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ABSTRACT: The Alder-ene reaction is a chemical reaction
between an alkene with an allylic hydrogen, and it provides an
efficient method to construct the C−C bond. Traditionally, this
reaction requires catalysts, high temperatures, or photocatalysis. In
this study, we reported a high-pressure-induced solid-state Alder-
ene reaction of 1-hexene at room temperature without a catalyst. 1-
Hexene crystallizes at 4.3 GPa and polymerizes at 18 GPa, forming
olefins. By exploring gas chromatography−mass spectrometry, we
discovered that 1-hexene generates dimeric products through the
Alder-ene reaction under high pressures. The in situ neutron
diffraction shows that the reaction process did not obey the
topochemical rule. A six-membered ring transition state including
one C−H σ bond and two alkene π bonds was evidenced by the theoretical calculation, whose energy obviously decreased when
compressed to 20 GPa. Our work offers a novel and promising method to realize the Alder-ene reaction at room temperature
without a catalyst, expanding the application of this important reaction.

The Alder-ene reaction is a pivotal organic chemical
reaction for constructing carbon−carbon bonds. It

involves the addition of an alkene π bond and an allylic C−
H σ bond known as the ene to an electron-deficient alkene or
alkyne (the enophile) via a pericyclic reaction. Consequently,
the π bond shifts, and new C−H and C−C σ bonds are
formed.1−4 This reaction is compatible with a broad range of
functional groups and has been extended to heteroatom-
substituted ene components, making it widely applicable in the
synthesis of complex molecules and natural products.5−8

The Alder-ene reaction involves the cleavage of an allylic C−
H σ bond, which has a high activation energy and usually
requires high temperature.8,9 For example, in the isomeric
Alder-ene reaction between ethanimine and ethylene under
non-catalyzed conditions, the activation free energy is typically
above 198.7 kJ/mol,8 and high temperature is therefore
required. However, high temperature often results in low
yields, poor selectivity, and even the reverse reaction, which
limits the application of the Alder-ene reaction.10,11 Much
effort has been devoted to develop the catalyst to accelerate the
ene reaction and improve the reaction efficiency under
relatively mild conditions, like Lewis acid catalysts,12 metal
catalyst13−17 and organo-18,19 and bio-20 catalyzed ene
reactions.
High pressure is an effective strategy to compress the

intermolecular distance and induce chemical reactions. In
contrast to the traditional solution reaction, high-pressure
reactions usually take place in the solid state without using the
solvent, catalysts, or radical initiators, which can be recognized

as a green chemistry process. Recently, a lot of theoretical and
experimental studies have demonstrated that high pressure can
significantly lower the energy barrier of addition reactions like
the Diels−Alder reaction effectively, by compressing the
volume of the reactants and transition states.21 Theoretically,
Chen et al. evidenced that the activation energy of the Diels−
Alder reaction between cyclopentadiene and ethylene
decreases markedly with increasing pressure.21 Experimentally,
a lot of studies have shown that the alkynes and even the very
stable aromatic compounds can take part in the Diels−Alder
reactions initiated by high pressure. 1,3,5-Triethynylbenzene,22

1,4-diphenylbutadiyne,23 azobenzene,24 and arylazo25 can
undergo dehydro-Diels−Alder or hetero-Diels−Alder reactions
under compression, to produce graphitic nanoribbons.
Aromatics, like furan,26 thiophene,27 pyridazine,28 and 2,5-
furandicarboxylic acid,29 also experienced Diels−Alder reac-
tions under high pressure, which becomes the most promising
method to prepare the famous diamond nanothread materials.
On the other hand, recently, it was reported that the C−H σ
bond of the methyl group in 2-butyne can be activated under
high pressure, facilitating intermolecular CH···π H transfer.
The process contains double H transfer via an aromatic Hückel
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six-membered ring intermediate state, and the energy barrier
was significantly reduced by external pressure.30 This reminds
us that the Alder-ene reaction, a pericyclic reaction with an
allylic H atom shifting to C�C in alkene, may also be
promoted under high pressure. In this study, we investigated
the phase transition and chemical reaction process of 1-hexene
under high pressure. We found a pressure-driven Alder-ene
reaction between 1-hexene molecules. The energy barrier was
significantly suppressed to ∼60 kJ/mol at 20 GPa, which is key
to the reaction. This work discloses a new reaction condition
of the Alder-ene reaction and offers new insights into the
hydrogen transfer behavior in hydrocarbon systems under
extreme conditions.

In situ Raman and infrared (IR) spectroscopy at room
temperature (Figures S1−S3 and Table S1 of the Supporting
Information) disclosed that 1-hexene crystallizes at 4.2 GPa,

which is consistent with refs 31 and 32. Above 18 GPa, all
peaks broaden, and the pressure dependence of Raman and IR
modes exhibits discontinuity, indicating that hexene begins to
react. As shown in Figure S4 of the Supporting Information,
with compression to 22.6 GPa and maintenance for 20 h,
distinct C�C stretching was observed in the Raman spectra of
the product upon decompression to 2.2 GPa, which clearly
differs from those of the raw material. The intensity of the
peaks associated with the sp2 C−H stretching of 1-hexene
significantly decreased, indicating the transformation of
terminal alkenes (C�C) into new internal alkene structures.31

The conversion ratio was increased obviously when the
pressure is increased to 40 GPa, as evidenced by the increased
intensity of the new C�C stretching centered at 1662 cm−1

(Figure S1 of the Supporting Information).

Figure 1. (a) TICs of PE-20. The inset displays the distribution of
products with a content higher than 2%. D-1, D-2, and D-3 represent
the three isomers of the dimers in PE-20. The retention index and
mass spectroscopies of dimers (b) D-1, (c) D-2, and (d) D-3 (black
line) are compared to the NIST database (red line).

Figure 2. Mass spectrum of the product resulting from the reaction of
C12H24 with DMDS at the retention times of (a) 29.98 min, (b) 30.26
min, and (c) 31.79 min. The inset illustrates the reaction process of
olefine and DMDS.

Scheme 1. Proposed Alder-Ene Reaction Pathway from 1-
Hexene to Dimers
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To understand the reaction mechanism, we compressed 1-
hexene to 20 GPa using a Paris−Edinburgh press (PE press)
and successfully collected the colorless transparent liquid
product (PE-20) after decompression. The product was
dissolved in dichloromethane, and the oligomers were then
analyzed by gas chromatography−mass spectrometry (GC−
MS). The total ion chromatogram (TIC) is displayed in Figure
1a. Compounds with concentrations exceeding 2%, including
dimeric (C12H24), trimeric (C18H36) and tetrameric (C24H48),
were detected. Additionally, trace amounts (<2%) of
pentameric (C30H60) compounds were observed, with the
dimers being the predominant species. All of these molecules
exhibit a composition of (C6H12)n, with n as an integer,
indicating no loss or addition of hydrogen atoms or carbon
fragments. This contrasts sharply with the products of free
radical polymerizations, which often gain or lose a radical
(such as H•) to terminate the chain reaction.33 Therefore, we
speculate that the pressure-induced polymerization (PIP) of 1-
hexene should result from some direct addition reaction
including H transfer, like the polymerization process that
happened in 2-butyne under high pressure.30

Three isomers of the dimer (C12H24, D-1, D-2, and D-3)
were observed in the TIC plot (Figure 1a) with their MS
shown in panels b, c, and d of Figure 1. Referencing the
retention index from the National Institute of Standards and
Technology (NIST) of linear and branched dodecene and
combining their mass spectroscopies (panels b, c, and d of
Figure 1 and Table S2 of the Supporting Information), we
found that the retention indices of D-1 (1148) and D-2 (1152)
are similar to that of 7-methylundec-4-ene (1139). Addition-
ally, the index for D-3 (1193) is close to that of 4-dodecene
(1187). Therefore, we conclude that D-1 and D-2 are
branched dodecene, and they are probably cis−trans isomers
due to their similar retention time and same mass spectros-

copies, while D-3 is identified as a linear aliphatic olefin
(C12H24).
To locate the double-bond position on the dodecene further,

we explored the dimethyl disulfide (DMDS) derivatization
approach.34,35 DMDS was added to the recovered product in
hexane solvent, and it reacted with the double bond in the
product, as shown in the inset of Figure 2a. Then, the MS was
measured under the electron ionization (EI, 70 eV) conditions,
and three isomers of C12H24(CH3S)2 were detected with the
retention times at 29.98, 30.26, and 31.79 min, corresponding
to the three isomers of C12H24 observed in Figure 1a. The
double bond was then located easily by recognizing the major
fragment ions (A)+ and (B)+, which were formed by cleavage
of the carbon−carbon bond between the neighboring
methylthio-carbon atoms. As shown in panels a, b, and c of
Figure 2, all MS of the isomers of C12H24(CH3S)2 show the
diagnostic fragment ions (A)+ = m/z 159.1202 (base peak in
the spectrum, C8H16SCH3) and (B)+ = m/z 103.0576
(C4H8SCH3), which indicate that all three isomers have the
double bond between carbon 4 and 5. Based on all of the
results described above, we confirm that D-3 is 4-dodecene and
that D-1 and D-2 are 7-methylundec-4-ene. When these three
dimers are compared to two 1-hexene molecules, the double
bond between C1 and C2 in one molecule shifted to the
position between C2 and C3 (C4 and C5 in the dimer), while
the double bond in the other molecule was saturated after the
addition reaction. This can be attributed to only the Alder-ene
reaction between two hexene molecules. We propose the
possible reaction pathways, as illustrated in Scheme 1. During
the reaction, a new C−C bond forms between C1 of one 1-
hexene molecule and C1′ or C2′ of a neighboring 1-hexene
molecule. Concurrently, a hydrogen atom on C3 transfers to
C2′ or C1′ via a six-membered ring transition state, resulting in
the formation of 4-dodecene and 7-methylundec-4-ene.

Figure 3. High-pressure neutron diffraction analysis of C6D12. (a) In situ neutron diffraction patterns of C6D12 under high pressure. (b) Rietveld
refinement plot of C6D12 at 5.9 GPa.

Figure 4. Crystal structure of C6D12 under (a) 5.9 and (b) 18 GPa (optimized by CASTEP). The green bonds represent C�C.
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Different from the reported Alder-ene reactions that take
place in solution, this reaction is a solid-state Alder-ene
reaction. Thus, molecular stacking plays an important role in
understanding the reaction process. Based on this, in situ
neutron diffraction of C6D12 under high pressure was
conducted up to 14 GPa to understand the high-pressure
structural evolution of 1-hexene (Figure 3a). Liquid C6D12 was
cryogenically loaded into the PE press, and the pressure was
quickly increased to 5.9 GPa to seal the sample. As the
pressure increased, all diffraction peaks shifted toward lower d
spacing, with no new peaks emerging up to 14 GPa. This
suggests that 1-hexene does not undergo phase transition up to
14 GPa. The crystal structure of C6D12 was then determined
from the neutron diffraction spectra at 5.9 GPa using Topas
software.36 Initially, we constructed a rigid body model based
on the molecular structure of 1-hexene. Rietveld refinement
results (Figure 3b) show that the best fit is achieved when a
gauche conformation was formed between C1 and C4, as
shown in the inset of Figure 3b and Figure 4a. The obtained
structure has a space group P21/c, with unit cell parameters a =
6.842 ± 0.001 Å, b = 15.663 ± 0.003 Å, c = 7.080 ± 0.001 Å,
and β = 138.088 ± 0.009° at 5.9 GPa. Its lattice parameters
decrease gradually with increasing pressure up to 14.0 GPa, as
shown in Figure S5a of the Supporting Information. The
pressure−volume (P−V) relationship of C6D12 was fitted using
the third-order Birch−Murnaghan equation of state, as shown

in Figure S5b of the Supporting Information, with V0 = 762 ±
40 Å3, B0 = 6.1 ± 1.2 GPa and B1 fixed at 4. Subsequently, we
optimized the structure of 1-hexene at 18 GPa by the
Cambridge Sequential Total Energy Package (CASTEP)
module in Materials Studio 2017 R2.37 During this process,
the unit cell parameters were fully relaxed to ensure that both
the atomic positions and lattice dimensions were optimized.
Then, the distances between the carbon atoms at the reaction
sites were measured, which shows that the distance between
C1 and C2′ is 4.13 Å, as shown in Figure 4b. This is
significantly larger than the empirical shortest intermolecular
C···C distance (2.8−3.4 Å) of the unsaturated compounds at
the pressures before reactions.38 For example, alkynes often
polymerize when the minimum intermolecular C···C distance
(d(C···C)min) reaches approximately 3 Å,39,40 aromatics react at
2.8 Å,41,42 and alkynylarenes react at 3.2−3.4 Å.22,23

Consequently, we infer that 1-hexene under high pressure
does not adhere to the principles governing topochemical
polymerization and needs additional movement to reach the
suitable position for the Alder-ene reaction.43−46

To further elucidate the high-pressure Alder-ene reaction of
1-hexene, the corresponding chemical reaction mechanism was
then investigated by the density functional theory (DFT)
calculation, as implemented in Gaussian. All of the calculations
were done at the level of B3LYP/6-311g(d, p) with DFT-
D3(BJ) correction to take the non-covalent effects into
consideration. Frequency calculations were conducted to
confirm the transition states (TS), and the intrinsic reaction
coordinate (IRC) calculations for TS were subsequently
performed to find the reaction mechanism, as shown by the
orange line in Figure 5. The Cartesian coordinates for each
structure are provided in Tables S3−S8 of the Supporting
Information. As illustrated in panels a and b of Figure 5, two
reaction routes were found that are consistent with our GC−
MS results and confirm our proposed reactions in Scheme 1.
The Alder-ene reaction starts with allylic C−H transferring to
C2′ of the other molecule and experienced TS1 with an energy
barrier of 155 kJ/mol per reaction (referring to the initial state
1, IS1) to form 4-dodecene (FS1). Another reaction route
(route 2) contains a similar hydrogen transfer process to C1′
of the other 1-hexene with an energy barrier of 154 kJ/mol per
reaction (referring to the initial state 2, IS2) to form 7-
methylundec-4-ene. Both these reaction routes contain a six-
membered ring transition state with one C−H σ bond and two
alkene π bonds and are typical Alder-ene reactions.
To estimate the Gibbs free energy under high pressure, we

incorporated the contribution of the PV term to G following
Hoffmann’s report.21 The volume of activation (ΔV⧧ = VTS −
VIS) and the volume change for reaction (ΔV = VFS − VIS)
significantly affect the reaction, where IS, TS, and FS stand for
the initial state, transition state, and final state. The value of
ΔV⧧ was obtained using Multiwfn47 software at 0 GPa, with
molecular surfaces defined at the isosurfaces of charge density
at 0.002 au (Table S9 of the Supporting Information).48 At 20
GPa, the change of Gibbs free energy was corrected by
ΔG⧧(20 GPa) = ΔG⧧(0 GPa) + ∫ 0 GPa

20 GPaΔV⧧ dP. If we use the
average value of ΔV⧧ at 20 and 0 GPa to simulate the integral
term, then we obtain ΔG⧧(20 GPa) = ΔG⧧(0 GPa) +
P(ΔV⧧(20 GPa) + ΔV⧧(0 GPa))/2. Supposing that the TS
and IS have a similar compressibility, that is, VIS(20 GPa)/
VIS(0 GPa) = VTS(20 GPa)/VTS(0 GPa) = ΔV⧧(20 GPa)/
ΔV⧧(0 GPa), we can obtain ΔV⧧(20 GPa) = VIS(20 GPa)/
VIS(0 GPa) × ΔV⧧(0 GPa). The ratio of VIS(20 GPa)/VIS(0

Figure 5. Gibbs free energy profile of reaction paths of 1-hexene. The
formations of (a) 4-dodecene and (b) 7-methylundec-4-ene. Blue
lines represent the potential energy profile corrected by PΔV⧧, and
PΔV refers to the volume of IS. IS, initial state; TS, transition state,
and FS, product. The unit of energy is kJ/mol. The energy of IS1 is
used as the zero point.
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GPa) was obtained from the experimental equation of state,
that is, 0.48. When P = 20 GPa, ΔG⧧(20 GPa) is found to
decrease to 62 kJ/mol for route 1 and 53 kJ/mol for route 2.
Similarly, ΔG(20 GPa) = ΔG(0 GPa) + P(ΔV(20 GPa) +
ΔV(0 GPa))/2, and we can obtain ΔG(20 GPa) = −128 and
−148 kJ/mol for routes 1 and 2, respectively. The overall
energy profile is shown in Figure 5 (blue lines). The
uncertainty of the energy value mainly comes from the
estimation of VTS and VFS under high pressure. If ΔV⧧ did not
change with pressure (overestimation), the PΔV⧧ term would
be as large as −126 and −138 kJ/mol and ΔG⧧(20 GPa)
would be 29 and 16 kJ/mol for routes 1 and 2, respectively. If
ΔV⧧ decreased to zero at 20 GPa (underestimation) and the
average value of ΔV⧧ becomes ΔV⧧(0 GPa)/2, then the PΔV⧧

term would be as small as −63 and −69 kJ/mol and ΔG⧧(20
GPa) would be 92 and 84 kJ/mol for routes 1 and 2,
respectively. Because the compressibility of the TS is unknown,
we can only make the above estimation. Nevertheless, the
energy barrier of the Alder-ene reaction can be decreased
obviously under high pressure and make the reaction feasible.
In summary, the solid-state Alder-ene reaction in 1-hexene

under high-pressure and room-temperature conditions was
confirmed by vibrational spectroscopy, high-resolution gas
chromatography−mass spectrometry (HRGC−MS), in situ
neutron diffraction, and a theoretical calculation. Allylic
hydrogen from one 1-hexene shifted to C�C in the other
molecule with a new C−C bond formation and double-bond
migration. This reaction was evidenced to proceed to a six-
electron cyclic transition state, which decreased obviously
under high pressure. The in situ neutron diffraction shows that
this reaction is not controlled by the topochemical process.
This investigation presents a novel pathway for the realization
of the Alder-ene reaction in the solid state and offers new
insights into hydrogen transfer behavior in unsaturated
hydrocarbons under high pressure.
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