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A B S T R A C T:  H er e, w e r e p ort a str ai n -pr o m ot e d c as c a d e r e a cti o n t h at 
pr o c e e ds vi a m ulti pl e str ai n e d i nt er m e di at es, ulti m at el y all dri v e n b y t h e hi g h 
p ot e nti al e n er g y i n h er e nt i n  al k y n e tri pl e b o n ds  ( C ≡ C ) . M or e s p e cifi c all y , f o ur 
al k y n es ( t hr e e fr o m a n H D D A b e nz y n e pr e c urs or a n d t h e f o urt h fr o m a 
c o nj u g at e d e n y n e r e a cti o n p art n er ) ar e tr a nsf or m e d i nt o ei g ht of t h e s k el et al 
c ar b o ns i n t h e b e nz o c y cl o h e x a di e n o n e pr o d u cts. T h e r e a cti o n p at h w a y 
pr o c e e ds, s e q u e nti all y, vi a str ai n e d b e nz y n e, b e nz o c y cl o b ut e n e, a n d c y cli c 
all e n e i nt er m e di at es. D F T c o m p ut ati o ns s u g g est t h at t h e sl o w est st e p f oll o wi n g 
b e nz y n e  g e n er ati o n  is  t h e  4 -el e ctr o c y cli c  ri n g -o p e ni n g of  t h e 
al k y n yl b e nz o c y cl o b ut e n e t o a 1, 3 -di e n -5 -y n e ( a n al k y n yl x yl yl e n e ) i nt er m e di at e.  
T h e a cti v ati o n e n er g y f or t h e s u bs e q u e nt 6  -el e ctr o c y cli c ri n g -cl os ur e is l o w er   

t h a n f or r el at e d a c y cli c di e n y n es b e c a us e of t h e ar o m ati cit y t h at is b ei n g r e g ai n e d i n t h e tr a nsiti o n str u ct ur e. Fi n all y, t h e is ol ati o n of t h e 
b e nz o c y cl o h e x a di e n o n e pr o d u cts r at h er t h a n t h eir p h e n oli c t a ut o m ers is n ot a bl e .  

 

Str ai n  pl a ys a n ess e nti al r ol e i n c h e mi c al r e a cti o ns.  O n o n e h a n d, 
a c c u m ul ati o n of str ai n  e n r o ut e t o pr o d u cts, eit h er i n i nt er m e di at es 
or tr a nsiti o n str u ct ur es,  c a n pr e v e nt a tr a nsf or m ati o n fr o m 
pr o c e e di n g ; o n t h e ot h er, t h e pr es e n c e of str ai n i n r e a ct a nts c a n 
oft e n a c c el er at e  a  c o n v ersi o n a n d s o m eti m es  c o nf er u n us u al 
r e a cti vity . T h e l att er is pr o mi n e nt i n s p e ci es c o nt ai ni n g dist ort e d 

  b o n d (s )  s u c h as i n str ai n e d c y cli c al k e n es (e. g.,  1 a -b , Fi g ur e 1 a), 
al k y n es ( e. g.,  2 a -b ) , a n d c y cli c all e n es ( e. g.,  3 a -c ). D eri v ati v es of 
c y cl o b ut e n e  ( 1 a ), 1  tr a ns-c y cl o o ct e n e ( 1 b ), 2  a n d c y cl o o ct y n e ( 2 a ) 3  
c a n b e h a n dl e d  o n t h e l a b or at or y w or ki n g ti m es c al e , y et will oft e n  
re a d il y u n d er g o  c y cl o a d diti o n r e a cti o ns , e v e n at a m bi e nt 
t e m p er at ur e, us ef ul i n, f or e x a m pl e, bi o ort h o g o n al  c o nj u g ati o n 
r e a cti o ns. 4  I n c o ntr ast, b e nz y n e ( 2 b ) ,5  1, 2 -c y cl o h e x a di e n e  ( 3 a ) ,6  
a n d 1, 2, 4 -c y cl o h e x atri e n e  ( 3 b ) 6 b, 7  a n d t h eir d eri v ati v es ar e r e a cti v e 
i nt er m e di at es h a vi n g  s h ort lif eti m es a n d hi g h r e a cti vit i es. A m o n g 
s p e ci es 1 a -3 b , d eri v ati v es of  t h e 1, 2, 4-c y cl o h e x a tri e n e 3 b  ar e t h e 
l e ast i n v esti g at e d. A n e v e n m or e str ai n e d is o m er of 3 b  is 1, 2, 3-
c y cl o h e x atri e n e ( 3 c ), t h e r e a cti vit y of w hi c h h as o nl y v er y r e c e ntl y 
s u c c u m b e d t o s yst e m ati c st u d y. 8  

1, 2, 4 -C y cl o h e x atri e n e ( 3 b ) d eri v ati v es ar e c e ntr al t o t h e st u di es 
b ei n g d es cri b e d  h er e. T h es e  r e a cti v e i nt er m e di at es w er e first 
g e n er at e d  i n d esi g n e d f as hi o n fr o m 4 9  or 5 1 0  as i n di c at e d i n Fi g ur e 
1 b . T h e tr a nsi e nt n at ur e of s p e ci es  6  w as  d e d u c e d fr o m t h e pr o d u cts 
of v ari o us tr a p pi n g e v e nts  i n v ol vi n g n u cl e o p hili c a d diti o n or 
c y cl o a d diti o ns wit h v ari o us al k e n es a n d di e n e s 7 . T w o e arli er  
pr o c ess es , e a c h n ot ori gi n all y r e c o g niz e d as pr o c e e di n g vi a a 1, 2, 4 -
c y cl o h e x atri e n e  d eri v ati v e , ar e t h e H o pf r e arr a n g e m e nt of 1, 3 -
h e x a di e n -5 -y n e ( 8 , Fi g ur e 1 c) 1 1  a n d t h e c y cl ois o m eriz ati o n of a n 
e n y n e wit h a s e c o n d al k y n e i n a t etr a d e h y dr o -Di els -Al d er  ( T D D A )  
r e a cti o n1 2  (s e e 1 0  t o 1 1 , Fi g ur e 1 d f or a r e c e nt e x a m pl e of a T D D A 
c y cliz ati o n ).  N ot a bl y, t h e pr ot ot y pi c al H o pf c y cliz ati o n r e q uir e d a 
q uit e hi g h t e m p er at ur e ( 2 7 4 ° C ) t o pr o c e e d. I n a d diti o n, 1, 2, 4 -

c y cl o h e x atri e n es c a n ar o m atiz e t o t h eir m or e st a bl e, is o m eri c 
b e nz e n oi d a n al o gs 7  ( e. g., 3 b  t o 9 ) or u n d er g o str ai n -pr o m ot e d 
gr o u p mi gr ati o n e v e nts 1 3  ( e. g., 1 1  t o 1 2) . 

 

Fi g ur e 1.  ( a ) S el e ct e d, p r ot ot y pi cal str ai n e d c y clic m ol e c ul es 

c o ntai ni n g dist ort e d  -b o n d(s ). 1 4  ( b ) D esi g n e d g e n erati o n of 1, 2, 4 -
c y cl o h e x atri e n es. ( c ) H o pf c y cli zati o n , w hi c h r e q uires  hi g h 
t e m p er at ur e. ( d) A strai n -pr o m ot e d sil yl gr o u p mi grati o n.  
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Arynes are known to react with olefins in a net (2+2) cycloaddi-
tion to give benzocyclobutenes,15 another class of strained hydro-
carbons. We were curious whether such adducts could be integrated 
into a reaction manifold involving a Hopf-like cyclization to a cyclic 
allene. Specifically (Figure 2), we hypothesized that a benzyne 
would engage a silyoxyenyne such as 14 to initially produce a ben-
zocyclobutene 17, electrocyclic ring-opening and reclosure of which 
would lead to the siloxyallene 19 via the o-xylylene 18. Intermediate 

19 would be expected to undergo a 1,3-silyl migration to give the -
silylated enone 15,13 which might tautomerize (or not) to its phe-
nolic isomer 16. We are unaware of any transformation in which the 
skeletal carbon atoms of a 1,2,4-cyclohexatriene originate from two 
different reactants and show here the realization of such reactions. 

 

Figure 2. Proposed cascade sequence that converts a benzyne to 
benzocyclohexadienone (cf. 15) via alkynylbenzocyclobutene (cf. 17), 
o-xylylene (cf. 18), and cyclic allene (cf. 19) intermediates. 

STo test the viability of this hypothesis, we used DFT 

computation employing benzyne 2b and trimethylsiloxyenyne 20 as 

the model reactants (Figure 3). The net (2+2) cycloaddition 

between these two species leads to benzocyclobutene 21 with a 

large exergonicity, typical of many benzyne trapping reactions.5d,f 

This is computed to be a stepwise process via a zwitterionic 

intermediate [see Figure S1 in the Supporting Information (SI)]. 

From there (see the red portion of the PES) 4-electrocyclic ring-

opening results in formation of xylylene 22 via TS-1. The alternative 

ring-opening to give the isomeric xylylene having the alkyne 

oriented to the outside of the xylylene and distal to the methylene 

carbon was computed to be formed via a transition structure (TS) 

with a significantly higher energy (7.9 kcal mol-1; see Figure S2 in 

the SI). The dienyne 22 subsequently undergoes the Hopf 

cyclization with a relatively low activation barrier (ca. 20 kcal mol-1) 

and gives rise to the strained cyclic allene intermediate 23 via TS-2. 

TMS migration via a 1,3-retro-Brook rearrangement produces the 

cyclohexadienone 24 via TS-3. In this case, the isomeric 

naphthalenol derivative 25 is computed to have a lower Gibbs 

energy compared to the napthalenone 24. We also computed the 

relative energy of (an analog of16) dienone 39 (Figure 5d) vs. its 

phenolic tautomer and observed the enone to be more stable in this 

more complex polycyclic setting (by 1.9 kcal mol-1-; see S6 vs. S5 in 

Figure S3 in the SI). 

 For comparison (cf. red vs. blue in Figure 3), we also computed 

the potential energy surface (PES) of an analogous process using 

the simpler, monocyclic cyclobutene analog 21’. Without the 

benzannulation present in 21, the landscape of the two PESs differs 

significantly. The absence of an energy penalty from 

dearomatization allows the ring-opening within 21’ to proceed with 

a lower activation barrier (22.9 vs 25.5 kcal mol-1), and this 

elementary step becomes significantly exergonic. However, without 

rearomatization as the driving force for the next event, the 

subsequent 6-electrocyclization within 22’ is kinetically and 

thermodynamically disfavored (G≠ = 34.4 kcal mol-1, G° = 8.5 

kcal mol-1 from 22’ to 23’ vs. G≠ = 20.7 kcal mol-1, G° = -13.8    

kcal mol-1 from 22 to 23). Most notably, this shows that 

benzannulation should play an important role in enabling a low-

 
Figure 3. Computed potential energy surface for the formation of the benzocyclohexadienone 24 from o-benzyne (4) and the siloxyenyne 20. 
DFT:[SMD (dichloroethane)/B3LYP-GD3BJ/6-311++G(d,p)
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barrier Hopf cyclization. A rate acceleration effect for the Hopf 
cyclization (of single molecules) on a gold surface was also recently 
reported .17  

Encouraged by these theoretical results, we initiated our 
experimental work with the reaction between benzyne precursor 
26 and the family of siloxyenynes 2718 (Figure 4). Use of only a 
small excess of each of these enynes was sufficient for reasonably 
efficient capture of the benzyne. All of these reactions showed full 
conversion (no 26 by TLC) after 20 hours at 105 °C (vs. t1/2 of ca. 
90 min at 274 °C for 8 to 9,11a Figure 1c), reflecting the rate 
enhancement provided by rearomatization of the alkynyl-o-
xylylene. Surprisingly, regardless of the size of the silyl groups, the 
resulting cyclohexadienone moiety in both regioisomeric products 
28 and 29 remained intact, even after chromatographic purification. 

Structural elucidation (e.g., nOe studies, see SI) of the 
cyclohexadienone products showed that the skeleton of the major 
product 28 arose from initial trapping of benzyne 30 by the alkene 
methylene in enyne 27 at C● (red dashed line). The minor product 
29 also arises from a benzocyclobutene wherein the methylene has 
engaged C▲ (green dashed line) in the initial trapping process. 

 

Figure 4. Efficient reactions between benzyne 30 and siloxyenynes 27. 
iDCE = 1,2-dichloroethane. iiPCP = para-chlorophenyl. iii From integration 
of the well-separated benzylic CH2 resonances in each compound in the 1H 
NMR spectrum  of the crude product mixture. ivYield of purified product. 

After obtaining this first set of results, we explored several addi-
tional pairs of reactants (Figure 5). First, replacing the benzyne 
precursor 26 by the tetrayne 31 still produced a cyclohexadienone, 
now 32, in high yield (Figure 5a). Second, reaction of 26 with the 
trisubstituted enyne 33 gave the cyclohexadienone adduct 34, alt-
hough with lower efficiency than with the less substituted alkene 
27c (Figure 5b). Third, the presence of the acetoxy group in the 
enyne 35 impacted the outcome significantly (Figure 5c). 
Although this was not a particularly efficient trapping agent,  the 
benzocyclobutene derivative 36 was identified as the major prod-
uct when heated with 26 under conditions (105 °C, 20 h) in which 
the silyl enol ether analogs underwent ring opening enroute to the 
final product. A model DFT analysis of the relative ease of ring-
opening of a siloxy- vs. acetoxy-containing alkynylbenzocyclobu-
tene showed the latter to have a significantly higher activation bar-
rier than the former (33.7 vs. 25.5 kcal mol-1; Figure S4 in the SI).  

A third class of benzyne precursor was also examined (Figure 
5d). The triyne 37 proceeds to give the benzyne 38, which now 
contains a bulky trimethylsilyl substituent adjacent to C●. This 
steers the attack by the electron-rich enol ether methylene carbon 
in 27c predominantly to C▲,19 thus reversing the orientation of the 
benzocyclohexadienone in product 39 relative to that seen in the 
methylated analog 28c. DFT computations suggest that the steric 
hindrance imposed by the larger TMS group is responsible for this 
reversal in regioselectivity (see SI, Figure S5 and related 
discussion). 

 

Figure 5. (a) Tetrayne 31 produced the cyclohexadienone 32 effi-
ciently. (b) Trisubstituted siloxyenyne 33 engaged benzyne precursor 
26 and provided the cyclohexadienone 34. (c) The enol ester 35 en-
gaged benzyne precursor 26 but produced, principally, the benzocy-
clobutene 36. (d) Benzyne 38 was trapped by the enol ether with a 
reversed regioselectivity to provide the structurally complementary 
cyclohexadienone 39.  iPMP = para-methoxyphenyl. 

We used 39 to probe the question of whether the enone could 
be isomerized to its phenolic tautomer. A solution of 39 in  CDCl3 
was treated with DBU (ca. 20 equiv); there was no observable 
change (1H NMR) at ambient temperature after 3 days, but when 
the sample was heated, slow exchange of H for D at the methylene 
CH2 was observable. After 20 hours at 85 °C, the exchange had 
proceeded to produce an ~1:4:5 mixture of the CH2 : CHD : CD2 
isotopomers. No evidence for the isomeric phenol tautomer was 
seen. Although not definitively, this observation strongly suggests 
that 39 is more stable than its phenolic tautomer. 
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We also showed that various substituents at the remote termi-
nus of the alkyne were compatible with this process (Figure 6a). 
Enynes 40 containing an unsaturated substituent (Csp2- or Csp-) R 
group (such as aryl, carbonyl, alkenyl, alkynyl, or heteroaryl) all 
performed well. A limitation is that several substrates in which R 
was an alkyl or trialkylsilyl substituent gave a complex array of 
products that were not further pursued. 

 We next prepared the bis-enyne substrate 42 to probe the 
viability of its engaging two benzyne species (Figure 6b). When 42 
was heated in the presence of 2.5 equiv of the triyne substrate 37, 
the projected bis-cyclohexadienone 43 was formed in 58% isolated 
yield.  

 
Figure 6. (a) A variety of unsaturated functionalities (aryl, carbonyl, 
alkenyl, alkynyl, heteroaryl) can be incorporated into the 
cyclohexadienone product. (b) Formation of a bis-cyclohexadienone 
derivative (43). (c) An example showing that a benzocyclobutene (the 
isolable adduct 45, derived from the Kobayashi benzyne precursor 44) 
will also efficiently participate in strain-promoted rearrangement to a 
cyclohexadienone derivative (46). 
i Isolated yield from a 1 mmol reaction using 1.8 equiv of the enyne. 

Finally, we demonstrated that a simple monocyclic benzyne 
precursor can also engage a siloxyenyne and undergo a net ring 
expansion (Figure 6c). The Kobayashi benzyne precursor 44 20 
reacted with enyne 40a in the presence of CsF to produce the 
benzocyclobutene 45 in a highly regioselective manner. Reaction 
of 45 at 60 °C for 3 hours gave no evidence of a rearranged product. 
However, heating at 100 °C for 3 hours led to full consumption of 
45 and efficient formation of the cyclohexadienone product 4621 
(91%). This clearly indicates the intermediacy of the 
benzocyclobutene enroute to the cyclohexadienone product.  

 
In summary, we have discovered a one-step, multi-stage reaction 

cascade that proceeds via cyclic (and thereby strained) alkyne, 
alkene, and allene intermediates. The process begins with the 
HDDA cycloisomerization of a linear polyyne to produce a ben-
zyne intermediate (cf. 30, Figure 4), which engages an electron-
rich 1-alkynyl-1-siloxyalkene substrate (cf. 27, Figure 4) to effi-
ciently provide a semi-stable alkynylbenzocyclobutene intermedi-

ate [cf. Eact for 21 to 22 (Figure 3)]. Subsequent 4-electrocyclic 
opening converts the strained cyclobutene derivative into an o-
xylylene intermediate [cf. 22 (Figure 3)] that cyclizes to a cyclo-
hexa-1,2,4-triene. A low barrier silyl migration  within this strained 
allene [cf. 23 to 24 via TS-3 (Figure 3)] leads to the final benzocy-
clohexadienone product. A variety of unsaturated substituents 
(aryl, carbonyl, alkenyl, alkynyl, and heteroaryl) at the distal alkyne 
terminus of the enyne substrate are tolerated (Figure 6). 

DFT computations of a model reactant pair have given a PES for 
this cascade having both kinetically and thermodynamically favor-
able energetics (Figure 3). The slowest step after benzyne for-

mation enroute to product is the 4−electrocyclic ring opening, as 
supported experimentally by the isolation of the benzocyclo-
butenes 36 (Figure 5c) and 45 (Figure 6c). Rearomatization of the 
xylylene lowers the barrier for the Hopf cyclization compared to 
simpler dienynes (cf. 22' to 23', Figure 3). Overall, these results 
constitute a strain-driven, multi-step process culminating in the 
formation of polycyclic benzocyclohexadienone derivatives. 
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