical value is for the nonplanar R-optimized
minimum; the triplet state was optimized, and its geometry is included in Figure 3, but its energy, 1 kcal/mol above the U-value for the R-singlet,
is not particularly meaningful Es is the relative enthalpic stabilization, in kcal/mol, of the enediyne induced by the substituent, as judged from
isodesmic eq 1 at the BLYP/6-3+G**//BLYP/6 —31G* level.° Spin corrected enthalpies of BSDFT singlet energiese text for details? This
parameter is defined in Table 1Ry, is the distance between the radical centers in the benzynes.
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enediyne with the anisyl replaced by H. Since our calculations form) has almost no net effect, nor does OH. Na@ises the
suggest that relative entropy factors are essentially constant, thidarrier appreciably due, probably, to its very strong electron-
must translate primarily into enthalpy effects. The authors withdrawing capacity (note that it&s indicates it barely
suggested that interaction with the phenyl ring would be stabilizes the enediyne structure relative to methyl). The ester
relatively less important in the transition state, thereby attributing (OCHO) and amide (NHCHO) results appear anomalous (lower
the rate retardation to ground state stabilization; our results (seebarriers), but this may be due to an enediyne ground state, rather
below) indicate relatively strong conjugative effects in the than the more usual transition state, effect. In accord with this
transition state. As is seen from Table 2, our calculations indicate possibility, we note that the ester and amjgbenzynes are

an approximately 1 kcal/malecreasen the cyclization barrier relatively low in energy, consistent with a “less stabilized”
(41-43vs 1), in contrast to the results fad. However, subtle enediyne. Inspection of th&s values reveals that the ester and
conformational effects may be at play here, perhaps including amide each stabilize the enediyne moiety much less than the
interaction between the OTBS group at the bridgeheaddof  alcohol and amine. If stabilization of the transition states is
with the electron rich anisyl group which might cause the anisyl somewhat differentially smaller, then the lower barriers would
to adopt a dihedral angle relationship with the enediyne unit result.

that is not ideal for cyclization assistance (cf. our discussion of  This leaves us to explain the strong effects of halogens. We
the effect of rotating the amino substituent on the cyclization considered the possibility that direct (through space) interaction
barrier), and thereby lead to the observed retardation. of an in-plane orbital with the developing radical center could
either destabilize (when the orbital is filled) or stabilize (when
the orbital is empty) the transition state (cf. Figure 1c). Such
an effect would explain the benign effect of OH (which has a
conformation as in Figure 1b) and might also account for the
increased retardation predicted for a perpendiculap btdup
over a coplanar one (cf. Table 2, entries—12}). The only

In the cases studied here, it is clear that the electronic effects.Sllghtly greater effect of F over CI can be understood when it

of F and BH, which are significant, and in the opposite 's noted that the egpectedlly strong in-plane._e.ffect of F is
direction, when attached directly to the vinylic position of the somewhgt offset by its reIgtwer greater stab|l!zmg eﬁeCt on
enediyne unit, are completely damped out when they are the enediyne (seks values in Table 2). Interestingly, a fixed

relegated to the para position of the phenyl substituent. It should perpendicular N@group has a“sllghtlgagcieleratve effect (0.2

be noted that the structures of the three phenyl-substituted casegcall mol), ltl:ork;s@en(; V‘I”th tlhe dlone pa;]r on th%;]\l of thebnltro
are as similar as the energetics. The dihedral angles betwee roup really being delocalized onto the oxyg Q’.o_pro €
the phenyl ring and the vinyl group to which it is attached are his e_ffect further, we caIcuIate_d the (_effect of moving the .N
23.3-24.7 for the enediynes, 17-20.0° for the transition (B) with respect to the developing radical center by changing

states, and 26:629.4 for the p-benzynes, which allow for the.vglltj)e ofox f.ronlr;[heNopE?mlz(e;dkvalge (Cfil Flt?]ure X Wats- |
significant conjugation. varied by moving the N (B) and keeping all other geometrical

parameters constant; the energy values are electronic energies

x P y P only, i.e., not ZPVE corrected). It is seen that moving the
‘<+ CH, —» ]< + CHX W coplanar NH group toward the developing radical center
X X actually decreases the barrier. The data show the ground state

_ _ to be more destabilized by the smalter while the transition
(2) Directly Attached Substituents>® The standard approach  state is more destabilized by the larger The effects are
to substituent effects is to. try to dlstanU|s+(|nductlve) from (56) The effect of these substituents on cycloreversion opthenzynes
7 (resonance) effects, with hyperconjugative and field effect g the corresponding 1-substituted hexa-3-ene-1,5-diynes was not studied,
contributions usually relegated to a minor role. The mon- except for the aforementioned C3, barrier 2.8 kcal/mol higher to a 4.8
substituents studied, Nfi, CHs, (CH,)s, and BH~, support kcal/mol less stable 1-chlorohexa-3-ene-1,5-diyte) and pyramidal NH

he id hat-d d h lization barri il (31t, barrier 2.1 kcal/mol higher to a 0.1 kcal/mol more stable 1-aminohexa-
the idea that-donors decrease the cyclization barrier, wiile 3-ene-1,5-diyne, 31€). The NH result is significant with respect to the

withdrawing groups raise the barrier, although the effect is only effect of neighboring unsaturated nitrogen in the annulated cases discussed
about 0.5 kcal/mol in each direction. It is interesting that these herein.

: : : : (57) Both amino enediynes, transition states, andotbenzyne are all
substituents also raise and lower the relative energy of their pyramidal, with the lone pair “aligning” with the plane of the six carbons.

respectivep-benzynes in the same direction as they effect the The inversion barriers (BLYP/6-3#1G**) are as follows: 3-amino
cyclization barrier. As implied by the stabilization energy enediyne, 0.5 kcal/mol; corresponding transition state, 1.2 kcal/mol;

; ; ; p-benzyne, 1.6 kcal/mol. Aniline, on the other hand, is totally planar. The
derived from isodesmic eq 1, the effect of BHs enormous, low inversion barriers are clearly due to conjugation. For arbtated NH

and must be felt even more at the transjtion state. structure, the 3-amino enediyne inversion barriers are 1.8 and 5.3 kcal/mol
Most of the other substituents have either filled or empty p (2 pyramidal forms, with the one with the lone pair facing the vinylic H

orbitals, and should, therefore, exhibit conjugative effects. It is favored), while thep-benzyne barriers are 1.9 and 3.2 kcal/mol (again

immediately apparent that no straightforward linear free energy {ﬁ;"gg‘,ﬂgfa“;’;&;mbgﬁ?eﬁhg '§Tk@§{,§$§',”g the neighboring H): for aniline,

relationship will emerge. For example, the CHO (formyl) and (58) There may also be an in-plane retardation from the 1,4-interaction
F substituents are electron withdrawing (but for different of afilled orbital on the oxygen atom of the N@roup with the proximal

reasons, although both have about the sameand OH is developing radical center. The evidence for this comes from preliminary
! results for the amine oxide case. Two conformations were considered

stronglys donating, yet CHO and OH have essentially no effect (oncc dihedral angle held fixed), and the cyclization barrierifovas
on the cyclization barrier, while F raises it the most. While the calculated to be about 1 kcal/mol higer than that iiorAlso, overall
latter is stronglys withdrawing, OH is too (relative to C or H) conformationii is about 2.5 kcal/mol more stable thiaffor the enediyne).

but it has no effect. Why? It is clear thatdonation weakly % = W, =
lowers the barrier, and this effect often conflicts with H\“;\,< W i
withdrawal, which has the opposite effect. Thus MN(dither “ S

the natural pyramidal forr®, or the enforced planar/coplanar i i
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Table 3. Relative EnthalpiesHzgs kcal/mol) of Stationary Points
for Various Annulated Systerhs

Pz Lot S =t
ql I o : S
X

w5 > ) ring-:)pening
compd. enediyne transité:)n state p-benzyne® transition medil'xjm ring
“enediyne”
X a®  EjGemd)  a(%) © ® e i
NH 105 26.9 111 Hea d Hea d Al;n.z Hc (Hrel, SC) Hea Hu
coplanar,  115% 28.8 121* @ ® (a0
planar 125 30.7 131 7 00 |454 | 274 |207 | 43 | 143(106)
I 6 3 [5.1]
NH, 107 313 111 L 2719}
perpend.,  117* 29.6 121* = 20.4(16.5)
planar 127 27.6 131 @; 9 00 [425 | 275 |201 | 62 15.3] 26.1 110
RS 4 8 {2734}
BH, 111 25.8 117 i
coplanar  121%* 26.1 127* @ as s | 274 [201 | 61
131 257 137 S I il I ke B
PN 18.6 (14.7)
BH, 98 26.6 106 o0 00 |421 | 265 203 | 66 (5.4]
perpend.  108* 26.8 116* i 8 4 1&'23)1)
-z LN . .
118 27.0 126 NJI“ 00 (428 | 267 [204 | 62 [6.1]1 213 12.0
* = optimized value T s : 17(21'75;)2)
ﬁj[ 41 0.0 |4.18 | 264 |204 | 74 57 ca 17 53
Figure 2. Activation energies as a function ef, as calculated at SwTS. ) 8 (2.784)
BLYP/6-311HG**; See text for details. AN ,
w IzJ 1 0.0 4.;3 26.6 2.(;3 8.8 19.?6%]5.5) ca. 19 7.2
reversed for the perpendicular NHThe ground state effects i - 5(25.8(1)2}4
are almost exactly the same (ca. 4 kcal/mol) as for the coplanar @L‘ . 00 |433 | 283 |204 | 47 '[fs]' )
NH, but the transition state shows a much greater destabilization | ~—= ? 2 12.690)

. ey 20.4 (16.1)
(6 kcal/mol vs 2 kcal/mol) of the smaller structure, consistent @:‘” 00 |473 | 288 |206 | 48 (7.4]

with the postulated in-plane destabilizing orbital interaction. The ! s 12789

) n ~ 233 (19.1)
data for the BH substituent show the opposite trend. For the "“\/;,[LS“ 00 1463 | 279 1204 | 64 (lzlggsl}

coplanar geometry, the angle changes have little effect, and no[7_< 218 (17.4)
direction. However, for the perpendicular BHrientation, the S e e e e R e A
cyclization barrier decreases asdecreases, consistent with a R 18.9 (14.7)
stabilizing in-plane orbital interaction. CLyo |00 [4ge | e 2o | o 500)
Annulation. The relative enthalpies of the 14 annulated cases <‘*‘ s | oo |ass | 314 |201 | 40 e
we have studied (7 6MR, 6 5MR, and 1 4MR annulations) are | =+ 4 4 {2.800}
given in Table 3. Thel values for the 3 ring-opening transition o | oo [aee | 227 200 | a5 | iy
states and the 5 medium rings that result therefrom are shown| —** 6 9 {2739)
in the structural figures. Also given in Table 3 is the parameter B‘[Hsa 0.0 513 | 209 |216 | 39 14.52(.181].5) 145 3.0
Ar1 5 which is the increase in the bond length of the “ene double —=; 2 2 {2500}
bond” from the starting enediyne to the cyclization transition 5’ S R T N {52]
state; this parameter is discussed with respect to the préposal enn
that its value is related to cyclization rate. a Geometries and thermal rovibrational contributions from the BLYP/

; ; 6-31G* level, electronic energies from the BLYP/6-31G** level,
Itis seen that benzoannulation produces an enedfirib4t absolute enthalpies (298 K, hartrees) for enediyries:—384.36674;

should cyclize at about the same rate as the paignn(@accord  10e —400.4285511¢ —570.0599645¢ —483 64460466 —416.49463;
with observation; cyclohexadiene-annulated enediygeis 47e —416.4876448e —385.5059149¢ —362.3339750e —362.33182;
somewhat less reactive thanand serves as a reasonable model 5le —378.3907552¢ —378.4070053¢ —378.7590154¢ -308.12519.
for annulation without aromatization (as da23for the SMR ® For thep-benzynes, the values are from UBLYP/6-31G* (broken spin
symmetry) optimizations and rovibrational corrections, electronic

cases). In accord with the small increase in the observed H atomene'rgies from the UBLYP/6-3G** level; (He59) values are spin

abstraction barrier fodp, the AE(s7) for 9pis calculated to be  corrected; see Table 2 for definitionsté(SC), AE(s7), andrap © Ary

5.3 kcal/mol (6-31%G** basis + ZPVE), which is only 0.2 is the difference in the {C, bond distances, in pm, between the starting

kcal/mol greater than that fdp. Once again, substituent effects ~ enediyne and its cyclization transition stet&hese “transition states”

are not transmitted, a5 has the same barrier 8§° Heteroatom @€ not stationary points on the R surface (see text).

substitution produces very little effect on the calculated cy- although they are similar, except for the positively charged

clization barrier: 10, 46, 47, and 11 all have essentially the  imidazolium fused case58), whose relatively high barrier is

same cyclization barriers, and these are at most 1 kcal/mol lessreminiscent of the ammonium ion substituent resu8g).( It

than that for9. Thus we cannot explain the apparently rapid would appear that the imidazole/imidazolium p&2/63) might

cyclization of pyrimidinel2, which we would expect to be quite  be useful in terms of changing reactivity with pH. We note that

similar to 46. The 5MR annulated cases appear to have the in-plane lone-pair direct overlap (Figure 1c), which signifi-

somewhat greater cyclization barriers than the 6MR ones, cantly inhibits cyclization for the cases discussed above, is not
(59) A recent study of several analoguesiéfgave a Hammefh value operative '_n the anr!UIated cases (e.g.,_IOr 11, 46, 47, or

of 0.65. The reactivity range went from 0.8 to 2.8 times as reactiv@ as ~ ©2). The difference is that the overlap integrals between the

This corresponds to an activation free energy decrease of 0.9 kcal/mol to relevant orbitals for the annulated cases are expected to be much
an increase of 0.2 kcal/mol (at 17€). Since F would fall in the middle
of the substituent range studied, essentially no effect calculated is consistent (60) A recent synthesis of substituted derivatives5&fprovides the
with the experimental findings (Choy, N.; Kim, C.-S.; Ballestero, C.; Artigas, potential to investigate the Bergman cyclization of the imidazole/imidazo-
L.; Diez, C.; Lichtenberger, F.; Shapiro, J.; Russell, KT€trahedron Lett. lium pair (Kim, G.; Kang, S.; Ryu, Y.; Keum, G.; Seo, M.Synth. Commun
200Q 41, 6955). 1999 29, 507).
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smaller than those for the nonannulated ones discussed abov
because the lone-pair vector makes a much more obtuse angl
with the radical center vector for the annulated structures.
The Ar; , values show conclusively that the amount of bond
lengthening is not related to the activation barrier. Thus the two
largest barriers53 and54) are associated with ttemallestAr; »
values, but the next smallest value (fgrhas one of the lower
activation barriers. The explanation for the relative reactivities
of 5and6 lies elsewhere. How, then, might the low reactivities
of 5 and 11e be explained? One possibility is low H atom
abstraction reactivity, as found for 9,10-anthracfhave
calculate aAE(st) of 6.6 kcal/mol forllp, which is 1.5 kcal/
mol higher than that fotp at the same level of theory. For the

Jones and Warner

enediyne case, however, these medium ringsemsestabléhan

¢he initial enediynes. And since the conditions are equilibrium
producing (i.e., enough energy is being pumped into the system
to traverse the highest energy barrier, which is the initial
cyclization), the medium rings just revert to starting material.
Eventually, thep-benzynes bleed off via aromatization, and the
entire process is seen as very slow disappearance of the starting
material.

Within this group, this behavior is restricted to the cases
where two unsaturated nitrogens are connected to the enediyne,
and it is worth asking what is special about this situation.
Examination of the structures of the medium rings is revealing.

It is seen that the bisdehydro[10]annul@mer has an outwardly

9,10-anthracyne case, where the H abstraction rate decreasefloyed structure quite similar to that of the cyclic enediynes

by more than 2 orders of magnitude, we calculateEgsT) only

0.1 kcal/mol greater than that fdip (see the next 2 sections
for a more detailed discussion of triplets and H abstraction rates).
So possibly low H abstraction rates may be a factor, while these
unreactive cases also involve enhanced reversibility, i.e., the
intermediatep-benzynes are unusually unstable, and cyclor-

13—18. However, as depicted in the line drawing #8mr and
47mr (and shown exactly in Figure 3), the?sgtrogen induces

an inward bend, which is clearly associated with the in-plane
lone pair on N; elimination of that lone pair via protonation
produces54, which is structurally virtually identical t@mr.
Obviously a cumulated resonance structure is possible for these

eversion diminishes the rate of enediyne disappearance. Itwouldfu”y conjugated medium ring compounds, so the question arises

be necessary that thebenzynesrevert, rather than open in

as to the relative importance of such structures. In an attempt

the opposite direction, as in the aza-enediyne case studied by, 54qress this problem, we calculated the structures of enforced

Chen. Examination of the relativebenzyne energies of the
benzannulate®p), pyrimidoannulated46p), pyrazinoannulated
(47p), and parentip) cases shows that these annulations are
calculated to destabilize thebenzynes by 36 kcal/mol, but

the reversion barriers are still significant (remember that the
experimentally determined reversion barrier $qris 7.4 kcal/
mol29. Comparison of the pyrazinyl ring system7{) with

the quinoxalyl one X1p) indicates that the lattgr-benzyne is

an additional 2.5 kcal/mol less stable; the extra benzene ring
causes one of the aromatic rings bfp to always have an
o-quinodimethane resonance structure (the same is trigjfor
and this may be enough to explain the diminished reactivity of
at leasts. The nonaromatic resonance structure problem (note
the longer length of the “annulated ene” double bond, in
thesep-benzynes) is also evident in the calculated instability
of 50p relative to49p, an effect that is clearly not felt in the
corresponding transition states.

= N _Nez= N /
(O (D

46mr 4Tmr

)
|
N—==

9mr

H
N—==s N Ne=
o 0o r
Ny = N _ N =
55 56 57

But an even more significant, surprising effect is operative
for 47 and 11. This became evident when we attempted to
R-optimize thep-benzynes4{7pand11p). In both cases, 10MR
products 47mr and11mr) were produced by the optimization
routine. While thep-benzynes were minima on the U surface,
attempts to find ring-opening transition statd3 ¢t and11of)
also failed. It became clear that these do not exist on the
RBLYP/6-31G* surface, since structures close to appropriate
transition state geometries had energies only slightly above the
unrestricted energies for thgbenzynes. In other words, the
restricted surface just goes downbhill from the initial transition
states 47t and 11t) to the 10MR products. Of course the real
p-benzynes are undoubtedly minima, but with rather small
barriers to ring opening to the medium rings. Unlike the aza-

N=C=C=
¢ Cc
N

58

(61) Schottelius, M. J.; Chen, B. Am. Chem. S0d 996 118 4896.

cumuleneb5, and acetylen&6. As shown, the former exhibits
more of an inward bend, but this bend is still present in the
latter (and even slightly in the acycl&). So while we observe
that the bond distances #6mr and47mr are in accord with

a significant cumulenic contribution, the main factor in causing
the inward bend appears to be the in-plane N lone pair. However,
stabilization comes with having the N in position to be at the
terminus of a cumulated structure, sin€émr is 2.3 kcal/mol
lower in enthalpy thartémr (a situation that is reversed for
the relevang, t, andp structures).

Armed with an understanding dfl and 47, we suspected
that Schreiner’s failure to find a cyclization transition state for
54mr (to 54p) was due to a similarly low barrier frorb4p
(and/or an unusual transition state structure). We readily
obtained the U-optimized structure f&4p, but subsequent
calculations revealed that this was indeed an unusual case. First
of all, the frequency calculation d¥mr revealed that it was a
transition state, but the slightly twisted minimum was odly
cal/mollower. Inclusion of the rovibrational corrections placed
the C,, structure 0.6 kcal/mol below the twisted one. Obviously
the twisting relieves torsional strain, while exacerbating acety-
lenic bending strain. The reason this may be of more than a
passing theoretical amusement is that it is possible that the
inactive form of some natural enediynes, such as the apoprotein
incarcerated C-1027, may be inactivated, in part, by twisting
of the acetylenes with respect to each other. Second, we were
surprised to find that R-optimization &4p also produced a
stable structure, as this meant that a transition state between
54p and54mr could be located. Interestingly, the restrict&tp
structure is calculated to be 0.2 kcal/nba@lowthe unrestricted
one at the 6-311G** level (and only 0.3 kcal/mol above at
the 6-31G* level). The energetic similarity between U and R
structures is reminiscent of the 3-aza-enediyne case, as is the
large calculated\E(s) (12.8 kcal/mol at 6-311G** + ZPVE
vs 14 kcal/mol for the aza-enediyne). An additional similarity
is that the more stable enediyr&l(nr) is reached by the lower
transition state34ot), unlike the situation for thd.1/47 pair.

As shown in Table 3, the enthalpy 6#ot at the 6-31#G**
level actually falls below that 0b4p, although it is 1.1 kcal/
mol higher at 6-31G*. Transition stat&lot has an unusually
shortd = 1.786 A. Of interest with respect to possible drug
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Figure 3. Ball and stick drawings of selected enediynek {ransition statest), andp-benzynesg).
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design is the relatively high barrier betwegf#eand54p. The
4MR is more effective at raising the cyclization barrier than is
a single halogen. Finally, the energy difference betwgée
and54mr is quite small, with54ebeing much less disfavored
than the ca. 15 kcal/mol indicated by PM3 semiempirical theory.
The Singlet-Triplet Energy Gap. Tables 2 and 3 contain
the singlet-triplet energy gaps for 28 of thebenzynes reported
herein. As can be seen in the former table, expectafidhat
o electron withdrawal would decrease the singleiplet gap
are confirmed. That it is & effect is seen by noting th@tEst
decreases in the order GH-NH, > OH > NO, ~ NH3*;

concomitant bond distance effects are also apparent (see Figure O

3). Also, the prediction that compression of the radigaldical
distanceI(3r) would increase through-space interaction, and thus
lower theAEst, holds for homologous compounds, e.g.,48p,

1p, 23p, and 54p, where thera, and AEst values increase
together. Otherwise, however, other factors overcome the
distance effect. For examplgl, 50, 53, and54 have about the
samerp, but widely divergentAEst values. Also20 and 22
have similarAEst values, but fairly different, values, with

the shorterry, corresponding to the largexEsy. Finally, the
notion that asymmetrip-benzynes, as in the natural products,
would have larger singlettriplet splittings because the radical
orbital degeneracy would be broken does not seem to hold
(much as WoodwardHoffmann “orbital symmetry” rules are
not restricted to symmetric systems). For example, megthyl-
benzyne 26p) has a smaller splitting than the paretp) or

the symmetrically dialkylated benzy@8p. Also, unsymmetrical
benzyned 0p and46p have about the same or smaller splittings
than symmetrica®p, 11p, 47p, and59. And the largest splitting
encountered herein is for symmetrical cyclobpaenzyneb54p.

H
X . X . .
j@ + —_— + +  AH.(2) 2)
X N X
H H H
. . H
X X -
+ —> +© + AH,(3) G
X X
H H H .
H H
X ; X ;
D000 w0
x . X .
H H

AH,(2)

+  AH(3)

AH, (4)

H Atom Abstraction and the Singlet—Triplet Gap. As
mentioned earlier, the singtetriplet gap, which is enhanced
by singlet stabilization via both through-space and through-bond
effects, is thought to be reflective of singfebenzyne reactivity,
with a small gap indicating relatively greater reactivity. Although
qualitatively appealing, one might question the quantitative
application of this idea. In fact, careful evaluation of Roth’s
data for the kinetics ofl and 9 reveals that9 has an
approximately 0.6 kcal higher enthalpic barrier to H abstraction,
but this is overcome by entropic effects, to whém reacts
more rapidly tharlp with MeOH, and at about the same rate
as the phenyl radicdP Hirama’s apparently contradictory
observation that the H abstraction step is kinetically important
for the cycloaromatization d (whereas it is not foll) may be

due to the fact that his results are for abstraction from the much

more reactive 1,4-cyclohexadiene, where an earlier transition

state may alter the entropic picture. The other relevant observa-

tion is the 106-200-fold rate decrease for H abstraction from

Jones and Warner

Table 4. Enthalpies of Reactions 2, 3, and 4 and Singl&iplet
Splittings for Selecteg-Benzyne3d

AH, (2)

p-Benzyne AH, (3) AH. (4) AE(s1) rw(A) Hfs (G)T

®

2.8
@7y

238 00 5.1 2719 24
(3.8
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a Reaction enthalpies calculated at BLYP/6-31G*; singtaplet gap
calculations are for electronic energies at BLYP/6-8Gt* and BLYP/
6-31G* ZPVE corrections; all energies in kcal/mol; absolute enthalpies
of relevant arenes and radicals (hartrees): pher881.36289, benzene,
—232.02913; 2,3-difluorophenyl-429.83392, o-difluorobenzene,
—430.504140-indanyl, —347.96676, indan;-348.63253;a-cyclo-
butaphenyl—308.67012, cyclobutabenzene309.33571p-naphthyl,
—384.89383, naphthalene;385.56039; 9-anthryl;-538.41925, an-
thracene;—539.08619p.-isopyrrolophenyl,—362.84639; lhclbenzopy-
rrole, —363.51220p-quinoxalyl,—570.54263, quinoxaline;571.21053;
a-imidazolium-phenyl;—379.29189, benzoimidazolium ior379.96477.

b The report of this value as4.2 at the same level of theory in ref 12

is due to that author’s use of R-optimized geometry and energy for
1p, whereas we use U values throughduExperimental values as
reported in ref 519 Hyperfine splitting constants, calculated at the
UBLYP/6-311+G** level, for the p-H of the radical formed by adding

an H to one of the radical centers in thdenzyne, i.e., the radicals of
eq 3, the energies for which are given in footnatabove; the only
known experimental value is given in parentheses (ref 64).

-2.9 02 53 2.734 24

p
3
o

s

-0.1 52 2.737 23

50p 44 10.0 2.795 4.1

-0.3 6.6 2.805 22

-7.0 -8.1 5.0 2.800 25

iPrOH and MeCN by 9,10-anthracyrisdj relative to the phenyl
radical, although the temperature dependence was not measured.
Our calculatedAEst for 59 is 5.2 kcal/mol, right between that

for 1p (5.1) and9p (5.3). Another way to relatively easily
evaluate the H abstraction capability ofpabenzyne is to
calculate the enthalpy of reaction of isodesmic eq 4, as has been
performed by several authoks%2 A better assessment should
derive from the first abstraction step, eq 2, but this requires the
more demanding calculation of radical enerdiegable 4
reports the reaction enthalpies of egs4for 9 p-benzynes. If

eqg 4 is to give an adequate approximation of eq 2, then the
reaction enthalpies of eq 3 must remain constant. The results
show that this notion holds well for the hydrocarbon cases, but
not so well for heterosubstituted cas&@p, 11p, and53p. It
remains to be determined whether direct calculations of H
abstraction activation barriers will confirm the “discrepancies”
for heterosubstitution.

An alternative is that the singletriplet gaps have been
miscalculated at the DFT level of theory. Cramer and Sqtfires
showed that the DFT-calculated radical hyperfine coupling of
the H in the position where removal would give the aryne
correlated well with the singlettriplet splitting calculated with

(62) Kraka, E.; Cremer, DJ. Am. Chem. So200Q 122,8245.

(63) Of course the best approach would be to calculate the energy of
the transition state for abstraction, which has been attempted for only the
parent casé?

(64) Cramer, C. J.; Squires, R. R.Phys Chem. A997 101, 9191. We
thank a referee for suggesting this singletplet gap test.
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14 but sometimes dramatic effects prbenzyne H abstraction vs

. bt retro- or forward Bergman reaction rates. In particular, neigh-
boring unsaturated nitrogen can facilitate forward ring opening

1 to medium rings with cumulenic resonance structures. We were

s also able to delineate the complete Bergman cyclization pathway
. for 1,2-diethynylcyclobutene.

\ﬁ/ e \ﬁ/ = /,L =
27 ON ! —————= [H,N | — |
= oxoreductase = ==
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E(T)-E(S), kealmal
&

64

’ i : : ) ) ’ On the basis of the findings reported herein, our current
objective is to exploit electronic effects at the vinyl position to
design bona fide prodrugs which undergo activation under
cellular conditions. One possibility would be 3-nitrocyclodeca-
3-ene-1,5-diyne§0), which could undergo reduction to give
CASPT2 R = 0.97 for benzynes and naphthalynes). Figure 4 more reactive 3-aminocyclodeca-3-ene-1,5-diyi#. Precedent
shows the results for the 9 cases given in Table 4. The eXists for such transformations in hypoxic tumor cells, providing
correlation coefficientR2 = 0.96) shows that the DFT singtet an inbuilt selectivity inde¥® Another possibility would be to
triplet gaps are reliable. The only point appreciably off the utilize the reduced reactivity of a quaternary aminoenediyne,
correlation line is fop-indanyne 23p), where the singlettriplet ~ such as52, which would be expected to undergo bioreductive
gap appears to be overestimated. In any event, the heterosubelimination to 63 under hypoxic conditions, resulting in

stituted cases mentioned above have well-correlated singlet Spontaneous release of the free (and more reactive) avine
triplet gaps. We anticipate that our recently developed route to chloroene-

diynes will facilitate many of the proposed prodrug synthées,
Conclusions and Applications either by metat-halogen exchange and subsequent coupling or
direct addition of organometallic reagents.

'H isotropic hyperfine splitting, G
Figure 4. BLYP p-benzyne singlettriplet splittings for the arynes of
Table 4 vs BLYP/6-311G** hfs for the corresponding monoradicals
(R? = 0.96).

DFT calculations effectively explain the observed retardation
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