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Dihalocarbenes add regioselectively to aryl-substituted benzocyclopropenes to produce dihalobenzocy-
clobutenes. The regioselectivity of addition is not due to steric effects but depends on the electronic
donor or acceptor ability of the substituent. B3LYP/6-31G* calculations show preferentiala@dition

to substituted benzocyclopropene through electrophilic attack on the benzocyclopmggstem E, =

1.1-2.4 kcal/mol) rather than €C o-bond insertion into the cyclopropenyl moiet,(= 5—24 kcal/

mol). z-Addition proceeds regioselectively through a single transition state to xylylene intermediates or

directly to benzocyclobutene products.

Introduction

Although the cyclopropanation of unstrained alkenes with
singlet carbenes has been well studied and the concerted natur

of its mechanism widely acceptéd!! experimental and com-

putational investigations of singlet carbene additions to small-

ring olefins are fewer in numbé?-16 Dibromo- and dichloro-

(1) Kirmse, W.Carbene Chemistr2nd ed.; Academic Press: New York,
1971; pp 267362.

(2) Moss, R. A. InCarbenesJones, M., Jr., Moss, R. A., Eds.; Wiley:
New York, 1973; Vol. 1, pp 153304.

(3) () Skell, P. S.; Woodworth, R. @. Am. Chem. Sod956 78, 4496.
(b) Skell, P. S.; Woodworth, R. . Am. Chem. Sod.959 81, 3383.

(4) Moore, W. R.; Moser, W. R.; LaPrade, J. E.Org. Chem1963
28, 2200.

(5) (@) Hoffmann, RJ. Am. Chem. S0d.968 90, 1475. (b) Hoffmann,
R.; Hayes, D. M.; Skell, P. Sl. Phys. Cheml1972 76, 664.

(6) Keating, A. E.; Merrigan, S. R.; Singleton, D. A.; Houk, K. Bl
Am. Chem. Sod 999 121, 3933-3938.

(7) Rondan, N. G.; Houk, K. N.; Moss, R. A. Am. Chem. S0d.98Q
102 1770.

(8) Houk, K. N.; Rondan, N. G.; Mareda, J. Am. Chem. Sod.984
106, 4291.

(9) Blake, J. F.; Wierschke, S. G.; Jorgensen, WJ.LAm. Chem. Soc.
1989 111, 1919.

(10) Keating, A. E.; Garcia-Garibay, M. A.; Houk, K. N. Am. Chem.
Soc.1997 119, 10805.

(11) Bernardi, F.; Bottoni, A.; Canepa, C.; Olivucci, M.; Robb, M. A;

Tonachini, G.J. Org. Chem1997, 62, 2018.

(12) (a) Trost, B. M.; Atkins, R. CJ. Chem. Soc., Chem. Commaf71,
1254. (b) Dehmlow, E. VTetrahedron Lett1975 203. (c) Hart, H.; Nitta,
M. Tetrahedron Lett1974 2109. (d) Mahler, WJ. Am. Chem. S0d.962
84, 4600.
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carbene react with cyclopropene and cyclobutene to give,
respectively, 2,3-dihalocyclobutene and 2,3-dihalocyclopentene
as major products, from cationic cyclopropyl allyl (CCA)
?earrangements of the likely dihalo[1.1.0]bicyclobutane and
dihalo[2.1.0]bicyclopentane intermediates (egs 1a arid Ryr
:CX, (X = Br, CI) addition to benzocyclopropengd), Kagabu
and Saito invoked an analogous intermedi&®,to account
for the formation of dihalobenzocyclobuter@a (eq 3)®
However, in none of these cases were the intermediate adducts
isolated or observed spectroscopically.

Benzocyclopropenel§) reacts with a variety of electrophiles
in addition to :C%.17 The type of intermediate involved in the
addition depends upon the electrophile added. Garratt and co-
workers reported the intermediacy of Wheland intermediates
for the regioselective addition of HCI, Brand b to 1b (eqs
4a,b); eq 4a was preferrédiBillups et al. determined that the
reaction oflawith a methylene ruthenium carbenoid proceeds

(13) (a) Weber, J.; Brinker, U. HAngew. Chem., Int. Ed. Endl997,
36, 1623. (b) Weber, J.; Xu, L.; Brinker, U. Hetrahedron Lett1992 33,
4537.
(14) Merrer, D. C.; Rablen, P. R. Org. Chem2005 70, 1630.
(15) Kagabu, S.; Saito, KTetrahedron Lett1988 29, 675.
(16) Sevin, F.; McKee, M. L.; Shevlin, P. B. Org. Chem2004 69,
382. This article details reactions of carbenes with cyclopropane and more
generally discusses reactions of carbenes with strained ring compounds to
give newo- andsr-bonds simultaneously.
(17) (a) Halton, BChem. Re. 2003 103 1327. (b) Sadana, A. K.; Saini,
R. K.; Billups, W. E.Chem. Re. 2003 103 1539.
(18) Bee, L. K.; Garratt, P. J.; Mansuri, M. M. Am. Chem. S0d.98Q
102 7076.
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4 :C(::)z X X‘Q ) varied (R=H, Me, Br, CHO). Congtant regioisomeric product
“ ratios3/4, regardless of the electronic nature of R, would suggest
oy X a mechanism through a more symmetric-type intermediate (i.e.,
M /J\ 2) (Scheme 1, route A). In contrast, variations3¢f dependent
= X on R would support a path(s) through an asymmetric intermedi-

ate (i.e.50r6, or 7 or 8) (Scheme 1, routes B or C, respectively)
CX X or concerted formation of product (route D).
[ — Qfx - Q @ Furthermore, if :CX% addition proceeds via zwitterionic
X X intermediatesy, 6), we expect an electron-donating group (edg;
R RX x R e.g., R= Me) to preferentially stabiliz&, thereby regioselec-
e X x tively yielding 3 as the major benzocyclobutene product. In
©> _CX @K . @j/ 3) contrast, electron-withdrawing substituents (ewg; e.g= Br,
X CHO) would destabilizé by resonance, favoring the rouge
1a 2a 3a — 4. We expect ewg'’s to inductively destabilife although
a,R=H we believe this effect not as detrimental as the resonance
) ] ) destabilization ob.
in part through a xylylene intermediate that can be trapped as  genzocyclopropenel&)2° and its derivativedb—d?122were
a Diels-Alder adduct with dimethyl acetylenedicarboxylate (eq synthesized according to literature procedures. Eachwis
5):1 We have recently shown :C£hddition to cyclopropene  yeacted with each of :CBand :CC generated from haloform
to proceed not only via the major bicyclq[l.1.0]butane-mediated andtert-butoxide323 The yield€3 of dihalobicyclobutene prod-
pathway (eq 1a), but also through a minor, concerted route 1o cts decreased with decreased electron-donating strength of R:
butadiene product (eq 1&) These major and minor paths share \yhen R= Me, the yields of3b + 4b were 62% (X= Br) and
a common transition state on the potential energy surface (PES)3404 (x = CI), compared to yields of 29% (% Br) and 6%
of this system and diverge at a bifurcation point, where the (X = ClI) for 3c + 4c (i.e., when R= Br). Additionally, 1d (R
bifurcation is attributed to nonstatistical dynamic effects. = CHO) reacted with neither :CBmor :CCb to form 3d or

R R R 4d.2* We attribute the unreactivity dfd toward :CX% addition

@ CEX @x in part to the reduced nucleophilicity @fl (relative tola, 1b,
R T - G oy P or 1¢) imparted by the more strongly electron-withdrawing
©> Xy ~_ R o formyl substituent, as well as preferential reactiorildfwith

R
@ @EEHZ @cazv tert-butoxide?
« ’ c @ In terms of the distribution of benzocyclobuter@sind 4,

X we see regioselectivity for the reaction of :gXith 1. When
R = Me, 3b/4b = 2 for addition of both :CBrand :CC}. When

WG R E R = Br, the selectivity reverses3d4c = 0.33 for addition of

©> O @CR“%LZ Ci E-CoMe E © :CBr, and 0.20 for :g:C;J addition?®> We used the!H NMR

1a chemical shifts of the methylene and, where applicable, methyl
protons to distinguish between regioisomedsand 4 and
establish their identities. The chemical shifts of proximal
addition product3b’s methyl and methylene protons were
expected to be downfield of those &b, and that is what was
observed: foBb-Cl, the methyl and methylene protons resonate
at 2.41 and 4.07 ppm, respectively, compared to 2.22 and 4.05
ppm for 4b-Cl; for 3b-Br, the methyl and methylene protons
resonate at 2.39 and 4.25 ppm, respectively, compared to 2.20
and 4.23 ppm fodb-Br. In the case of bromo derivativ8s vs
4c, the chemical shifts of distal addition proddts methylene
protons were expected to resonate downfield of thos8cof

Because the previous report of :gxddition to benzocyclo-
propenelal® did not provide conclusive evidence for the
intermediacy oRa, and because other electrophiles (e.g., HCl/
Bra/l, and Ru carbenoids) add foby alternative mechanisms
(i.e., involving charget and xylylene intermediaté8 respec-
tively), we set out to determine the mechanism of ;@#dition
to 1. We have used experimental and computational techniques
to investigate the feasibility of the following possible mecha-
nistic routes (Scheme 1): (A) Kagabu and Saito’s original
proposed pathway through intermediat® (B) initial dipolar
addition through zwitterions5(and 6) followed by rearrange-
ment to product, analogous to Garratt et al.'s find#figsr HCI, (20) Billups, W. E.; Blakeney, A. J.; Chow, W. YOrg. Synth.1976
Brz, or Iz addition tolb, (C) a mechanism involving xylylene 55712
intermediates { and 8) which then ring-close to benzocy- (21) Forlcandld: Logan, C. F.Tetrahedron Lett1995 36, 8765.
clobutene products, (D) addition to form benzocyclobutedies ~_(22) For1b: (a) Halton, B.; Randall, C. JJ. Am. Chem. Socl983
and4 in a concerted manner, and (E) formation of xylylenes %9%6:;.18: g’%eﬁg‘i ‘Bu.),’ E?Q.da“’ €. J; Gainsford, G. J.; Robinson, W.

via propellane2: 1+ :CX;—~2—7+8—3 + 4. (23) Yields of3 + 4 were calculated relative to unreactetly integration

of the'H NMR of the product mixtures. The product rati@/d were obtained
from comparison of theitH NMR integrations of the product mixtures;
these spectra are included in the Supporting Information. Full experimental
. . details are provided in the Experimental Section and Supporting Information.
_ Ex_penmental. Our e>_(per|mental a_p_proach toward the elu- (24) Thep reactions ofLd f KOtBU + CHXs yieldecﬂery complex
cidation of the mechanism of :GXaddition to benzocyclopro-  mixtures of products, none of which appear to be the result of aiition
pene focused on regiochemical studies utilizing aryl-substituted to 1d. However, many of the products appear to be the result of reactions

; ; of 1d with tert-butoxide, as evidenced by the mass spectra of said products
benzocyclopropenesl), where the electronic nature of R is containing fragment ions wittW/'z = 105 (PhCO) and 57 (MgC™). In the

CHClI; reactions, we detected very small amountsG€l; addition told,
(29) Litosh, V. A,; Saini, R. K.; Guzman-Jimenez, I. Y.; Whitmire, K. presumably at the formyl moiety, as well. No sucBBr; + 1d addition
H.; Billups, W. E.Org. Lett.2001, 3, 65. products were detected, however.

Results and Discussion
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SCHEME 1. Proposed Mechanisms of :CX Addition to Benzocyclopropene (1)
X
ZR 1 T \/X ZR 1X X ZR 1
we e O = CHNCH
6 in X 8 2 6
X
1 2 3 4
a,R=H X=Br
b, R =Me cl R X R
¢, R=Br -—X N
d,R=CHO (B) . - 3 + 4
+ X
5 6 X
R R
CXp
I (:")1 + — ¥, 3 + 4
T c sz
7 8
(D)
. . 3 + 4
frorts
#’ 2 _¢2_> 7 + 8 _¢3_> 3 + 4
T

because of the expected deshielding effect of the aryl bromine
substituent. Again, our prediction was borne out: 8urCl,

the methylene protons have a chemical shift of 4.05 ppm,
compared to 4.09 ppm fotc-Cl; 3c-Br's methylene protons
resonate at 4.20 ppm, versus 4.25 pprddBr.

attempted trapping experiments does not preclude their forma-
tion, only that they are too short-lived to be trapped. Further
discussion and resolution of these issues follows in our
computational investigations.

Computational.25-2% We have seen experimental evidence

That these reactions are regioselective supports proposecf regioselectivity for the reaction of substitutédwith :CX;
mechanistic routes B and C (Scheme 1), which proceed through(X = Br, Cl). To rule out the effect of the steric bulk of R on

asymmetric intermediatés(or 6) and7 (or 8), respectively, or
concerted route D. Furthermore, the regioselectivity would not
seem to support paths A or E through intermedi&tehich is
expected to be nonselective in its ultimate rearrangemeat to
and4. To distinguish between mechanisms B and C, conclusive
evidence for the intermediacy of xylylen@sand 8 could be
obtained via Diels'Alder trapping of these species with
dimethyl acetylenedicarboxylate (DMAD) (eq 6), as Billups et
al. did in theirla + Ru carbenoid studi€’s.

- E——E
1+ CHXy/OBu —— > 7 + 8 5\
R X X R
E E
e
E E
X X
9 10

Becauselb (R = Me) yielded the most carbene addition
products3 and 4, we reactedLb with each of CHX/KOt-Bu
(X = Br, Cl) in the presence of DMA3? Unfortunately, none
of 9b or 10b was observed. In the case of attempted trapping
of proposed xylylene intermediates for the addition of :£t®r
1b, the yield and ratios of benzocyclobutene prodgd<Br
and 4c-Br were produced in the same yield and ratio as
previously obtained in the absence of DMAD. It does also
appear that CBrs3 has reacted with excess DMAD. In the :GCI
reactions (i.e.lb + KOtBu + CHCIl; + DMAD), carbene
addition products3¢-Cl and 4c-Cl were formed in extremely
low yields, with unreactedb recovered. Additionally, it does
not appear that CCl; reacted with DMAD; instead, DMAD
seems to have reacted with KOtBu, forming a complex mixture
of products. The absence of xylylené&sand 8 from the

7576 J. Org. Chem.Vol. 72, No. 20, 2007

the selectivity of benzocyclobutene produddsvs 4, we
conducted a computational Hammett study. The B3LYP/6-

(25) All calculations were carried out at the B3LYP/6-31G* level of
theory using Gaussian98 or 03 unless otherwise noted. All stationary points
were confirmed by frequency analyses. The reported energies include ZPE
corrections that were scaled by 0.9806 (ref 29).

(26) (a) Lee, C.; Wang, W.; Parr, R. Bhys. Re. B 1988 37, 785. (b)
Becke, A. D.Phys. Re. A1988 38, 3098. (c) Becke, A. DJ. Chem. Phys.
1993 98, 5648.

(27) Frisch, M. J.; Trucks, G. W.; Schelgel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheesesman, J. R.; Zakrzewski, V. G.; Montgomery, J. A
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennussi, B.; Pomelli, C.; Adamo, C.; Clifford, S;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. C.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. Aaussian 98revision A.11; Gaussian,
Inc.: Pittsburgh, PA, 2001.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr., Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.

(29) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.
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FIGURE 2. Potential energy surface for :GCt benzocyclopropene

FIGURE 1. Hammett plot of the energy differences between benzo- 1. Relative energies are in kilocalories per mole at B3LYP/6-31G* and
cyclobutenes3 and 4 (AAHs 4; X = Cl) for various R (B3LYP/6- are ZPE-corrected (ZPEs are scaled by 0.9806). See Table S1 in the
311G* with scaled ZPE correction). Supporting Information for alE, values.

311G* energy differences betwe8rand4 (AAHz 4 X = Cl) SCHEME |2 - and ¢1r-Addition of :CCl ;2 to
were plotted against Hammettvalues® (o) for a wide range enzocyclopropene

of substituents R (Figure #}. ‘©Cly R

The correlation in Figure 1 is linear, except when-Rert- LR R :cCl @
butyl. Unless R is quite large, its effect on the stability3ofs @ @ r cc{
4 is purely electronic in nature3 is stabilized when R= edg; 2
4is stabilized when R= ewg. Therefore, we can rule out steric m-attack o-attack

effects on the preferential formation 8fvs 4. In addition, if

steric factors were to affect product stability, we would have carbene carbon and the midpoint of the C; o-bond of1a—
predicted similar values /4 for R = Me and Br, as the sizes ¢, a method previously used with success for the investigation
of these groups are approximately eqtfaHowever, as seen  of :CCl, addition to cycloproperié and to 1-buterfe(Scheme
earlier, this was not the cas@/4 = 2 when R= Me, compared  2), and (b) the quadratic synchronous transit method.

to 3/4 = 0.20-0.33 V‘ihe“ R= Br. - The optimized transition states for :GChddition to the
The B3LYP/6-31G* PES of :CGladdition tola—c (accord- 7-system ofla—c, 1, (Figure 3a), are 1:22.4 kcal/mol higher

ing to the mechanistic routes depicted in Scheme 1) is shownn energy than the starting materials, in accord withekeal/
in Figure 2. (Table S1 in the Supporting Information contains mo| activation energies calculated for :G@ddition to cyclo-
Erel values for all stationary points shown in Scheme 1 and propené and to 1-butenéNotably, these lone transition states

Figure 2.) We considered two modes of :g@tldition tola—c lead from starting materials to each of propellage—c,
in our calculations: (1) addition to the-system ofla—c to xylylenes 7a—c and 8b,c, and benzocyclobuteneda—c and
yield propellane intermediatea—c, zwitterionic intermediates g ¢c. For :CCh addition to theo-system ofla—c, through
5a-c and 6bc, xylylene intermediates’a—c and 8b,c, or transition state & activation barriers of 524 kcal/mol are

benzocyclobutene8a—c and4b,c as the initial intermediates  computed (Figure 3b). Just as was found to be the lone
or produ’cts of :CGladdition, and (2) addition to the-system transition state forr-addition, 1, is the only transition state for
of la—c's cyclopropenyl moiety to produce either xylylenes ;_aqdition, and Falso leads to multiple products: to xylylenes
7a—c and8b,c or benzocyclobutene3a—c and4b,c directly. 7a—c and8b,c as well as to benzocyclobuter@s—c and4b,c.

To find the transition states for each of these approaches to eachy| + . and*, relative energies are compiled in Table S1 in the
of these products, we used a combination of two techniques: sypporting Information.

(a) we optimized the :C@lla—c geometries at varying distances
of r (1.0-3.5 A, in 0.1-A increments), wherewas the distance
between the carbene carbon and the midpoint of theCg
sw-bond of 1a—c, and wherer was the distance between the

The phenomenon of a single transition state leading to
multiple products on PESs containing flat reaction plateaus has
been observed previously in other systéfiis:36 These include
cyclopropane stereomutatiéhthe vinylcyclopropanecyclo-
pentene rearrangemefitand the degenerate rearrangement of

(30) Williams, A.Free Energy Relationships in Organic and Bio-Organic
Chemistry;Royal Society of Chemistry: Cambridge, 2003; pp 2291.

(31) Previous studies have attempted to correlate product ratios with  (33) (a) Carpenter, B. K. IReactve Intermediate Chemistryyloss, R.
Hammetto-constants: regioisomers of 1,3-dipolar cycloadditions of p- A., Platz, M. S., Jones, M., Jr., Eds.; Wiley: Hoboken, NJ, 2004; pp-925
substituted benzonitrile oxides and methyl propiolate (Ponti, A.; Molteni, 960. (b) Carpenter, B. Kl. Phys. Org. Chen2003 16, 858. (c) Carpenter,
G. Chem=—Eur. J. 2006 12, 1156), and products of triplet p-substituted B. K. Angew. Chem., Int. EAL998 37, 3340.
bis(2,6-dimethylphenyl)carbenes (Hu, Y.; Ishikawa, Y.; Hirai, K.; Tomioka, (34) (a) Bolton, K.; Hase, W. L.; Doubleday, C., Jr.Phys. Chem. B
H. Bull. Chem. Soc. Jpr2001, 74, 2207). These investigations showed no 1999 103 3691. (b) Doubleday, C., Jr.; Bolton, K.; Hase, W.J..Phys.
correlation between product ratios and Hammett constants. However, Chem. A1998 102 3648. (c) Doubleday, C., Jr.; Bolton, K.; Hase, W. L.
thermodynamicsAH andAS) of cis—trans isomerizations of p-substituted ~ J. Am. Chem. S0d.997 119, 5251. (d) Hrovat, D. A.; Fang, S.; Borden,
palladium(ll)-phosphine complexes do show linear correlations with W. T.; Carpenter, B. KJ. Am. Chem. S0d.997 119 5253.

Hammetto-constants (Verstuyft, A. W.; Nelson, J. khorg. Chem1975 (35) (a) Baldwin, J. EChem. Re. 2003 103 1197. (b) Doubleday, C.;
14, 1501; Knight, L. M.; Nelson, J. Hnorg. Chem.1977, 16, 1317). Li, G.; Hase, W. L.Phys. Chem. Chem. PhyX)02 4, 304. (c) Doubleday,

(32) Taft, R. W., Jr. InSteric Effects in Organic Chemistriyewman, C.J. Phys. Chem. 2001, 105 6333. (d) Doubleday, C.; Nendel, M.; Houk,
M. S., Ed.; Wiley: New York and London, 1956; p 598. K. N.; Thweatt, D.; Page, MJ. Am. Chem. S0d.999 121, 4720.
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SCHEME 3.
Mole at B3LYP/6-31G*

Cl

Ea=11-34
R / )

\/CI

/ E =41
+ :CCl, E,=1.1-2.4 (*2)

D\ @% i,

bicyclo[3.1.0]hex-2-ené® The most relevant of these to ben-
zocyclopropene is the common transition state for x@@tition
to cyclopropene, yielding dihalobicyclo[1.1.0]butane and diha-

lobutadiene products (eq 3)In the current study of :CGH-

Khrapunovich et al.

Comparison of :CCl, Addition to Cyclopropene and to Benzocyclopropene (1); Energies Are in Kilocalories per

cl
¢
¢ R
R R
cl
E, = 20-25 @j/m @;L
+
G o
cl
3 4

mechanism for :CX + la suggests that intermediate adduct
2a rearranges directly to benzocyclobutene proda{route
A).1> Attempts at finding a transition state connecti2g to
benzocyclobutene produ@a in a concerted manner were

1, intermediate propellan2 corresponds to the bicyclobutane unsuccessful. Rather, if intermedi@eis indeed formed during

in the simpler :CCl + cyclopropene case, and xylylengand

8 are analogous to butadiene (Scheme 3).

the reaction ofla with :CCl,, it must first rearrange, over a
40—41 kcal/mol barrier (3,3 to xylylene7a, as in mechanistic

As far as calculation of the remainder of the mechanistic route E, before proceeding 8 Electrocyclic ring closure with
routes shown in Scheme 1 is concerned, the previously proposedearomatization o7a—c + 8b,c — 3a + 4b,c occurs withE,

(a) x: side perspective n: top perspective

>
:{f 2y
s J
CsC, =218 A
CsC, =283 A
C;Cr=2.84 A

C-C\-C; = 108.1°
C,-C-Cp-Cp =-90.3°

(b) o side perspective o top perspective
¢ f.& ?
J
J
CyoCo=214 A
CCy=308A
C,C,=297A

CsC-C, = 120.8°
C.-C,-Cy-Cy = -91.6°

FIGURE 3. B3LYP/6-31G*-optimized transition states for :GCk
benzocyclopropenga by (a) w-attack (1) and (b)o-attack ().
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= 20—25 kcal/mol via %.

Lest zwitterionsb and6 be neglected, these species are also
proposed as possible intermediates in this system. The generation
of 5 and 6 could also account for the observed experimental
regioselectivity of :CX addition to1; however, attempts at
finding 5a (R = H) as an energy minimum on the PES of this
system were unsuccessful. THgtis not an energy minimum
is not surprising, as we had previously shown analogous
zwitterions for :CC} addition to cyclopropene not to be minima
on that PES eithéelr

The reasonably deep calculated potential well in whieh
resides was met with some concern, given our inability to trap
any sort of xylylene intermediate experimentally (vide supra).
Precedents for similar behavior of seemingly stable (i.e., isolable
under other reaction conditions) yet untrappable, intermediate
compounds were observed in the :£X 1,2-disubstituted
cyclopropen& 14 and1CH, + acetylené® systems.

For :CX; + 1,2-diarylcyclopropenes, the major experimental
reaction path is through intermediate 1,1-dihalo-2,4-diarylbicyclo-
[1.1.0]butanes to 2,3-dihalo-1,3-diarylcyclobutenes via CCA
rearrangement (eq 1), as reported by Brinker &t @his CCA
rearrangement was calculated for :g@&tldition to a variety of

(36) (a) Doubleday, C.; Suhrada, C. P.; Houk, KINAmM. Chem. Soc.
2006 128 90. (b) Doering, W. v. E.; Cheng, X.; Lee, K.; Lin, 4. Am.
Chem. Soc2002 124, 11642. (c) Baldwin, J. E.; Keliher, E. J. Am. Chem.
S0c.2002 124 380.

(37) Transition state zfwas calculated three separate times, obtaining
structurally and energetically similar species, all providigvalues of
39.7-41.4 kcal/mol for2za— , — 7a.

(38) Yu, H.-G.; Muckerman, J. TJ. Phys. Chem. 2005 109, 1890.
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1,2-disubstituted cyclopropenes (i.e., the rearrangement of 1,1-in a concerted manner (Scheme 1, route C) because regiose-
dichloro-2,4-disubstituted bicyclo[1.1.0]butanes to 2,3-dichloro- lectivity is established during the initial addition of :GX
1,3-disubstituted cyclobutenes) to require=BY kcal/mol of Alternatively, the other proposed mechanistic path that
activation energy (Scheme Z)Bicyclobutanes are well known,  accounts for both the experimental regioselectivity and the
can be readily synthesized by other meth#dmd are generally ~ computational results is route D. Here, :£ay add directly,
stable. However, for the approximately 110 kcal/mol exothermic via z-attack onl, to yield benzocyclobutene produ&snd4
reaction of :CCJ + cyclopropene first to bicyclobutane and in a concerted fashion. Because the same transition stéads

subsequently to cyclobutene prodétthe bicyclobutane in-  to xylylenes7a—c and 8b,c or benzocyclobutene3a—c and
termediate is not observed, nor isolated, experimentally in 4b,c, it is entirely possible that either or both routes C and/or
solution, even with diaryl substitutiofs. D are operative. If it is indeed true that both paths lead to

Yu and Muckerman investigated the reaction of singlet Pproducts, and because the xylylene intermediates appear to be
methylene and acetylene by reaction dynamics calculations inuntrappable when produced in this way, it would be virtually

the gas phas® The initial “product” of 1CH, + CH; is impossible to distinguish which path predominates without
cyclopropene, which subsequently rearranges with equal prob-conducting a complete reaction dynamic study on the:CX
ability to either propenef, = 37 kcal/mol) or alleneH, = 45 benzocyclopropene system.

kcal/mol). As with bicyclobutanes, cyclopropenes can be

synthesized by a variety of methods and stored in solution at Conclusions

low temperatures for several dafdHowever, Yu and Muck- ) ) )

erman calculated the lifetime of cyclopropene as formed by  Dibromo- and dichlorocarbene add to 2-substituted benzo-
ICH, addition to GH, to be only 3.2 ps. They attributed ~Cyclopropenes 1) regioselectively, where R= edg yields
cyclopropene’s fleeting lifetime, despite its existence in a Penzocyclobutendb as the major product and-R ewg favors
reasonably deep potential well (87 kcal/mol back!@®H, + Fh_e_ format|o_n_ of producic. The_ calculated transition state for
C,H, and 37-45 kcal/mol to propyne or allene), to its “highly initial z--addition of :CC} reaction to ben_zocyc_loprope_riels _
energized® state. Upon initiatCH, addition to the acetylene shared among three reaction paths that yield different intermedi-
triple bond, the total potential energy of the system drops by a ates or products: propellang, xylylenes 7 and 8, and
large amount. The potential and kinetic energies then exchangeP@nzocyclobutene8 and 4 (via routes A and E, C, and D,
as the cyclopropene is formed. During this time, the kinetic "€SPectively). Zwitterion§ and6 (route B) are not believed to
energy strongly oscillates, meaning that the cyclopropene “lives” intérvene in the mechanism of :GX- 1, asSawas not shown

as a very energized species. Subsequent rearrangement of th¢ P& & minimum on the PES of this reaction. The calculated

energetic cyclopropene over40 kcal/mol barriers to propyne ~ PES for :CCi + 1 does not rule out propellane intermedidte
or allene is therefore facile. (routes A and E) as part of the addition mechanism, batisf

With these related examples in mind, we draw comparisons indeed formed, it does not convert directly to prodi&:esd4,

between the current investigation of :&% benzocyclopropene but rearranges first to xylyleneg and 8 (route E), which

o subsequently ring-close and rearomatiz& tand4. However,
L W'lth :CC, + cyclopropene anéCH, + acetylene. Although the experimental regioselectivity of carbene addition disfavors
the 1CH, + acetylene case was calculated for the gas hase

where dynamic effects are expected to be enhanced, thethe intermediacy 02, thus discounting paths A and E. Although

experimental investigations of :GX- 1,2-diarylcyclopropenes Xylylenes 7 and 8 (route C) were not able to be trapped as

P estigat oA L, c-diarylcycioprop Diels—Alder adducts, their untrappability is attributed to the
were conducted in solutiol¥,where vibrationally hot molecules highly energized states in which they are expected to exist
have more ways of releasing excess energy (part|cqlarly with because of the very exothermic way in which they are generated
two aryl substituents), and yet bicyclobutane intermediates were

il unisolable: onlv th lobut duct found in this system, similar to Brinker et al.’s inability to isolate
stllunisofable, only the cyclobuténe products were found. bicyclobutane intermediates in their solution-phase experiments
Therefore, taking together here the experimental results in

) ; i ) > of :CX, + 1,2-diarylcyclopropeneS. Therefore, the mechanistic
solution, which demonstrate regioselective product formation z fylcycloprop

. o . routes that account for the experimental and computational
of genzocyclobut(;erI;eE%Sand4V|a alm das;;]mmetn(_: mfterm_egllate, ._results reported herein involve formation of produ8tand 4
and our compute , we conclude that a pair of regioisomeric : : :
xylylene inte?mediates?(and 8) may interver?e in thegmecha- either in a concer.teldl fash|9n. (rOL-Ite D) or via xnyIer?eand. .

) ) ; 8 (route C). To definitively distinguish the prevalent mechanistic
hism of this reaction. We propose _tf?aandS are not trappable path, C or D, would require a thorough reaction dynamic study
because of the excess energy with which they are generatedof this system.
resulting in short lifetimes and rapid rearrangement to products
3 and4. It is possible that propellane intermedi&és formed
upon initial addition of :CX to 1 and is followed by rearrange-
ment to7 and8 (i.e., Scheme 1, route E). However, we think  General Procedure for Dihalocarbene Additions to Benzo-
this less likely than addition of :CXand1 directly to7 and8 cyclopropenes 1into a 25-mL, 3-necked round-bottom flask were

placed 0.156-0.155 g (1.3 mmol) of potassiutrbutoxide, 5 mL

39) (a) Hoz, S. IfThe Chemistry of the Cyclopropyl Gro oport, of anhydrous pentane, and a solution of 0.0275 g (0.26 mmol) of
Z.,(Ed?;(V\;iley: New York, 1987: p)F/, 1124_1152, (%) V?/){berg,uf,agf é’ima, 1dissolved in 2.5 mL of anhydrous pentane. The reaction mixture

R. P.J. Am. Chem. Sod.959 81, 5261. (c) Lemal, D. M.; Menger, F.;  was stirred and cooled to9, and to it was added 0.05 mL (0.57

Experimental Methods

Clark, G. W.J. Am. Chem. Socl1963 85, 2529. (d) Wiberg, K. B.; mmol) of CHX; (X = Br or Cl) dropwise via syringe over 1 min.
Lampman, G. M.Tetrahedron Lett1963 4, 2173. (e) Srinivasan, Rl. Once the CHX% had been added, the reaction flask was allowed to
énmgl01'5%'2'285°§f§3(§f”\;,‘%‘f‘5p(f)v\(,‘2f$§|; }T\thrfAexVéecv\t‘eénﬁ’emt' IEn‘tj warm to room temperature and stirred overnight. After stirring for
Ed. 2006 45, 4172. T B ' v 12 h at room temperature, the reaction was quenched by the addition
(40) Binger, P.; Wedemann, P.; Brinker, U. Brg. Synth.200Q 77, of 5—7 mL of water. The products were then extracted with ether,
254. and the ether extracts were combined and washed with brine and
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dried over NaSO,. The reaction mixtures were analyzed by GC/
MS and'H NMR. Regioisomeric product ratios were calculated
by 'H NMR via integration of the methylene (and methyl, in the
case of3b and4b) protons on the benzocyclobutene products.
Attempted Trapping of Xylylenes 7b and 8b by DMAD. The
procedure for :CXaddition tolb was followed as above, but into
the reaction flask was added 0.140.142 g (1.0 mmol) of DMAD
along with 1b, before CHX (X = Br or CI) addition.
1',1'-Dichlorobenzocyclobutene (3a-CI):* 'H NMR (300 MHz,
CD,Cl,) 6 7.47-7.35 (m, 3H), 7.2 (m, 1H), 4.12 (s, 2HFC NMR
(75 MHz, CD,Cl,) 0 148.8, 138.1, 132.6, 129.6, 124.6, 120.9, 79.7,
57.9. GC/MS (El): m/z (relative intensity) 172/174/176 [23.7/15.7/
2.3, Mt/(M™* + 2)/(M* + 4)], 137/139 [100/35.7, (M — 35)/(M*

+ 2) — 35)], 101 (58.3, M — 70), 75 (31.1, M — 96).
1',1'-Dibromobenzocyclobutene (3a-Br)t> 'H NMR (300 MHz,
CD,Clp) 6 7.42 (m, 2H), 7.30 (m, 1H), 7.18 (m, 1H), 4.30 (s, 2H).
13C NMR (75 MHz, CDBCly) ¢ 151.1, 137.2, 132.6, 129.7, 124.4,
121.5, 60.4, 48.2. GC/MS (El)m/z (relative intensity) 260/262/

264[0.0/1.0/0.0, M/(M* + 2)/(M* + 4)], 181/183 [62.0/60.7, (M
= 79)/((M* + 2) — 79)], 102 (100, M — 160), 75 (26.7, M —
186).

2-Methyl-1',1'-dichlorobenzocyclobutene (3b-Cl):*H NMR
(300 MHz, CDC}) ¢ 7.38-6.98 (m, 3H), 4.07 (s, 2H), 2.41 (s,
3H). GC/MS (El): m/z (relative intensity) 186/188/190 [19.2/13.3/
1.7, Mt/(M* + 2)/(M* + 4)], 151/153 [100/30.8, (M — 35)/(M*

+ 2) — 35)], 115 (77.5, M — 70), 89 (15.0, M — 96).
2-Methyl-2',2-dichlorobenzocyclobutene (4b-Cl):'H NMR
(300 MHz,)6 7.38-6.98 (m, 3H), 4.05 (s, 2H), 2.22 (s, 3H). GC/

MS (El): m/z (relative intensity) 186/188/190 [27.6/18.9/0.0;M
(M* + 2)/((M+ + 4)], 151/153 [85.0/45.7, (M — 35)/(M* + 2)
— 35)], 115 (100, M — 70), 89 (18.9, M — 96).
2-Methyl-1',1'-dibromobenzocyclobutene (3b-Br):'H NMR
(300 MHz, CDBCly) 6 7.31 (t,J = 7.6 Hz, 1H), 7.14 (dt) = 7.8,
0.8 Hz, 1H), 6.96 (dt) = 7.3, 0.7 Hz, 1H), 4.25 (s, 2H), 2.39 (s,
3H). 13C NMR (75 MHz, CDCl,) 6 147.9, 136.7, 133.5, 132.6,
130.0, 120.9, 59.7, 47.9, 14.8. HRMS (EI): calcd, 273.8993; found,
273.9000. GC/MS (El):m/z (relative intensity) 274/276/278 [0.5/
1.0/0.5, M/(M* + 2)/(M* + 4)], 195/197 [100/100, (M — 79)/
((M* +2) — 79)], 116 (16.5, M — 160), 89 (16.5, M — 186).
2-Methyl-2',2'-dibromobenzocyclobutene (4b-Br):'H NMR
(300 MHz, CDQyCl,) 6 7.28 (d,J = 7.5 Hz, 1H), 7.18 (d) = 7.8
Hz, 1H), 7.08 (dJ = 7.4 Hz, 1H), 4.23 (s, 2H), 2.20 (s, 3H}C
NMR (75 MHz, CD,Cl,) 6 150.0, 135.2, 134.4, 132.4, 130.0, 118.6,
59.4, 47.1, 16.8. HRMS (El): calcd, 273.8993; found, 273.8999.
GCIMS (El): m/z (relative intensity) 274/276/278 [0.7/1.4/0.7,"M
(Mt + 2)/(M+ + 4)], 195/197 [77.1/72.9, (M — 79)/(M* + 2)
— 79)], 116 (100, M — 160), 89 (26.4, M — 186).
2-Bromo-1',1'-dichlorobenzocyclobutene (3c-Cl):'H NMR
(300 MHz, CQCly) 6 7.55 (dd, 1.3, 7.5 Hz, 1H), 7.3%Z.25 (m,
2H), 4.05 (s, 2H). GC/MS (El):m/z (relative intensity) 250/252/
254/256 [12.5/23.8/11.3/0.0, MM ™ + 2)/(M* + 4)/(M* + 6)],
215/217/219 [60.0/77.5/21.3, (M— 35)/(M" + 2) — 35)/((M*
+ 4) — 35)], 136/138 [100/35.0, (M — 115)/((M" + 2) — 115)],
99 (28.8, M — 150), 75 (46.3, M — 176).
2-Bromo-2,2'-dichlorobenzocyclobutene (4c-Cl):*H NMR
(300 MHz, CDQCly) 6 7.48 (dd,J = 0.74, 8.2 Hz, 1H), 7.33 (dd,
J=17.3, 8.2 Hz, 1H), 7.17 (dd]) = 0.73, 7.3 Hz, 1H), 4.09 (s,
2H). 13C NMR (75 MHz, CDCl,) 6 146.1, 140.8, 134.1, 132.4,
123.4, 114.2, 78.9, 57.6. HRMS (El): calcd, 249.8952; found,
249.8957. GC/MS (El):nv/z (relative intensity) 250/252/254/256
[16.5/28.0/14.0/1.3, M(M* + 2)/(MT + 4)/(M* + 6)], 215/217/
219 [75.0/100/23.8, (M — 35)/(M* + 2) — 35)/(MT + 4) —
35)], 136/138 [72.5/23.8, (M— 115)/((M" + 2) — 115)], 99 (16.5,
M+ — 150), 75 (21.5, M — 176).
2-Bromo-1,1'-dibromobenzocyclobutene (3c-Br):'H NMR
(300 MHz, CDQCly) 6 7.51 (dd,d = 1.3, 7.5 Hz, 1H), 7.327.24
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(m, 2H), 4.20 (s, 2H)!3C NMR (75 MHz, CDQCly) 6 152.2, 137.6,
135.0, 131.8,120.4, 116.7, 59.8, 45.2. HRMS (EI): calcd, 337.7941,;
found, 337.7939. GC/MS (El)m/z (relative intensity) 338/340/
342/344[0.4/1.0/0.8/0.0, M(M* + 2)/((M* + 4)/(M* + 6)], 259/
261/263 [51.6/100/46.6, (M— 79)/(M* + 2) — 79)/(M* + 4)
— 79)], 180/182 [83.2/76.8, (M— 160)/((M* + 2) — 160)], 101
(65.6, M" — 240), 75 (92.6, M — 266).
2-Bromo-2,2'-dibromobenzocyclobutene (4c-Br):*H NMR
(300 MHz, CDBCly) 6 7.50 (dd,J = 0.70, 8.2 Hz, 1H), 7.30 (dd,
J=17.3, 8.1 Hz, 1H), 7.13 (dd) = 0.69, 7.3 Hz, 1H), 4.25 (s,
2H). 13C NMR (75 MHz, CDQCl,) 6 147.7, 139.9, 134.0, 132.4,
123.2, 115.2, 59.8, 46.2. HRMS (EIl): calcd, 337.7941; found,
337.7950. GC/MS (El):nv/z (relative intensity) 338/340/342/344
[0.5/1.0/1.0/0.5, M/(M* + 2)/(M* + 4)/(M* + 6)], 259/261/263
[52.1/100/47.9, (M — 79)/((MT + 2) — 79)/(MT + 4) — 79)],
180/182 [68.8/67.7, (M — 160)/((M+ + 2) — 160)], 101 (45.3,
M+ — 240), 75 (59.9, M — 266).

Computational Methods. All calculations were carried out for
the gas phase at the B3LYP/6-31G* level of theory using Gauss-
ian9&7 or 08 unless otherwise noted. All stationary points were
confirmed by frequency analyses. The reported energies include
ZPE corrections scaled by 0.9886The geometries and energies
of 3 and4 used in the Hammett study (Figure 1) were calculated
at B3LYP/6-311G*, and were ZPE-corrected (scaled by 0.9806).

Two modes of :CGladdition tola—c were calculated (Scheme
2). The first mode involved :C@hddition to ther-system ofla—c
where the reaction coordinate was defined as the distafrcen
the carbene carbon to the midpoint of the C, z-bond ofla—c,
as per previous calculations of :GElalkene additio:1* The
second mode was :CgLladdition to theo-system of la—c's
cyclopropenyl moiety, where the reaction coordinate was the
distancer from the carbene carbon to the midpoint of each of the
C;-Cz and G_C; o-bonds ofla—c. Distancer ranged from 1.0 to
3.5 Ain 0.1-A increments for both modes of addition. To find the
transition states forz- and o-addition of :CC}, these “stepwise”
techniques were used in combination with quadratic synchronous
transit calculations and confirmed as transition states by frequency
analyses.
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