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ABSTRACT: A mechanistic study of the thermal Garratt—Braverman/[1,5]-H shift of ene—

diallene 6 leading to alkenes (E)-8 and (Z)-8 is reported. The product ratio was found to be
temperature-independent and does not agree with the computed energy barriers (ie., TSZE¢ @&ll@r *
and TS2,%). On the basis of experimental and DFT computational results, we propose a 6 y /
mechanism that is strongly controlled by nonstatistical dynamic effects. T8t 7 8 Q

TS2,t
TS2¢

7

—— Dynamic Mechanism

n recent years, a range of reactions has been identified for Scheme 1. Garratt—Braverman/[1,5]-H Migration Reaction
which transition-state theory (TST) is inadequate to predict of Ene—diallenes"®
the product selectivity because those rleaction pathways are X — CXs
intrinsically controlled by dynamic effects.” Such behavior allows CX,  Ether, RT R
the trajectories to proceed with continuation of momentum after CX. Overniaht 100 % OO CXs
crossing the initiall TS to show either non-IRC> or IRC’ sz ng= ko + CXs
dynamics in the reaction mechanism. In most cases, an important e I:II oD 2a CX,

experimental indicator for the occurrence of such anomalous cx o X
mechanisms is temperature independence of the product : °

r C
selectivity if the activation enthalpy difference between the OO xCXs  X-migration O 7 “CXs3
selectivity-determining TSs is not zero.'* CX; xCX3

~ b CXs

Reactions that involve the formation of a reactive 3 CXs Xs
intermediate® followed by highly exergonic hydrogen migration
or transfer are particularly prone to be influenced by the
previous transition state and by nonstatistical dynamics.® For
instance, hydrogen migration from the thermally activated
o,n-diradical generated in the C?—CS cyclization of enyne—

Whether intermediate 2 is a diradical (2a) or a bis(exo-methylene)
compound (2b) depends on the steric bulk at the exocyclic double
allenes” was found to exhibit dynamic effects.> To address a bonds. The observation of an identical reaction rate for both the
more recent example, Carpenter and co-workers have observed protio and deuterio a.nalo.gues of 1 indicated a stepwise p athway in
that the [1,5]-H shift in an activated cyclopentadiene takes which H or D migration does not take place in the rate-
place along a nonstatistical dynamic scenario.’® Such findings determining step. o o

suggest the need to carefully screen further related reactions. It To e.vah.late the possibility of the occurrence Of_- nonstat_lstlcal
is well-accepted that the Garratt—Braverman cyclizationg_10 of dynamlcs in the Garratt—Braverman/[1,5]-H shift exp ermen-
diallenes'” (Scheme 1) often involves the generation of a tally, we incorporated n-propyl groups at the allene termini (see
diradical,"”” as inferred by trapping of the corresponding comp O.qu 6) to open the possibility f’f (E) and (Z)-alkene
intermediate’® and by the observation that the rate is independent formation (see Scheme 3). The finding of a temperature-

of the solvent polarity.® The thermally generated diradical is well- ifldependent 8:8; product ratio, contradicting DFT cqmpgta—
known to undergo intramolecular follow-up processes, such as tional results, led us to C(_)n_clude that tche hydrf)gen migration
formal Diels—Alder,"* ene,' or formal [2 + 2] cycloadditions,'>'® takes place under nonstatistical dynamic conditions.
depending on the nature of substituents.

In 1990, Braverman and Duar'> showed that conjugated Received: June 13, 2014
diallenes 1 undergo thermal cyclization to furnish 3 (Scheme 1). Published: August 15, 2014
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Ene—diallene 6 was synthesized in two steps as depicted in
Scheme 2. The formation of the allene subunit was confirmed

Scheme 2. Synthesis of Ene—diallene 6
AcO

i) n-Pr

©Co n-BuLi, THF, 0 °C
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by following the disappearance of the 'H NMR signal at
2.1 ppm (CH;CO— of §) and the appearance of the highly
characteristic allene carbon (C=C=C) signal located at
203.1 ppm in the *C NMR spectrum.

To examine the effect of temperature on the product
selectivity, the thermolysis of 6 was performed in dry and
degassed toluene at different temperatures controlled to +0.1 °C
(Scheme 3). The geometrical isomers 8 and 8, produced upon

Scheme 3. Thermolysis of Ene—diallene 6 Producing 8, and

8
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thermolysis were separated by long-bed flash column chromatog-
raphy, characterized as pure compounds by elemental analysis, and
structurally identified by 'H, BC, 'H'H COSY, and 'H'H
NOESY NMR techniques. The presence of a characteristic
correlation signal between protons 1-H and 2-H in the 'H,'H
NOESY spectrum served to identify isomer 8,, while in 8y no
correlation signal was detected.

In the thermolysis of 6 in toluene, the experimental 8g:8;
product ratio was constant at 10.3:1 over the whole temperature
range of 60—140 °C (Table 1). In CCl, (ie, a solvent with a
sparse vibrational manifold), the 8g:8, product ratio was equally
constant at 10.0:1."” Such a finding is strongly indicative of the
occurrence of nonstatistical dynamics in the reaction mechanism.
Moreover, the DFT-predicted 8:8, ratios'® (Figure 1) were
neither in quantitative agreement with the experimental ratios nor
reflective of temperature independence.

We utilized the (BS)-UB3LYP hybrid density functional in
conjunction with the 6-31G(d,p) basis set because the predicted
activation enthalpy of the [1,5]-H shift in s-trans-cis-1,3-pentadiene
using the B3LYP/6-31G(d) method"? is 36.6 kcal mol ™!, which is
very close to the best value (38.4 kcal mol™") obtained by Lynch
and Truhlar.”® Solvent effects were recognized by implementing
the polarizable continuum model (PCM). Free energy values are
reported at 25 °C referenced to the most stable conformer 6.
Moreover, the thermochemical analysis of TS2;* and TS2,* was
performed at various temperatures.
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Table 1. Experimental and Calculated 8,:8; Product Ratios
in the Thermolysis of Ene—diallene 6 in Toluene

temp (°C) time (min) exptl 8:8; ratio” AAGH’  calcd 8:8,, ratio®
60 60 10.3:1 2.35 34.9:1
80 40 10.4:1 241 31.1:1
100 20 10.4:1 2.46 27.7:1
120 10 10.3:1 2.51 24.9:1
140 7 10.3:1 2.56 22.7:1

“Ratios were determined from the 'H NMR signals of the crude
reaction mixture after thermolysis at a standard deviation of +0.05.
bFree energy differences (in kcal mol™), AAG* = AG%SZZ—AG%ZE, at
different temperatures were obtained from DFT computations (see
the text). “Ratios were calculated from the computed AAGF values
using TST.

The overall reactions toward 8, and 8y were found to be
highly exothermic, with AG = —46.09 and —50.47 kcal mol ™,
respectively. Because of the strong steric congestion about the
n-propyl chains, the reactive conformer of ene—diallene 6a
is destabilized by 12.31 kcal mol™" versus the most stable
conformer 6. The intermediate INT generated after C—C bond
formation is a completely conjugated system, which is more
stable than ene—diallene 6 by 14.60 kcal mol™'. The NBO
analysis of INT using the B3LYP/cc-PVTZ method showed the
absence of any unpaired electron. Moreover, the analysis based
on second-order perturbation theory suggested a strong
resonance interaction of each exocyclic double bond in INT
with the nearest endocyclic double bond (7.27 kcal mol™) and
a weak interaction with the other exocyclic double bond (4.05
keal mol™"). Since the initial transition state TS1¥ involving the
C—C bond formation is located at 30.92 kcal mol™}, the
formation of INT releases 45.52 kcal mol™" potential energy
that is transformed into kinetic energy during the process.
From intermediate INT, two reaction paths evolve to the
hydrogen migration products 8, and 8 via TS2,* (AGF =275
kecal mol™!) and TS2;* (AGF = 0.49 keal mol™!), respectively.
Remarkably, the two follow-up TSs TS2,* and TS2;* are
excessively lower in energy compared with the initial transition
state TS1¥ by 28.17 and 30.43 kcal mol™', respectively.
Therefore, after crossing the initial transition state TS1%, the
reacting molecules acquire a large excess of kinetic energy on
the way to intermediate INT and therefore easily overcome the
follow-up barrier, TS2;* or TS2,%, in a direct conservation of
momentum before losing the kinetic energy from the reacting
vibrational mode to other modes or to the bath. It might look
unusual to observe such a mechanism on crossing such a deep
intermediate well, but the occurrence of dynamics on such deep
wells is known in the literature.**®*! Indeed, a few initial trajectory
computations on 1 (X = H) performed at the UBLYP/3-21G level
showed hydrogen migration to occur within <30 fs after TS1+.**
Moreover, further mechanistic options such as tunneling or
crossing between sinz§let and triplet are easily discarded by
distance™ and energy”* arguments.

We also investigated how the preferential formation of 8g
over 8, can be understood on the basis of dynamics.
Structurally, an increase in the C1-C2—C3—C4 dihedral
angle (Figure 2) from intermediate INT is necessary to reach
TS2:" (110.8° — 165.7°), whereas a decrease leads toward
TS2,* (110.8° — 70.2°). On the way from TS1¥ to INT, the
dihedral angle widens from 64.1° to 110.8°, and therefore,
under dynamic conditions a supportive momentum toward
TS2;" is generated, preferably yielding 8 in an excess amount.
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Figure 1. Reaction profile for the thermal cyclization of 6 in toluene (PCM) at the (BS)-UB3LYP/6-31G(d,p) level. Relative free energies at 25 °C
are given in kcal mol™". The crucial energy differences are highlighted in red.

Figure 2. Optimized structures of TSs TS1% TS2E¢, and TSZZ* and
intermediate INT, with distances (in A) shown in roman type and
dihedral angles (in deg) shown in italics.

Coincidentally, in this case the dynamic preference for 8 over
8 is in agreement with that suggested by TST.

In summary, we have presented a system in which the
selectivity after [1,5]-H migration leading to products 8 and 8;
is temperature-independent over a temperature range of 80 °C
and does not agree with the free energy differences and the
temperature dependence as derived from the computed TSs
TS2;* and TS2,*. These two findings and hydrogen migration
within 50 fs strongly suggest that the reacting molecules comply
with nonstatistical dynamics during product formation.

B EXPERIMENTAL SECTION

General Procedures and Characterization. All reagents were
purchased commercially and utilized without further purification. The
solvents were dried with proper desiccants and distilled prior to use. Silica
gel (0.035—0.070 mm) was used for column chromatography. The
following abbreviations are used to describe NMR peak patterns: s = singlet,
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t = triplet, dd = doublet of doublets, dq = doublet of quartets, m =
multiplet. The numbering of carbon atoms in the molecular formulas
is used only for assignment of NMR signals and thus is not necessarily
in accordance with IUPAC nomenclature rules. 1,1'-(1,2-Phenylene)-
bis(hex-2-yne-1,1-diyl) diacetate (5) was prepared according to the
reported procedure.”

Computations. We utilized the (BS)-UB3LYP hybrid density
functional in conjunction with the 6-31G(d,p) basis set, applying tight
convergence criteria and the ultrafine grid integral algorithm to
optimize stationary points and TS structures. All of the computed
minima and first-order saddle point structures were verified by
examining the harmonic vibrational frequencies via their analytical
second derivatives because they should have zero and one imaginary
frequency, respectively. Furthermore, intrinsic reaction coordinate
(IRC) computations were carried out to verify the optimized TSs.

1,2-Bis(3-propylhexa-1,2-dienyl)benzene (6).

A solution of n-propylmagnesium bromide (54.3 mmol) [prepared
from n-propyl bromide (4.93 mL, 54.3 mmol) and magnesium (1.30 g,
54.3 mmol) in 100 mL of dry THF] was added dropwise to a
well-stirred mixture of LiBr (9.43 g, 108 mmol) and Cul (103 g
54.3 mmol) in 100 mL of dry THF at 0 °C under a nitrogen atmosphere.
After the resultant solution was stirred for 15 min at the same
temperature, propargyl acetate S (2.50 g, 6.78 mmol) in 30 mL of dry
THF was added. Stirring was continued for another 3 h at 0 °C to
complete the reaction. Then the reaction was quenched with saturated
ammonium chloride solution. The aqueous layer was extracted with
diethyl ether (3 X 25 mL). The combined organic layers were dried over
MgSO, and concentrated using a rotary evaporator. After purification
by flash column chromatography, (silica gel, n-pentane, Ry = 0.68),
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ene—diallene 6 (1.90 g, 87%) was isolated as a colorless oil. IR (KBr): U
3060, 2959, 2873, 1945, 1599, 1458, 1377, 1336, 1281, 1181, 1335, 1072,
1037, 957, 807, 751 cm™. 'H NMR (400 MHz, C,D,CL): § = 0.90
(t, %] = 7.4 Hz, 12H, 1-H), 1.47 (sextet, > = 7.4 Hz, 8H, 2-H), 1.94—2.08
(m, 8H, 3-H), 6.44 (quintet, 3] = 2.8 Hz, 2H, 4-H), 7.07 (dd, *] = 5.8 Hz,
4 = 3.4 Hz, 2H, 6-H), 7.32 (dd, 3] = 5.8 Hz, ¥] = 3.4 Hz, 2H, 5-H) ppm.
BC NMR (100 MHz, C,D,Cl,): § = 14.0, 209, 34.7, 91.8, 107.5, 1262,
127.5, 132.4, 203.1 ppm. Anal. Caled for CpHy,: C, 89.37; H, 10.63.
Found: C, 89.33; H, 10.92.

Thermolysis of 1,2-Bis(3-propylhexa-1,2-dienyl)benzene (6).
A solution of ene—diallene 6 (500 mg, 1.55 mmol) in dry and
degassed toluene (25 mL) was placed in a sealed tube and heated for
1 h at 140 °C to complete the cyclization. After removal of toluene
under reduced pressure and purification by flash column chromatog-
raphy (silica gel, n-pentane, Ry = 0.61 and Ry, = 0.57), (E)-2-(hept-3-
en-4-yl)-3-(heptan-4-yl)naphthalene (8g) and (Z)-2-(hept-3-en-4-yl)-
3-(heptan-4-yl)naphthalene (8,) were isolated.

(E)-2-(Hept-3-en-4-yl)-3-(heptan-4-yl)naphthalene (8y).

4

R; = 0.61 (n-pentane); colotless oil. Isolated yield: 73% (365 mg, 1.13
mmol). IR (KBr): 7 3053, 2957, 2868, 1591, 1458, 1376, 1271, 1211,
1103, 949, 883, 745 cm™". '"H NMR (400 MHz, C,D,Cl,): § = 0.77
(t,3] = 7.4 Hz, 6H, 4-H, 4-H), 0.81 (t, ’] = 7.2 Hz, 3H, 7-H), 0.98 (t,’] =
7.4 Hz, 3H, 9-H), 1.04—1.31 (m, 6H, 3-H, 3'-H, 6-H), 1.44—1.62 (m, 4H,
2-H, 2'-H), 2.14 (quintet, *] = 7.4 Hz, 2H, 8-H), 2.20—2.30 (m, 2H, 5-H),
2.78 (quintet, ’] = 7.1 Hz, 1H, 1-H), 523 (t, }] = 7.4 Hz, 1H, 10-H),
7.29—-7.35 (m, 2H, 13-H, 14-H), 7.38 (s, 1H, 11-H), 7.53 (s, 1H, 16-H),
7.66—7.71 (m, 2H, 12-H, 15-H) ppm. *C NMR (100 MHz, C,D,Cl,):
5 =142, 14.5 (2C), 20.8, 21.4 (2C), 34.5, 39.6, 39.9, 124.0, 124.8, 125.0,
1272, 127.3, 1274, 131.1, 1324, 1324, 139.8, 144.0, 144.0 ppm. Anal.
Calcd for CyHsy: C, 89.37; H, 10.63. Found: C, 89.30; H, 10.82.
(Z)-2-(Hept-3-en-4-yl)-3-(heptan-4-yl)naphthalene (8,). R; = 0.57
(n-pentane); colorless oil. Isolated yield: 8% (40.0 mg, 124 ymol). IR
(KBr): © 3053, 2956, 2868, 1493, 1457, 1375, 1268, 1138, 1099, 1015,
948, 888, 744 cm™'. 'H NMR (400 MHz, C,D,Cl,): 6 = 0.73 (t, }] =
7.4 Hz, 3H, 4-H or 4-H), 0.79—0.85 (m, 9H, 4"-H or 4-H, 7-H, 9-H),

0.97—-1.79 (m, 12H, 2-H, 2-H, 3-H, 3’-H, 6-H, 8-H), 2.14 (t, )] = 7.6
Hz, 2H, 5-H), 2.73 (quintet, °] = 6.89 Hz, 1H, 1-H), 5.45 (t, 3] = 7.2
Hz, 1H, 10-H), 7.30—7.36 (m, 3H, 11-H, 13-H, 14-H), 7.58 (s, 1H,
16-H), 7.67—7.73 (m, 2H, 12-H, 15-H) ppm. *C NMR (100 MHz,
C,D,Cl,): 6 = 13.9, 14.4, 14.4, 14.6, 20.6, 21.0, 21.2, 22.8, 38.8, 39.6,
40.2, 41.0, 124.3, 124.8, 125.0, 127.3, 127.4, 127.6, 129.9, 131.2, 132.4,
139.7, 140.4, 144.0 ppm. Anal. Calcd for C, Hs,: C, 89.37; H, 10.63.
Found: C, 89.08; H, 10.78.
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