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Enyne-allenes4a—c bearing various cyclopropyl systems as radical clock reporter groups at the allene
terminus have been synthesized and subjected to therfaC®Ccyclization. The ratio of ene versus
formal Diels—Alder products could be rationalized on the basis of steric effects. Only the thermolysis of
4c, equipped with the fast diphenylcyclopropylcarbinyl radical clock, afforded a 1,3-butadienyl
benzofulvene clearly formed via cyclopropyl ring opening. This finding provides unambiguous evidence
for a stepwise mechanism of the-€C® cyclization making it possible to suggest a lifetime for the
intermediate diradical o1 x 1071 s (at 170°C). An interesting corollary was the isolation of an
unexpected silyl shift product in the thermolysis of all three eryaltenes that allows explanation of

the loss of the TIPS group in some of the Dieldder products. For a full understanding of the mechanism,

silyl and hydrogen shift processes were interrogated using DFT.

Introduction

The thermal cyclization of enediynes (Bergmieamd enyne-
allenes (Myers-Saito, - C7)? has aroused great interest over

allenes, the &-C? cyclization (Scheme 1), as disclosed in 1995.
In the ensuing years, the thermal-GC8 cyclization has been
extensively studied mechanistic&lignd theoretically,exhibit-

ing an attractive potential for the synthesis of complex car-

the past two decades, because their diradical intermediates playocycleg and for DNA cleavagé.

a key role in the action of natural enediyne antitumor antibiot-

ics3 Interestingly, the &-C7 (Myers-Saito) cyclization has to

The cyclopropylcarbinyl ring opening has been widely used
in mechanistic investigations as a “radical clock” to report about

compete against another thermal reaction mode of enyne the intermediacy of short-lived radicals and diradia\ore-
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SCHEME 1. Thermal Myers—Saito (C>—C7) and C>—C® Cyclizations of Enyne—Allenes
9 R3 Y R3
O -2 G =2
RZ -— i -
©
R1
SCHEME 2. Radical Clock Reporter Groups in Thermal

Cyclizations of Enyne—Allenes as Employed by (a) Finn et
al.'* and (b) Schmittel et al3ad
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stepwise versus concerted mechanisms in various reactionschmi,[,[eI et a4

scenarios, such as for example in the ene reaéfidn.the
context of the Myers-Saito cyclization (Scheme 2a), Dopico and
Finn studied the thermolysis of enynellenes carrying either

a cyclopropyl or a 2-phenylcyclopropyl group at the allene
terminus. Their results clearly suggested that the cyclopropyl-
carbinyl ring opening strongly depends on the reaction condition;
in the presence of 1,4-cyclohexadiene (1,4-CHD) the reaction

proceeded via a diradical intermediate, whereas in the presencé

of methanol the reaction advanced via a zwitterionic

intermediaté?!
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First investigations on the cyclopropylcarbinyl ring opening
in the thermal €—CS® cyclization of enyne-allenes (Scheme
2b) demonstrated that the substituted and unsubstituted cyclo-
propylcarbinyl radical clock remained intact, leading to the
assumption that the rate constant for hydrogen transfer on the
stage of the postulated diradical has to be much faster thfan 10
s 15adAn equally intact cyclopropyl ring in the?e-C® products
was found by Lipton et alafter an oxyanion-accelerated
cyclization of cyclopropyl-substituted enynallenes'? Both
studies seem at first to argue against diradical intermediates in
the G—CS8 cyclization, but a stringent interpretation of the data
suggests that a short-lived diradical intermediate cannot be
discounted. Recently, kinetic isotope effects have revealed
further insight into the mechanism of the-aC8 cyclization.
Results by Singleton et &t suggested that for a selected
example there is one common transition state for the stepwise
and concerted €&-C® cyclization. In contrast, the results of
could rather be reconciled with a stepwise
diradical mechanism, leading either to ene or formal Diels
Alder products.

The rising dispute about the mechanism of thé-C®
cyclization asked for further experimental interrogation of the
putative diradical intermediate. As a consequence, we have
designed enyneallenes4a—c carrying various cyclopropyl
ubstrates at the allene terminus, including the ultrafast diphe-
nylcyclopropylcarbinyl radical clock. Herein, we report on the
thermal C—CS¢ cyclization of these enyneallenes and their
ring-closed and ring-opened products. Moreover, the formation
of an unexpected silyl shift product was identified by X-ray,
and its formation was investigated computationally.

Results

Synthesis.The required enyneallenes4a—c were prepared
according to our established protocol (Scheme 3), starting with
the Sonogashira cross coupling of triisopropylsilyl acetylene
with 2-iodobenzaldehyde furnishing compouhith quantitative
yield 15> Addition of BrMgC=C—R (R = cyclopropyl, phenyl-
cyclopropyl! diphenylcyclopropyi”) afforded propargyl alco-
hols2a—cin good yield® (the'H NMR of compoundc showed
two isomers, which were used in the next step without any
further separation). Compoun@s—c were treated with AgD
and 4-(N,N-dimethylamino)-pyridine (DMAP) in triethylamine/
DCM at room temperature, furnishing propargyl acet&sc
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SCHEME 3. Synthesis of Enyne-Allenes 4a-c
TIPS

R? TIPS
& R1 // .
>——H R Ac,0, DMAP
H S — 7z Rk
EtMgBr, THF Et,N
0 OH
1 2a: R'= R%= H (95%),

2b: R'= Ph, R?= H (75%),
2c: R'= R?= Ph (98%)

TIPS R, s
Z R!  n-Bulil ZnCly = R!
4 R2 _— R3 RZ
Pd(PPh

OAc (PPhg), ! -
3a: R'= R?= H (93%), 4a: R'= R%= H (42%),
3b: R'= Ph, R?= H (96%) ab: R'= trans-Ph, R?= H (29%),
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S0,

in high yield® Enyne-allenes4a—c were finally received =~ SCHEME 4. Thermal Cyclization of Enyne—Allenes 4a-c

through a Pd-promoted reaction of-RnCl with 3a—c at TIPS

—60 °C in moderate yield® Z AR ene
Thermal Cyclization. Upon thermolysis of enynealleneda O . R? TCH;D>

in toluene at 110C (reflux temperature) in the presence of an o Q ' '

excess of 1,4-CHD, the ene prodéet and the formal Diels H

Alder products6a, 6a, and6a’ (with TIPS and without TIPS N (p-BrCeH).

group) were isolated (Scheme 4, Table 1). Most notable was 4a R'=R’=H,

4b: R'= Ph, R%=H,
4c: R'= R2= Ph,

the formation of the silyl migration produéa in 13% vyield.

The structures of the ene and the formal Digddder products
were assigned on the basis'sf, °C, 'H,'H-COSY, and HRMS.
The '"H NMR of the silyl migration productéa showed a
characteristic singlet for protonptat 4.76 and another one for
Ha at 7.91 ppm. Moreover, the structure of compoadvas
assigned on the basis 8fl,'H-COSY NMR.

In contrast, thermolysis of enyr@llene4b in toluene/1,4-
CHD (100 equiv) at 110C afforded the silyl migration product

6b (two isomers) and the formal DietsAlder product6b” sa: R1=R2= H N (p-BrCefio), sat N (-Brcefie),
(without TIPS group). No formal ene product was observed. 5b: - 5b" -

The two isomers of compour&b showed characteristic singlets 5c: - 5¢"R'=R%=Ph

in the'H NMR for proton H, at 4.69 and 4.78 ppm and for,H

at 7.92 and 7.94 ppm, respectively. The desilylated proloict N (0-BrCgHa)s

exhibited a characteristic signal at 4.16 ppm for the »Qlhit
of the fulvene ring.

When enyne-allene4cwas heated at 17U in a sealed tube
in the presence of an excess of 1,4-CHD (100-fold excess) in
toluene, the cyclopropyl ring-opened prod&ct(32%) and silyl
shift compound6c (25%) yield were isolated. A control

experiment in toluenés did not exhibit deuterium incorporation X=H, TIPS

into 5¢, suggesting an intramolecular hydrogen transfer. 6a: R11=R2= H,2 63:51R11=_R22=_ H, X=TIPS
The structure of ene produbt’ was assigned on the basis oA oo RIRI R, X

of H, 13C, H,'H-COSY, HSQC, and HRMS. Thi#+ NMR of ' 6b™ R'= Ph. R?= H. X=H

compoundsc showed a characteristic doublet with a coupling 6c’: --

constant of 11.5 Hz for the two olefinic protons, End H,, 6c™: -

suggesting that both protons ameti to each other. Produétc

(a formal Diels-Alder) showed a characteristic singletéat=
4.87 for proton | ando = 7.79 for proton H. Moreover, the
structure of6c was established by X-ray structure analysis,

providing unambiguous proof for the silyl group migration (for
the X-ray crystal structure see Supporting Information).

Discussion

19&9)1158%2'89&9%'8"-? Weinreb, S. M.; Parvez, M. Am. Chem. Soc. Radical Clock Experiments The only reported example of
(20) Elsevier, C. J.; Stehouwer, P. M.; Westmijze, H.: Vermeer, p. @ radical clock experiment in the thermal-€C® cyclization of

J. Org. Chem1983 48, 1103-1105. enyne-allenes (Scheme 2b) did not exhibit cyclopropyl ring
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TABLE 1. Yields of the Thermal C?—C8 Cyclization of 4a—c?
% yield
reaction ene DA DA silyl migration
entry compound condition product5/5 (with TIPS)6' (without TIPS)6" product6 (%)
1 4a 110°C; 14 h 25 ba) 7 20 13
2 4b 110°C; 14 h 15 32
3 4c 170°C;7h 32 6C) 25

a|n the presence of excess of 1,4-CHD (100 equiv). DA: formal Didlsler product.

SCHEME 5. Visualization of the Two Competing Pathways
in the Diradical Cyclization of Enyne—Allenes

4a:R'=R’*=H A

4b: R'= trans-Ph, R?= H

4c: R'=R%*=Ph

N(p-BrCgHy),
TIPS R!
J° PLr?

|

s-trans Ta-c - N(p-BrCeHa), s-cis Ta-c
Ene product Diels-Alder
products

opening2d At that time, in 1996, a stepwise mechanism was
derived from the finding that the two diastereomeric enyne
allenes did not convert stereospecifically to the ene product.
As the 1996 experiment used an enydlene with a cyclo-

cyclopropylcarbinyl systemk(= 1.1 x 10° s'1 at 20°C, ca.
2.2 x 1P stat 110°C)2123

In the thermolysis of enyneallene 4b, only Diels—Alder
products6b, 6b" and no ene product were isolated. As the
remote attachment of a phenyl group at the cyclopropyl ring
should not influence the electronic situation in the diradidal
the failure to observe any ene product suggestsstietns7b
is sterically not available, most likely due a repulsive interaction
between the phenylcyclopropane and the bulky TIPS group at
the alkyne. Exclusive formation of formal Diet&\lder products
thus proposes that the diradical intermedst@s7b undergoes
radical combination td6b,6b" faster than cyclopropyl ring
opening. As ring opening is-cis 7b is best mimicked by the
opening of the a,a-diphenyl-(2-phenylcyclopropyl)carbinyl
radical with an activation energg, = 8.5 kcal mol; 124 one
has to postulate a barrier for the radical combinatioidbrof
less than 8 kcal mot.

The diphenylcyclopropylcarbinyl group with a rate constant
for ring opening ofk = 5.0 x 10! s ! at 25°C?2has been
widely used as a ultrafast “radical clock” to trap short-lived
radical intermediate®. As formation of6b,68" in the ther-

propylcarbinyl reporter group and a phosphine oxide at the allene Molysis of4b has shown that steric bulk caused by the phenyl

terminus, we now decided to interrogate the thermal cyclization
of enyne-allenes carrying an aryl group at the terminal allene

group at the cyclopropyl ring will lead preferentially to theis
diradical, we expected the diphenylcyclopropyl unitda to

center, as this should emphasize the radical character in theentail an even higher population of teecisdiradical 7c. As a

diradical. Triplet and open shell singlet diradicals should be
perfectly poised for cyclopropyl ring opening at rates similar

consequence, its ring opening cannot be impeded by the
sterically demanding TIPS group. Indeed, wdthwe were able

to those of monoradicals. Fortunately, rate constants for radicalto see, aside of the DietsAlder product6c, the first radical
clock reactions in monoradicals are well gauged or can be ratherc|ock ring opening as indicated by the formation of butadienyl

reliably approximated. Computations by Eng&&§chreinef?
and Shaikd et al. advise that the &-C8 diradical has a triplet
ground state. Whether this state is involved in the thermal

reaction remains unclear, since the thermal reaction conditions

should first lead to an open shell singlet diradical from which
follow-up ene and formal DietsAlder products should originate
with a low barrier in competition to the radical clock opening.
As described above, thermolysis of enyradleneda afforded
ene and formal DielsAlder products without ring opening. A

look at the proposed stepwise mechanism (Scheme 5) suggests,

that some appreciable part of diradi¢ is available in the
s-cisconformation as the formal DietAlder products can only
be derived therefrom. In contrast, for the intramolecular
hydrogen transfer the benzofulvene diradicalhas to adopt
the s-transconformation. The ratio of ene versus Dielslder
products is 5:8. Since interconversion ©tisand s-trans7a
must involve rotation about a-68C bond with partial double

bond character, it is not clear whether rotation can compete with

the fast and irreversible follow-up reactions leading to the

observed products. Clearly, as both reactions prevail in the

competition with the radical clock process, they must be much
faster than the cyclopropyl ring opening for thg-diphenyl-

benzofulvenesc. A control experiment in toluends verified
that5c¢ was exclusively formed by an intramolecular hydrogen
transfer, rejecting any mechanistic hypothesis in which the
regular ene produdic could have served as precursorso.
Hence, transformation fromdc to 5¢ should involve ring

(21) Beckwith, A. L. J.; Bowry, V. WJ. Am. Chem. Sod.994 116,

2710-2716.

(22) Hollis, R.; Hughes, L.; Bowry, V. W.; Ingold, K. Ul. Org. Chem

92 57, 4284-4287.

(23) For calculations of cyclopropyl ring-opening rate constants at other
temperatures, we use the pre-exponential facté#8& 1 as in ref 22.

(24) We assume a rate constantkof20 °C) = 3.1 x 1(f s for the
ring opening of thex,a-diphenyl-(2-phenylcyclopropyl)carbinyl radical. At
first, the accelerating effect of a 2-phenyl group on the ring opening (2788
X) was evaluated from the comparison of tihenyl(cyclopropyl)carbinyl
and the cyclopropylcarbinyl radical opening (see refs 22 and 25). This effect
was translated onto the ring openingogét-diphenyl-(cyclopropyl)carbinyl
radical k= 1.1 x 10° st at 20°C).

(25) (a) Newcomb, M.; Johnson, C. C.; Manek, M. B.; Varik, T. R.
J. Am. Chem. S0d.992 114, 10915-10921. (b) Newcomb, M.; Tanaka,
N.; Bouvier, A.; Tronche, C.; Horner, J. H.; Musa, O. M.; Martinez, F. N.
J. Am. Chem. Sod.996 118 8505-8506. (c) Newcomb, M.; Choi, S.-Y;
Horner, J. H.J. Org. Chem.1999 64, 1225-1231. (d) Newcomb, M.;
Daublain, P.; Horner, J. Hl. Org. Chem2002 67, 8669-8671.
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SCHEME 6. Thermal Cyclization of Enyne—Allene 4c

N (p-BrCeHy),

N (p-BrCeHy)2

N (p-BrCeHy)z

Desilylation O.
-—

TIPS H

R1

O N(CeHep-Br)2
/\

R ¢

Desilylation
\ silyl Shift

N(CgH4p-Br),
TIPS, H H
M9-H [ TIPS O
O Shift Q
— — (D
>
R1

R? 10 R?

N(CgH4p-Br),

9

opening® of the intermediates-cis 7c to s-cis8c (Scheme 6),
followed by rotation tos-trans 8c and an intramolecular

Schmittel et al.

ring opening ofs-cis7cto s-cis8c may be estimated to 6 kcal
mol~122 providing us with a rate constant &f;pc = 7 x 10°
s

In concluding this part of the discussion, it seems reasonable
to state that with the rising number of phenyl groups (fréan
to 4¢) there is an concomitant increase in the steric repulsion
between the cyclopropyl unit and the TIPS group. Hence, in
the thermolysis o4a—c an augmenting amount of thecis
diradical7 is formed as an intermediate, which does not allow
any more for the stepwise ene reaction to occur wltc. On
the other side, the-cisconformation allows for both the formal
Diels—Alder reaction and for the sterically unimpeded ring
opening of the cyclopropylcarbinyl reporter group. Onlydin
the ring opening, however, can compete. This allows us to
roughly predict a barrier for the radical combination reaction
in 4c.

Silyl Shift. A further matter of the present work was to
understand the multistep process leading to the formal Biels
Alder products. As mentioned above, theisdiradical7 suffers
radical combination to the unstable Diel&lder product9. In
order to account for the isolated produ6t$', and6'", at some
stage a partial desilylation process must have occurred after
formation of 9. A clear hint to explain the formation of the
desilylated produdd”’ came from the isolation and identification
of 6, which was observed in the thermal cyclization of all
enyne-allenes4. Compound6 is a good candidate to lose a
TIPS group in a very mild hydrolysis reaction.

Similar to6, the benzylic siland0 should also be apt to lose
its silyl substituent. However, due its thermodynamic instability,
10is expected to undergo a variety of hydrogen or silyl shifts,
and hence may only be a short-lived intermediate. Thus in
summary,6a—c seem more to be more promising candidates
for TIPS loss. To investigate this matter, we have performed a
detailed density functional theory study of the potential reaction
pathways leading to the observed products. To reduce the costs
in CPU time, a simplified model system was investigated, in
which any (phenyl)cyclopropyl substituent was replaced by a
methyl group and bromine atoms at the diphenylamine moiety
were omitted. In the calculated reaction sequence the starting
molecule9 is thus represented byl and10is represented by
the two conformers5 = Y1.

We selected the standard B3LYP/6-31G(d) method for the
investigation of the hydrogen and silyl shifts. In order to test
its adequacy, the 1,5-H shift mtranscis-1,3-pentadiene was
initially studied as a benchmark test. The best estimate for the
activation enthalpy of this reaction had been reportedd$
= 38.4 kcal moft by Lynch and Truhla?? Employing B3LYP/
6-31G(d) we obtained\H* = 36.6 kcal mot?, which is in
reasonable agreement with the above value. We conclude that

hydrogen transfer via a §even-membered transition s.tate..Thethe B3LYP hybrid density function®is likely to be suitable
rate constant of the 2,2-diphenylcyclopropyl methyl radical ring  for the system investigated. In constructing the PES connecting
opening in diradical7c has become competitive to the rate x1 \with X9 and Y7, we have limited our investigations to H

constant for radical combination gcis7cto 6¢. Unfortunately,

and TIPS shifts occurring around the perimeters of the inner

on the basis of known data an estimate of the rate constant foryq rings of the benzofluorene ring systéfn.

opening of thex,a-diphenyl-(2,2-diphenylcyclopropyl)carbinyl

Figure 1 gives a summary of the results of our calculations.

radical is imprecise, but it may be approximated with the rate Initially, X1 faces a choice between two orbital-symmetry

constant of the.-phenyl-(2-phenylcyclopropyl)carbinyl radical
(Karc = 3.6 x 1C® s71).22 Thus, the activation energy for the

(26) (a) Shimizu, N.; Nishida, SJ. Chem. Soc., Chem. Comma872
389-390. (b) Rudolph, A.; Weedon, ACan. J. Chem199Q 68, 1590—
1596. (c) Adam, W.; Curci, R.; D’Accolti, L.; Dinoi, A.; Fusco, C.;

(27) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2001, 105, 2936~
2941,

(28) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(29) This limitation appears justified, as a 1,9-H-shift to position 4 in
the benzofluorene framework (a H-shift to the right hand side fKihas

Gasparrini, F.; Kluge, R.; Paredes, R.; Schulz, M.; Smerz, A. K.; Veloza, depicted in Figure 4) results in a thermodynamically very unfavorable

L. A.; Weinkotz, S.; Winde, RChem. Eur. J1997, 3, 105-109.
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FIGURE 1. Structures o5 (left), the transition state connectixd andY1 (middle), andY1 (right), as calculated at the B3LYP/6-31G(d) level
of theory. The diphenylamino group present in the molecules was replaced by a simple amino group for the sake of clarity.

TS X1-X2: 35.4

TS X1X5: 24 o

X2 1?.9

:‘-.; TS Y2-¥8: 143

FIGURE 2. Calculated reaction pathways leading froth to X9 andY7.
reaction pathways. “Warm” colors (red, magenta, dark violet) indicate reaction pathways involving hydrogen shift, whereas “cold” colors (dark

— TS X6-X4:38.4

TS X7-X8: 36.0

",

TSX6X7:27.4

TS X3-X4: 234 '\

Y7 538

Color encoding has been used to facilitate visualization of individual

blue, light blue, green) indicate a reaction pathway involving a triisopropylsilyl shift. The color black is used for the startinglpdhe end
points X9 and Y7, and forY1. The energies given are in kcal mbélrelative toX1 = 0.

allowed 1,9-hydrogen shifts yielding2 and X5. Of the two
reactions, the one yieldin¥5 is predicted to be kinetically
favored by a wide margin. FrorX2, on the other hand, the
thermodynamically very favorable produst3 may become
accessible with a small barrie5 represents 3-diphenylamino-
11-methyl-5-triisopropylsilyl-6-benzofluorene in the higher
energy conformation, with the TIPS group being located
equatorially and the hydrogen atom 5-H located in axial position,
as required for further hydrogen shifts. In the second, much
more favorable conformeY1 the bulky TIPS substituent has
moved to the axial position. ThéH* = —17.0 kcal mot? for

X5 — Y1 is most likely due to a very unfavorableeri-
interaction with the hydrogen atom located in position 6 leading
to a destabilization 0K5. The barrier for conversion of5 to

Y1 is predicted to be small (4.0 kcal m@), suggesting that

X5 will be rapidly converted torl (Figure 2). Obviously, the
axial TIPS substituent is ideally positioned for further TIPS-
shifts that may ultimately lead to the formation 67,
corresponding to produd@ in the experiment. Conversion of
X5 into Y1 is analogous to the movement of a hinge connecting
the reaction pathways involving hydrogen transfer and those
involving silyl transfer. In the transition state linkingd and
Y1, the vibrational mode with the imaginary force constant
corresponds to a rotation around the-€& bond coupled to
an out-of-plane movement of the E€7—C8—C9 ring frag-
ment. This movement can be compared to the interaction of a
balance spring (C6C7—C8—C9 ring fragment) and a tooth-
wheel (TIPS group) in a clockwork.

From Y1, the reaction may again bifurcate. The kinetically
preferred pathway (dark blue) runs via the TIPS-benzofluorene
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Y3 and via the TIPS-benzofluoreiv&! to the final producty7.
We note that 3-diphenylamino-11-methyl-9b-triisopropylsilyl-
9bH-benzofluoreneX6, see Supporting Information), which is

Schmittel et al.

added dropwise. After stirring for 16 h at room temperature, the
reaction mixture was quenched with aqueous saturated ammonium
chloride solution. The aqueous layer was washed with diethyl ether

expected to be found along the reaction coordinate connecting(2 X 50 mL). The combined organic layers were dried over sodium

Y4 and Y7, in our hands was a minimum structure only in
preoptimizations performed at the RHF/STO-3G level of theory.
It could no longer be located if density functional theory
(B3LYP/6-31G(d) or BHandHLYP/6-31G(d)) was used. Simi-
larly, 3-diphenylamino-11-methyl-10b-triisopropylsilyl-18b
benzofluorene X5, see Supporting Information) betweat3
and Y7 (reaction pathway indicated by light blue color) and
3-diphenylamino-11-methyl-11b-triisopropylsilyl-14benzof-
luorene Y9, see Supporting Information) betwe¥2 andY8

sulfate and evaporated under reduced pressure. After purification
by column chromatography (neutral aluminggentane) compound
4awas isolated as light yellow oiRf = 0.5. Yield: 236 mg, 42%.

IR (film) 7: 3068 (w), 2942 (s, €H), 2864 (s), 2151 (s, €C),
1928 (m, G=C=C), 1580 (s), 1505 (s), 1482 (m), 1313 (s), 1285
(s), 1178 (m), 1118 (m), 1072 (m), 1008 (m), 821 (s), 665 (m)
cm L 'H NMR (400 MHz, acetonel): ¢ 0.51-0.55 (m, 1H),
0.59-0.63 (m, 1H), 0.92-0.97 (m, 2H), 1.18 (s, 21H), 1.73..80

(m, 1H), 7.01 (dJ = 8.9 Hz, 4H), 7.08 (dJ = 8.7 Hz, 2H), 7.21
(d,J= 2.5 Hz, 1H), 7.24 (td) = 7.5, 1.3 Hz, 1H), 7.33 (td] =

(reaction pathway indicated by green color) could not be located 7-6; 1.2 Hz, 1H), 7.39 (d] = 7.2 Hz, 1H), 7.44 (dJ = 8.8 Hz,

at the B3LYP/6-31G(d) level of theory. This finding does not
rule out that these structures could be true minima. However
it appears highly unlikely that these molecules, even if they

4H), 7.52 (ddJ = 7.6, 0.9 Hz, 1H), 7.57 (d] = 8.5 Hz, 2H).13C
NMR (100 MHz, acetonek): 7.2,7.9,11.6, 12.0, 19.0, 96.3, 97.6,

'106.0, 116.0, 122.1, 125.4, 126.5, 126.7, 128.0, 128.4, 129.9, 132.1,

133.3,133.8, 134.3, 134.5, 147.0, 147.4, 207.4 ppm. HRMS: calcd

existed, would be protected by significant barriers against decayfor c,,H,57%Br,NSi 735.153, found 735.152.

by TIPS shift. The barriers for the TIPS shifts are generally

Bis(4-bromophenyl)-(4{ 1-(2-trans-phenylcyclopropyl)-3-[(2-

predicted to be smaller than the barriers for the hydrogen shift triisopropylsilanylethynyl)-phenyl]-propa-1,2-dienyl} -phenyl)-

reactions. This observation is consistent with our failure to
isolate any of they compounds except the final produc?.

Formation ofX5 from X1 (“red” pathway) is predicted to be
kinetically favored over formation ofX2/X3 (“magenta’
pathway) by such a wide margimAH* = 10.1 kcal mot?)
that essentially only the red pathway should be followed. As a
result of the low barrier for conversion o into Y1, all X5
formed in the course of the reaction is likely to converivtb,
which will eventually rearrange to final produt®.

Our calculations on the facile thermal silyl shifts in the model

amine (4b). Procedure as foda. Yield: 165 mg, 29%. IR (film)

v: 3065 (w), 2942 (s, €EH), 2864 (s), 2153 (s, €C), 1929 (m,
C=C=C), 1747 (s), 1581 (s), 1505 (s), 1486 (s), 1370 (m), 1313
(s), 1285 (s), 1235 (s), 1179 (m), 1118 (m), 1073 (m), 1009 (m),
822 (s), 665 (m) cmt. 'H NMR (400 MHz, acetonek) two
isomers: 6 1.17-1.20 (m, 21H), 1.261.34 (m, 1H), 1.36:1.42

(m, 1H), 2.0+-2.06 (m, 1H), 2.16-2.21 (m, 1H), 6.97 (dJ = 8.8

Hz, 4H), 7.01 (dJ = 8.7 Hz, 2H), 7.16-7.22 (m, 3H, Ar-H), 7.25
7.38 (m, 5H), 7.42 (dJ = 8.8 Hz, 4H), 7.46 (dJ = 8.4 Hz, 2H),
7.45-7.56 (m, 2H, Ar-H).13C NMR (100 MHz, acetonek) two
isomers : 12.0, 16.6, 17.1, 19.1, 23.6, 24.0, 26.9, 27.5, 96.4, 96.5,

system thus suggest that only products should be formed that98.1 (2C), 106.0 (2C), 113.3, 113.4, 116.1, 122.2, 124.6, 124.8,

have undergone TIPS shifts. This is in agreement with the
experimental results obtained wid and4c but contrasts with
the behavior of4a, where small amounts of the Dielg\lder
product with the TIPS substituent still in its original place were

also formed. The reason for this discrepancy is unclear at

present.

Conclusions

124.9, 125.2, 125.3, 125.5, 125.6, 125.9, 126.4, 126.5 (3C), 126.6,
126.7,127.0,128.1, 128.3, 128.4, 129.3, 130.0 (2C), 130.4, 131.6,
131.8, 133.0, 133.2, 133.8, 136.5, 136.8, 142.9, 147.1 (2C), 147.3,
207.4, 207.5 ppm. HRMS: calcd for{14,"°Bro,NSi 811.184, found
811.183.

Bis(4-bromophenyl)-(4{ 1-(2,2-diphenylcyclopropyl)-3-[(2-tri-
isopropylsilanylethynyl)-phenyl]-propa-1,2-dienyl} -phenyl)-
amine (4c).Procedure as fofa. Yield: 219 mg, 44%. IR (film)

v: 3031 (w), 2942 (s, €H), 2864 (s), 2151 (m, €C), 1929 (w,
C=C=C), 1581 (m), 1505 (s), 1486 (s), 1313 (s), 1285 (s), 1235

In the present investigation we describe the first successful (s), 1179 (m), 1073 (m), 1008 (m), 882 (m), 822 (m), 757 (m),

trapping of a thermally generated-©C8 diradical intermediate

701 (m), 677 (m) cm!. H NMR (400 MHz, acetonel) two

using an ultrafast radical clock. Therefore, the present resultsisomers:6 1.16 (s, 42H), 1.621.67 (m, 2H), 1.7+1.74 (m, 1H),

furnish direct evidence for a stepwise mechanism in tke C
CS cyclization of enyne-allenes. In several cases, thé-C5
cyclization of enyne-allenes to formal DielsAlder products

is accompanied by a loss of the TIPS group. Through a
combination of experimental and computational studies it is
suggested that a facile silyl shift followed by a desilylation is
operative.

Experimental Section

Bis(4-bromophenyl)-(4{ 1-cyclopropyl-3-[(2-triisopropylsila-
nylethynyl)phenyl]-propa-1,2-dienyl} phenyl)amine (4a).In 50
mL of dry diethyl ether tris(4-bromophenyl)-amine (1.46 g, 3.02
mmol) was cooled to OC in an ice bathn-BuLi (2.5 M) (1.21
mL, 3.02 mmol) was added dropwise and stirred. A#teh this
reaction mixture was added dropwiges 1 MZnCl, solution (412
mg in 3.02 mL of diethyl ether) and stirred for 60 min at room
temperature. Now the reaction mixture was coolee-6® °C, and
Pd(PPR)4 (87.0 mg, 750umol) in dry THF (5 mL) was added
dropwise. After stirring for 30 min at the same temperature,
propargyl acetat8a (300 mg, 73Q«mol) in dry THF (10 mL) was

2172 J. Org. Chem.Vol. 72, No. 6, 2007

1.82 (t,J = 5.5 Hz, 1H), 2.58-2.64 (m, 1H), 2.69 (tJ = 6.7 Hz,

1H), 5.66 (s, 1H), 5.68 (s, 1H), 6.83 @,= 7.6 Hz, 1H), 6.94

7.08 (M, 15H), 7.187.33 (m, 22H), 7.387.49 (m, 14H)13C NMR

(100 MHz, acetonels) two isomers: 11.1, 18.2 (2C), 19.8, 20.0,
26.2, 28.0, 38.7, 39.3, 95.2, 95.3, 96.6, 96.8, 105.0, 105.1, 109.5,
109.6, 115.2 (2C), 120.8. 120.9, 123.6 (2C), 123.7 (2C), 124.1 (2C),
124.6 (2C), 125.1, 125.2, 125.6 (2C), 125.7, 125.8, 126.1, 126.2,
126.4,126.7,126.8, 127.0, 127.2, 127.3, 127.4,127.7, 128.3, 128.4,
128.9, 129.0, 129.5, 130.4, 131.1, 131.5, 131.6, 132.1 (2C), 132.3
(2C), 132.4, 132.9, 135.0, 135.8, 140.3, 141.2, 145.9 (2C), 146.0
(2C), 146.3, 207.6, 208.1 ppm. HRMS: calcd fogslds,21Br7°-
BrNSi 889.215, found 889.215.

Standard Protocol for Thermolysis. Enyne-allenesAa—c were
dissolved in dry toluene in the presence of 1,4-CHD (100 equiv)
and heated at 110 (reflux temperature) or 2@Q(sealed tube) for
7—14 h. After removal of toluene under reduced pressure and
purification by chromatography (aluminum sheet, silica gel.89F
n-hexane) products were isolated as a yellow oil/solid.

Bis(4-bromophenyl)-[4-(cyclopropylidenef 1-[(triisopropylsi-
lanyl)-methylene]-1H-inden-2-yl} -methyl)-phenyl]-amine (5a).
Yield: 5.0 mg, 25%!H NMR (400 MHz, CDC}): ¢ 1.00 (d,J =
7.4 Hz, 18H), 1.2+1.25 (m, 2H), 1.32 (septed, = 7.5 Hz, 3H),
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1.56-1.61 (m, 2H), 6.20 (s, 1H), 6.81 (s, 1H), 6.92 (= 8.8
Hz, 4H), 6.95 (dJ = 8.6 Hz, 2H), 7.12-7.18 (m, 1H), 7.22.7.25
(m, 2H), 7.31 (d,) = 8.8 Hz, 4H), 7.43 (d) = 8.5 Hz, 2H), 7.65
(d, J = 7.5 Hz, 1H).13C NMR (100 MHz, CDC}): 6 2.2, 5.5,
12.9, 19.1, 115.3, 120.5, 122.1, 124.1, 124.5, 124.7, 125.2, 125.3,

JOC Article

140.4, 140.5, 142.8, 143.0, 143.2, 143.9, 144.9, 146.1, 146.6 (2C),
147.0, 147.3 ppm. HRMS: calcd for,&1,8Br’°BrN 813.183,
found 813.182.
Bis(4-bromophenyl)-[10-(2-phenylcyclopropyl)-1H-benzop]-
fluoren-7-yl]-amine (6b"). Yield: 3.3 mg, 15%.H NMR (400

125.6, 128.1, 130.6, 132.2, 132.5, 136.2, 136.8, 144.0, 144.3, 145.2MHz, CDCk): ¢ 1.59-1.62 (m, 1H), 1.66-1.70 (m, 1H), 2.25

146.4, 155.1 ppm. HRMS: calcd for,{E145*'Br°BrNSi 737.152,
found 737.151.
Bis(4-bromophenyl)-(10-cyclopropyl-11-triisopropylsilanyl-
11H-benzop]fluoren-7-yl)-amine (6a). Yield: 2.6 mg, 13%H
NMR (400 MHz, CDC}): ¢ 0.38-0.44 (m, 1H), 0.740.79 (m,
1H), 0.83 (d,J = 7.5 Hz, 9H), 0.85 (dJ = 7.5 Hz, 9H), 1.18
1.23 (m, 5H), 2.26:2.38 (m, 1H), 4.76 (s, 1H), 7.03 (d,= 8.8
Hz, 4H), 7.23 (ddJ = 9.1, 2.4 Hz, 1H), 7.287.32 (m, 2H), 7.37
(d,J=8.8Hz, 4H), 7.48 (dJ = 2.3 Hz, 1H), 7.54 (dJ = 7.2 Hz,
1H), 7.82 (d,J = 6.7 Hz, 1H), 7.91 (s, 1H), 8.40 (d,= 9.1 Hz,
1H). 13C NMR (100 MHz, CDC}): ¢ 8.9, 10.3, 12.1, 12.9, 18.5,
18.7, 29.7, 38.5, 115.4, 116.1, 120.5, 121.7, 122.9, 124.1, 125.3,
125.5,126.6, 126.8, 132.3 (2C), 132.7, 133.4, 139.9, 140.4, 143.0,
145.4, 146.6, 147.2 ppm. HRMS: calcd foy8,48Br’°BrNSi
737.152, found 737.152
Bis(4-bromophenyl)-(10-cyclopropyl-5-triisopropylsilanyl-
11H-benzop]fluoren-7-yl)-amine (6a). Yield: 1.5 mg, 7%.'H
NMR (400 MHz, CDC}): 6 0.83-0.88 (m, 2H), 1.11 (d) = 7.4
Hz, 18H), 1.26-1.23 (m, 2H), 1.46 (septel,= 7.4 Hz, 3H), 2.15
2.21 (m, 1H), 4.16 (s, 2H), 7.02 (d,= 8.8 Hz, 4H), 7.23 (dd,
J=19.1, 2.3 Hz, 1H), 7.37 (d) = 8.8 Hz, 4H), 7.47 (dJ = 7.4
Hz, 1H), 7.51 (dJ = 2.3 Hz, 1H), 7.58 (dJ = 7.5 Hz, 1H), 7.92
(s, 1H), 7.96 (s, 1H), 8.46 (d] = 9.1 Hz, 1H).13C NMR (100
MHz, CDCk): 6 7.2, 10.9, 11.3, 18.6, 29.7, 36.2, 115.5, 116.0,
119.5,121.9, 123.0, 124.3, 125.6, 126.7, 127.1, 130.1, 132.3, 133.0
133.4, 134.6, 140.1, 140.6, 141.0, 143.7, 144.4, 146.6 ppm.
HRMS: calcd for GiHa3"Br.NSi 735.153, found 735.152.
Bis(4-bromophenyl)-(10-cyclopropyl-1H-benzop]fluoren-7-
yl)-amine (6d'). Yield: 3.1 mg, 20%.'H NMR (400 MHz,
CDCly): 6 0.86-0.90 (m, 2H), 1.19-1.23 (m, 2H), 2.16:2.23 (m,
1H), 4.16 (s, 2H), 7.02 (d] = 8.8 Hz, 4H), 7.23 (ddJ = 9.1, 2.3
Hz, 1H), 7.34 (m, 2H, Ar-H), 7.37 (dl = 8.8 Hz, 4H, Ar-H), 7.51
(d,J=2.1Hz, 1H), 7.58 (d) = 7.1 Hz, 1H), 7.83 (dJ = 6.8 Hz,
1H), 7.90 (s, 1H), 8.47 (d] = 9.1 Hz, 1H).13C NMR (100 MHz,
CDCl): 6 7.2,11.3,29.7,36.2, 115.5, 116.3, 120.5, 122.1, 123.3,
125.1,125.5, 126.7, 126.8, 127.6, 130.2, 132.3, 133.4, 134.6, 140.7
140.8, 140.9, 143.8, 143.9, 146.6 ppm. HRMS: calcd fgHg*-
Br,N 579.020, found 579.019.
Bis(4-bromophenyl)-[10-(2-phenylcyclopropyl)-11-triisopro-
pylsilanyl-11H-benzop]fluoren-7-yl]-amine (6b). Yield: 8.6 mg,
32%. IR (film) ¥: 2865 (s, C-H), 1580 (m, G=C), 1485 (s), 1282
(m), 1072 (m), 883 (m), 821 (m), 755 (m), 698 (m) Tm'H NMR
(400 MHz, CDC}) two isomers:6 0.54 (d,J = 7.5 Hz, 9H), 0.66
(d,J=7.5Hz, 9H), 0.89 (2 d,J = 7.6 Hz, 18H+ 3H), 0.98-
1.07 (m, 3H), 1.46:1.50 (m, 2H), 1.66-1.73 (m, 2H), 1.86:1.91
(m, 1H), 2.03-2.07 (m, 1H), 2.57#2.63 (m, 1H), 2.652.71 (m,
1H), 4.69 (s, 1H), 4.78 (s, 1H), 6.77 (@= 8.9 Hz, 1H), 7.02 (d,
J= 8.8 Hz, 4H), 7.05 (dJ = 8.8 Hz, 4H), 7.15 (ddJ = 9.1, 2.4
Hz, 1H), 7.19-7.24 (m, 5H), 7.33-7.41 (m, 17H), 7.487.57 (m,
4H), 7.85 (d,J = 7.2 Hz, 2H), 7.92 (s, 1H), 7.94 (s, 1H), 8.04 (d,
J= 9.1 Hz, 1H), 8.40 (dJ = 9.1 Hz, 1H).13C NMR (100 MHz,
CDCl;) two isomers: 6 11.5, 12.1, 18.3, 18.5, 18.6, 18.7, 24.9,
26.6, 26.7, 28.1, 38.4, 40.3, 115.5 (2C), 116.2, 116.3, 120.6, 120.7,

121.5,121.8,123.0,123.1,124.0, 124.1, 124.9, 125.2, 125.4, 125.6,

(2C), 125.8,125.9, 126.6, 126.7, 126.8, 127.1, 128.5, 128.7, 129.7,
130.4,131.9, 132.1, 132.4 (2C), 133.5, 133.6, 139.7, 139.8, 140.0,

2.32 (m, 1H), 2.56-2.57 (m, 1H), 4.16 (s, 2H), 7.01 (d,= 8.8

Hz, 4H), 7.20 (ddJ = 9.1, 2.3 Hz, 1H), 7.367.41 (m, 11H),

7.52 (d,J = 2.4 Hz, 1H), 7.58 (dJ = 7.2 Hz, 1H), 7.84 (dJ =

6.9 Hz, 1H), 7.92 (s, 1H), 8.26 (d,= 9.1 Hz, 1H). HRMS: calcd

for CagH27°BroN 655.051, found 655.050.
Bis(4-bromophenyl)-[4-(E)-4,4-diphenyl-1{ 1-[1-trimethylsi-

lanyl-meth-(E)-ylidene]-1H-inden-2-yl} -buta-1,3-dienyl)-phen-

yl]-amine (5¢). Yield: 12 mg, 32%. IR (film)y: 3051 (m), 2942

(s, C—H), 2865 (s), 1582 (m), 1486 (s), 1312 (s), 1265 (s), 1178

(w), 1072 (m), 1008 (m), 882 (m), 823 (s), 740 (s), 702 (sytm

IH NMR (400 MHz, GDg): ¢ 1.03 (d,J = 7.4 Hz, 18H), 1.32

(septet,d = 7.5 Hz, 3H), 6.52 (dJ = 8.8 Hz, 4H), 6.60 (d] =

8.7 Hz, 2H), 6.69 (s, 1H), 6.83 (s, 1H), 6:96.93 (m, 3H), 7.10

(d,J=8.8 Hz, 4H), 7.12-7.16 (m, 3H), 7.16:7.24 (m, 8H), 7.30

(d,J=11.5Hz, 1H), 7.37 (dJ = 6.9 Hz, 2H), 7.94 (ddJ = 5.4,

2.7 Hz, 1H).13C NMR (100 MHz, CDC}): ¢ 12.9, 19.1, 115.6,

120.9,122.2,123.7,125.0, 125.5, 126.4, 127.3, 127.4, 127.6, 127.7,

127.9,128.1,128.2,130.7, 132.3, 132.7, 133.5, 136.2, 137.2, 137.7,

139.9, 142.3, 142.7, 143.3, 143.9, 145.9, 146.2, 155.4 ppm.

HRMS: calcd for GsH»781Br"°BrN 889.215, found 889.215.
Bis(4-bromophenyl)-[10-(2,2-diphenylcyclopropyl)-11-triiso-

propylsilanyl-11H-benzop]fluoren-7-yl]-amine (6c). Yield: 9.3

mg, 25%. IR (film)#: 3053 (m), 2978 (s, €H), 2872 (s), 2306

(w), 1488 (m), 1446 (m), 1384 (m), 1266 (s), 1152 (m), 1114 (m),

1076 (m), 896 (m), 740 (s) cm. *H NMR (400 MHz, CDC}): o

0.82 (d,J = 7.4 Hz, 9H), 0.86 (dJ = 7.5 Hz, 9H), 1.25 (septet,

J=7.5Hz, 3H), 1.90 (dd) = 8.9, 4.9 Hz, 1H), 2.19 (ddl = 6.2,

5.2 Hz, 1H), 3.63 (tJ = 7.7 Hz, 1H), 4.87 (s, 1H), 6.28 (d,=

7.4 Hz, 2H), 6.58 (tJ = 7.7 Hz, 2H), 6.71 (tJ = 7.2 Hz, 1H),

6.83 (d,J = 8.9 Hz, 4H), 6.93 (ddJ = 9.0, 2.3 Hz, 1H), 7.23 (d,

J = 2.2 Hz, 1H), 7.29-7.35 (m, 2H), 7.32 (dJ = 8.8 Hz, 4H),

7.43 (t,J = 7.6 Hz, 2H), 7.61 (dJ = 7.9 Hz, 3H), 7.79 (s, 1H),

7.84 (ddJ= 6.8, 1.4 Hz, 1H), 8.18 (d] = 9.0 Hz, 1H).13C NMR

(100 MHz, CDC}): 6 12.1, 18.6 (@3 (CH) Si), 18.7 (®3 (CH)

Si), 24.5, 29.0, 38.0, 38.9, 115.0, 116.3, 120.5, 121.9, 122.9, 124.1,

124.6,125.0,125.4, 126.2, 126.5, 126.6, 127.4, 127.8, 128.7, 129.3,

130.6, 131.9, 132.1, 132.7, 139.9, 140.2, 140.7, 142.6, 146.1, 146.6,

146.7, 146.8 ppm. HRMS: calcd fors,2'Br'°BrN 889.215,

found 889.215.
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