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The stability and reactivity of the 1-aminocyclopropane-1-carboxylic acid (ACC) amine radical cation, which is a
key intermediate of ethylene biosynthesis in plants, were examined by quantum chemical calculations. The local inter-
actions to stabilize radical species were treated with a hydrated cluster. Potential energy curves were obtained for two
types of reactions from ACC amine radical cation: (1) direct ring opening of ACC amine radical cation, followed by
proton abstraction from the amino group, and (2) proton abstraction from the amino group, followed by ring opening
of ACC aminyl radical. A remarkable difference was found in the ring-opening processes of reactions (1) and (2). Rate
constants (k) of 6:10� 1012 and 8:89� 109 s�1 at 298.15K were estimated for the ring openings of ACC amine radical
cation and ACC aminyl radical, respectively, at the B3LYP/6-31+G(d,p) level, and were in agreement with experimen-
tal results. The ring opening of ACC amine radical cation was 103-fold faster than that of ACC aminyl radical with
almost no barrier height. It was thus quantitatively demonstrated that reaction (1) was more favorable than reaction
(2) for ethylene synthesis.

The phytohormone ethylene is a familiar simple olefin and
regulates many physiological processes in plant growth and
development, such as fruit ripening.1–3 In addition, this small
molecule is the only volatile phytohormone and thus plays
various vital roles through plant–plant, plant–herbivore, and
plant–carnivore interactions.4,5 As ecological studies on ethyl-
ene have accumulated, postharvest physiologists have focused
efforts on delaying fruit ripening and flower fading by reduc-
ing ethylene production, and studies of ethylene biosynthesis
have been undertaken to address this goal.2,3

Once 1-aminocyclopropane-1-carboxylic acid (ACC) was
first established as a crucial precursor of the final stage of eth-
ylene biosynthesis in plants by Adams and Yang,6 the enzy-
matic conversion of ACC to ethylene has received much atten-
tion.7–14 Many efforts have been made to assay the ethylene-
forming enzyme (EFE) and to determine the genes encoding
it. Hamilton et al. discovered that pTOM13 clone represents
the gene encoding EFE and that the EFE catalyzes oxidation
of ACC.9,10 EFE is now called 1-aminocyclopropane-1-car-
boxylic acid oxidase (ACCO).11,12 On the basis of a compari-
son of homologous protein sequences, ACCO has been classi-
fied as a member of a family of non-heme iron proteins.12 The
family of non-heme iron proteins is unstable, and thus, ACCO
is difficult to isolate with its activity intact. Consequently,
studies on ethylene biosynthesis have been challenging.12

To the best of our knowledge, the crystal structure of the
ACCO complex with ACC has not been reported, and thus,
the precise mechanism of ethylene biosynthesis remains a
long-standing question.

In an early experimental study, Pirrung7 has reported that
the fragmentation of ACC to ethylene occurs not by a concert-
ed process but by a stepwise process through sequential trans-
fers of single electrons that involve various radical species,
as observed in apple tissue. Pirrung et al.13,14 have determined
ACC amine radical cation to be a key intermediate in the
ACCO active site. From their experiments, they have proposed
two types of reactions from the key intermediate (Scheme 1):
(1) direct ring opening of ACC amine radical cation, followed
by proton abstraction from the amino group (Path A in
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Scheme 1), and (2) proton abstraction from the amino group,
followed by ring opening of ACC aminyl radical (Path B in
Scheme 1). ACC amine radical cation and ACC aminyl radical
are analogous to other radical species, which undergo rapid
rearrangements.15–18 To date, rate constants (k) of the ring
openings of ACC amine radical cation and ACC aminyl radi-
cal have not been measured, because kinetic measurements of
these ring openings have been unavailable.13,14 On the other
hand, it is known that the ring opening of 2-phenylcyclopro-
pylaminyl radical (Scheme 2a) occurs with k > 1011 s�1 at
293.15K in solution16 and, based on the known effects of
the phenyl group on ring-opening rates, the ring opening of
the unsubstituted cyclopropylaminyl radical (Scheme 2b)
should occur with a predicted k of �108 s�1.13,14 It is also
known that amine radical cations (Scheme 2c) can undergo re-
arrangements up to 103-fold faster than their cognate aminyl
radicals (Scheme 2b).15 In addition, from an experimental
study on ring opening of radical species by using electron spin
resonance (ESR), the ring opening of cyclopropylaminyl radi-
cal (Scheme 2b) leads quickly to internal H-atom transfer from
NH group to generate iminyl radical, which would not be com-
petent in ethylene production, whereas cyclopropylamine radi-
cal cation (Scheme 2c) produces a stable carbon-centered radi-
cal.17 Therefore, Pirrung et al.13,14 have suggested that reaction
(1) would be more favorable than reaction (2), and the ring
opening of ACC amine radical cation should occur with k >
108 s�1. On the other hand, the pH environment of the active
site of the enzyme is unknown, and the amine radical cation
and the aminyl radical differ only by protonation, with pKa � 7

for dialkylaminyl radicals.15 On the basis of this fact, Pirrung
et al.13,14 have also suggested that it is difficult to exclude ACC
aminyl radical as a possible early intermediate in ethylene
biosynthesis.

In spite of much effort to elucidate the mechanism of ethyl-
ene biosynthesis, details of the stability and reactivity of ACC
amine radical cation are still unclear, since the relevant infor-
mation on reactions of short-lived radical species is obtained
only by product analysis in experimental studies. On the other
hand, by taking advantage of quantum chemical methods, such

as the ab initio molecular orbital (MO) methods, we can ana-
lyze details of structures, properties, and reactions of radical
species, as well as of those of other molecular species. In our
previous study,19 the proton-transfer mechanism for ionization
of the hydrated cluster of ACC has been investigated by the ab
initio MO method. We have shown that local interactions
between ACC and water molecules are necessary to fully
stabilize the zwitterionic form of ACC and have found that
the neighboring water molecules directly participate in the
ionization process of ACC. We have thus concluded that water
molecules interacting directly with ACC may significantly
contribute to the reaction that forms ethylene from ACC in
aqueous solution. As well as ACC precursor, ACC amine radi-
cal cation intermediate has a zwitterionic form. We therefore
suggest the detailed analysis of the stability and reactivity of
ACC amine radical cation in aqueous solution, including the
effects of local interactions between ACC amine radical cation
and water molecules, should be performed to better understand
ethylene biosynthesis in plants.

In this work, the stability and reactivity of ACC amine radi-
cal cation in aqueous solution were investigated by quantum
chemical calculations as a first step in the investigation of eth-
ylene biosynthesis. A hydrated cluster model was used to in-
clude the effects of the local interactions of ACC amine radical
cation with water molecules in aqueous solution. In this inves-
tigation, the proposed two types of reactions, i.e., reactions (1)
and (2) from ACC amine radical cation (Path A and Path B
before an electron transfer in Scheme 1), were particularly
focused on and compared them with each other. To better un-
derstand how ethylene synthesis proceeds in plants, it is impor-
tant to clarify which reaction path is more favorable for ethyl-
ene synthesis in aqueous solution. We should note that the
analysis of the ethylene release process, which requires an
electron transfer from the solute (carbon-centered radical 2
in Scheme 1) to the active center of the enzyme, is beyond
the scope of the current investigation, because the electron
transfer is difficult to analyze in the model system without
the enzymatic environment. To ultimately elucidate the mech-
anism of the entire ethylene biosynthesis, the effects of the en-
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zymatic environment should be included in further studies.
However, the findings obtained from this work are of impor-
tance for eventually understanding how ethylene is created
in plants.

Computational Methods

Density functional theory (DFT) methods have recently
been used for various systems and have yielded promising
results for many molecular systems. In particular, systematic
studies of hydrogen-bonded systems have verified that DFT
reasonably describes the thermodynamic characteristics of
hydrogen bonding as long as reliable basis sets are used.20–22

Therefore, one of the DFT methods, the B3LYP method,
which is the Becke’s three-parameter hybrid method using
the LYP local and non-local exchange functionals of Lee,
Yang, and Parr, was used.23–25 The second-order Møller–
Plesset perturbation (MP2) method26–28 was also used. The spin
multiplicities were doublet, and the sum of Mulliken spin den-
sities was calculated to be 1 for all compounds. In the present
calculations, the 6-31+G(d,p) basis set was used.29,30 All
structures were optimized at the B3LYP/6-31+G(d,p) level.
Because converging the optimization using the MP2 is diffi-
cult, single-point MP2 calculations were performed using
the structures optimized with the B3LYP method. The
B3LYP results were compared with the MP2 results when
necessary. To verify that each critical point was at an energy
minimum, vibrational analysis based on the analytical second-
derivative method was used for all optimized geometries. One
imaginary frequency for transition-state (TS) structures and
zero for equilibrium structures were confirmed by the normal
coordinate analysis. Intrinsic reaction coordinate (IRC) analy-
sis31 on all of the reactions was performed using the B3LYP
method to confirm the nature of TSs. The structures and
energies of the B3LYP results will be discussed, unless other-
wise noted.

Short-range solvent effects were taken into account by using
a hydrated cluster model including six water molecules, since
short-range local ACC–water interactions were satisfactorily
modeled by the ACC�(H2O)6 cluster as shown in our previous
paper.19 Long-range solvent effects were taken into account by
means of a dielectric continuum medium by using the polar-
ized continuum model (PCM).32 For the dielectric continuum
medium, " ¼ 78:5 was used as the dielectric constant in
water. All calculations were carried out using the Gaussian98
program package.33

Results and Discussion

Stability of ACC Amine Radical Cation. Quantum
chemical calculations were used to investigate the stability
of ACC amine radical cation, which has the amine-radical-
cation and zwitterionic forms at the same time. At the begin-
ning of this investigation, the structural features of the ACC
amine radical cation were analyzed in various environments.
The three optimized structures of ACC amine radical cation
are shown in Fig. 1. Structures 1a, 1b, and 1c were obtained
in the isolated system, the dielectric continuum medium using
PCM, and the hydrated cluster, respectively, by the B3LYP
method. Table 1 shows the Mulliken atomic spin densities
and the Mulliken atomic charges of these species calculated
by the B3LYP and MP2 methods.

Structures 1a, 1b, and 1c were almost the same except for
the orientation of the hydrogen atom as shown in Fig. 1, but
they had different atomic spin densities and charges as shown
in Table 1. Structure 1a was obtained without a radical on ni-
trogen atom N of the amino group, and there were low atomic
spin densities on N (0.12 and 0.01 at the B3LYP/6-31+G(d,p)
and MP2/6-31+G(d,p) levels, respectively). In addition, struc-
ture 1a was obtained with a radical on oxygen atom O1 of the
carboxyl group (Table 1). In contrast, structures 1b and 1c
were obtained with high atomic spin densities on N (0.59)
by the B3LYP method. Single-point MP2 calculations yielded
atomic spin densities on N of 0.04 and 0.90 for structures 1b
and 1c, respectively, indicating that only structure 1c has a
radical on N. The calculated charges on NH2 of the amino
group for structures 1a, 1b, and 1c were +0.06, +0.34, and
+0.38, respectively, by the B3LYP method. The MP2 calcula-
tions yielded charges on NH2 of the amino group of 0.00,
�0:09, and +0.53 for structures 1a, 1b, and 1c, respectively,
indicating that only structure 1c has a cation on NH2. These
calculations of atomic spin densities on N and charges on
NH2 show that only structure 1c corresponds to the amine-
radical-cation form. In addition, total charges of O1 and O2
of the carboxyl group were calculated. The negative charges
calculated for structure 1c of �1:28 and �1:59 by the
B3LYP and MP2 methods, respectively, were larger than the
negative charges calculated for structures 1a (�0:68 and
�0:74) and 1b (�1:09 and �0:83). These charge values on
the hydrophilic groups show that only structure 1c corresponds
to the zwitterionic form.

From these results, the local interactions between water
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Fig. 1. Optimized geometries of ACC amine radical cation in (1a) the isolated system, (1b) the dielectric continuum medium using
PCM, and (1c) the hydrated cluster at the B3LYP/6-31+G(d,p) level. Bond lengths are shown in Å.
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molecules and ACC amine radical cation are necessary for the
representation of the character of ACC amine radical
cation and for the analysis of the reactions of ACC amine radi-
cal cation. In light of this finding, the hydrated cluster was
adopted to probe how the reactions of ACC amine radical
cation proceed.

Reactivity of ACC Amine Radical Cation. The calcula-
tions were performed for the proposed two types of reactions
from ACC amine radical cation using the hydrated cluster:
(1) the direct ring opening of ACC amine radical cation, fol-
lowed by the proton abstraction from the amino group (Path A
in Scheme 1) and (2) the proton abstraction from the amino
group, followed by the ring opening of ACC aminyl radical
(Path B in Scheme 1). Figure 2 shows the optimized geome-
tries of the reactant (RC), transition-state (TS), and intermedi-
ate (INT) species for (a) Path A and (b) Path B in the hydrated
cluster by the B3LYP method. Tables 2 and 3 show the atomic
spin densities and the atomic charges of these species for
Path A and Path B calculated by the B3LYP method, respec-
tively, and Tables 4 and 5 show those for Path A and Path B
calculated by the MP2 method, respectively. Figure 3 shows
the potential energy curves for Path A and Path B in the
hydrated cluster by the B3LYP method. Details of Path A
and Path B are shown in following sections.

Structural Changes: Firstly, the structural change of
Path A was analyzed. As shown in Fig. 2a, one side of the
cyclopropane ring of RC opens to give INT1a via TS1a
(284i cm�1), and subsequently a proton of the amino group
of the INT1a transfers to a water molecule W1, and three pro-
tons of W1, W2, and W3 transfer to give INT2a via TS2a
(816i cm�1). A single TS (TS2a) for this water-assisted proton
transfer indicates that the four protons move in a concerted
fashion via the hydrogen-bonding network in the hydrated
cluster. Caused by this proton-transfer process, an oxonium
ion is formed at W4 in INT2a. From RC to INT1a, the C2–
N bond shortened from 1.36 to 1.29 Å, indicating that a double

bond is formed at the C2–N bond caused by the ring opening.
Through these ring-opening and proton-transfer processes, a
marked structural change appeared in the C2–C3 bond of the
solute. From RC to INT2a, the C2–C3 bond gradually length-
ened from 1.66 to 2.47 Å caused by the first ring-opening pro-
cess. To analyze the electronic aspect of the solute, the atomic
spin densities and the atomic charges of the solute were calcu-
lated as shown in Tables 2 and 4. The highest spin density was
obtained at N of RC, C3 of TS1a, C3 of INT1a, C3 of TS2a,
and C3 of INT2a in the atoms of the each structure of Path A,
indicating that a radical is formed at these atoms. The charges
of N of INT1a were positive (+0.35 and +0.39 the B3LYP/
6-31+G(d,p) and MP2/6-31+G(d,p) levels, respectively),
whereas those of N of INT2a were negative (�0:21 and
�0:22 at the B3LYP/6-31+G(d,p) and MP2/6-31+G(d,p)
levels, respectively), indicating that the cation on the amino
group of the solute is lost by the proton transfer.

Secondly, the structural change of Path B was analyzed. As
shown in Fig. 2b, a proton of the amino group of RC transfers
to a water molecule W1, and three protons of W1, W2, and
W3 concertedly transfer to give INT1b via TS1b (953i cm�1),
and subsequently, one side of the cyclopropane ring of INT1b
opens to give INT2b via TS2b (486i cm�1). Caused by this
proton-transfer process, an oxonium ion is formed at W4 in
INT1b, TS2b, and INT2b. From the INT1b to INT2b, the
C2–N bond shortened from 1.39 to 1.28 Å, indicating that a
double bond is formed at the C2–N bond caused by the ring
opening. Through these proton-transfer and ring-opening pro-
cesses, a notable structural change appears in the C2–C3 bond
of the solute. From RC to INT1b, the C2–C3 bond gradually
shortened from 1.66 to 1.58 Å caused by the proton transfer,
and from INT1b to INT2b, it lengthened from 1.58 to
2.49 Å caused by the ring opening. It was shown that the
C2–C3 bond of INT1b was calculated to be shorter than that
of RC by 0.08 Å, indicating that the C2–C3 bond of INT1b
is stronger than that of RC. The atomic spin densities and

Table 1. Atomic Spin Densities and Atomic Charges of Structures 1a, 1b, and 1c Obtained in the
Isolated System, the Dielectric Continuum Medium Using PCM, and the Hydrated Cluster, Re-
spectively, Calculated by the B3LYP and MP2 Methods with the 6-31+G(d,p) Basis Set

B3LYP/6-31+G(d,p) MP2/6-31+G(d,p)a)

1a 1b 1c 1a 1b 1c

Spin density N 0.12 0.59 0.59 0.01 0.04 0.90
C1 �0:07 �0:01 0.01 �0:13 �0:16 0.04
C2 �0:01 �0:06 0.02 0.04 0.07 �0:25
C3 0.00 0.03 0.33 0.00 0.00 0.43
C4 0.00 0.01 0.05 0.00 �0:01 0.02
O1 0.48 0.18 0.05 0.99 0.98 0.02
O2 0.49 0.31 �0:01 0.10 0.09 �0:01

Chargeb) N 0.06 0.34 0.38 0.00 �0:09 0.53
C1 0.28 0.42 0.23 0.41 0.47 0.61
C2 0.00 0.03 0.31 0.05 0.26 0.19
C3 0.17 0.16 0.18 0.14 0.10 0.16
C4 0.17 0.14 0.18 0.14 0.08 0.10
O1 �0:35 �0:57 �0:59 �0:15 �0:15 �0:74
O2 �0:33 �0:52 �0:69 �0:59 �0:68 �0:85

a) The single point MP2 calculations using the optimized geometries in the hydrated cluster by
the B3LYP calculations. b) The atomic charges with hydrogens summed into heavy atoms.
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the atomic charges of the solute were also calculated as shown
in Tables 3 and 5. The highest spin density was obtained at
N of RC, N of TS1b, N of INT1b, C3 of TS2b, and C3 of
INT2b in the atoms of the each structure of Path B, indicating
that a radical is formed at these atoms. The charges of N of RC
were positive (+0.38 and +0.53 at the B3LYP/6-31+G(d,p)
and MP2/6-31+G(d,p) levels, respectively), whereas those
of N of INT1b were almost zero. These calculated spin densi-
ties and charges indicate that, from RC to INT1b, the electron-
ic aspect of the solute changes from an amine radical cation to
an aminyl radical due to the proton transfer.

From the results of Path A and Path B, it is thought that

water molecules could play roles not only as components of
the hydrogen-bonding network in the hydrated cluster but also
as the carriers of protons. Moreover, it is clearly shown that the
fragmentation of the cyclopropane ring in Path A occurs by a
stepwise mechanism through a free radical chain process, in
agreement with experimental results,13,14 and that the fragmen-
tation of the cyclopropane ring in Path B also occurs by such a
mechanism. In addition, almost the same bond lengths, spin
densities, and charges were determined for INT2a of Path A
and INT2b of Path B. Therefore, the carbon-centered radical
product (carbon-centered radical 2 in Scheme 1) can be ob-
tained not only by Path A but also by Path B, whereas an early
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Fig. 2. Optimized geometries of the reactant (RC), transition-state (TS), and intermediate (INT) species for (a) Path A and (b)
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Å. The water molecules in the hydrated cluster are labeled with W1-6.
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experimental study17 has shown that the stable carbon-centered
radical cannot be obtained by the ring opening of cyclopropyl-
aminyl radical, which is analogous to ACC aminyl radical in
Path B.

Energy Profiles: Figure 3 shows the relative energies
without (�E) and with (�EZPC) zero-point vibrational correc-
tion and the corresponding free energy difference (�G) of
the RC, TS, and INT species calculated at the B3LYP/6-
31+G(d,p) level. As shown in Fig. 3, although the carbon-cen-
tered radical products (carbon-centered radical 2 in Scheme 1)
were obtained through both of Path A (INT2a) and Path B
(INT2b) with almost the same stabilities, the potential energy
curves of Path A and Path B were different. To examine ener-
getic details of Path A and Path B, the energy profiles of the

proton-transfer and ring-opening processes of these paths were
compared with each other.

Calculated barrier heights (�E) for the proton transfers
from the amino group of INT1a in Path A (TS2a) and from
that of RC in Path B (TS1b) were 11.97 and 11.42 kcalmol�1,
respectively, and these barrier heights were similarly reduced
by the zero-point vibrational correction (by 4.13 and 4.18
kcalmol�1, respectively), though they were not reduced by
the effect of entropy. In addition, calculated reaction heats
(�E) for the proton transfers from the amino group of INT1a
in Path A and from that of RC in Path B were 3.26 and
2.83 kcalmol�1, respectively, and these reaction heats were
reduced by the zero-point vibrational correction (by 1.03 and
0.22 kcalmol�1, respectively), though they were not reduced

Table 2. Atomic Spin Densities and Atomic Charges of the Reactant (RC), Transition-
State (TS), and Intermediate (INT) Species for Path A of Ethylene Formation from
ACC Amine Radical Cation in the Hydrated Cluster Calculated at the B3LYP/6-
31+G(d,p) Level

RC TS1a INT1a TS2a INT2a

Spin density N 0.59 0.44 0.04 0.03 0.03
C1 0.01 0.01 0.04 0.04 0.04
C2 0.02 0.01 0.07 0.05 0.06
C3 0.33 0.59 1.11 1.13 1.15
C4 0.05 �0:04 �0:21 �0:20 �0:21
O1 0.05 0.04 0.01 0.00 0.00
O2 �0:01 �0:01 0.00 0.00 0.00

Chargea) N 0.38 0.33 0.35 �0:25 �0:21
C1 0.23 0.22 0.17 0.09 0.29
C2 0.31 0.36 0.38 0.37 0.16
C3 0.18 0.17 0.09 0.07 0.04
C4 0.18 0.20 0.23 0.24 0.26
O1 �0:59 �0:60 �0:57 �0:58 �0:58
O2 �0:69 �0:69 �0:68 �0:70 �0:75

a) The atomic charges with hydrogens summed into heavy atoms.

Table 3. Atomic Spin Densities and Atomic Charges of the Reactant (RC), Transition-
State (TS), and Intermediate (INT) Species for Path B of Ethylene Formation from
ACC Amine Radical Cation in the Hydrated Cluster Calculated at the B3LYP/6-
31+G(d,p) Level

RC TS1b INT1b TS2b INT2b

Spin density N 0.59 0.74 0.86 0.58 0.03
C1 0.01 0.02 0.04 0.07 0.02
C2 0.02 �0:06 �0:11 �0:18 0.06
C3 0.33 0.23 0.17 0.65 1.16
C4 0.05 0.06 0.05 �0:07 �0:21
O1 0.05 0.03 0.01 0.01 0.01
O2 �0:01 �0:01 0.00 �0:01 0.00

Chargea) N 0.38 �0:16 �0:09 �0:12 �0:12
C1 0.23 0.24 0.17 0.12 0.09
C2 0.31 0.19 �0:04 0.14 0.19
C3 0.18 0.19 0.17 0.07 �0:03
C4 0.18 0.16 0.27 0.40 0.44
O1 �0:59 �0:61 �0:64 �0:69 �0:66
O2 �0:69 �0:73 �0:75 �0:79 �0:79

a) The atomic charges with hydrogens summed into heavy atoms.
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by the effect of entropy. This indicates that the proton transfers
from the amino groups of carbon-centered radical 1 and ACC
amine radical cation proceed with the similar barrier heights
and the similar reaction heats in endothermic reaction mecha-
nisms. In addition, the energy difference between RC and
INT1b shows that ACC amine radical cation is more stable
than ACC aminyl radical by 3.86 kcalmol�1 (�G).

The calculated barrier heights (�E) for the ring openings of
the cyclopropane rings of RC in Path A (TS1a) and INT1b in
Path B (TS2b) were 0.39 and 4.57 kcalmol�1, respectively,

and these barrier heights were slightly reduced by the zero-
point vibrational correction (by 0.44 and 0.98 kcalmol�1, re-
spectively), though they were not reduced by the effect of en-
tropy. Thus, the ring opening of RC proceeds with almost no
barrier height, whereas that of INT1b proceeds with a higher
barrier height. This result arises from the fact that the C2–
C3 bond of INT1b is stronger than that of RC, as mentioned
above. The calculated reaction heats (�E) for the cyclopro-
pane rings of RC in Path A and INT1b in Path B were
�4:27 and �3:92 kcalmol�1, respectively, and both of INT1a

Table 5. Atomic Spin Densities and Atomic Charges of the Reactant (RC), Transition-
State (TS), and Intermediate (INT) Species for Path B of Ethylene Formation from
ACC Amine Radical Cation in the Hydrated Cluster Calculated at the MP2/6-
31+G(d,p) Levela)

RC TS1b INT1b TS2b INT2b

Spin density N 0.90 1.05 1.07 0.90 �0:03
C1 0.04 0.05 0.09 0.12 �0:01
C2 �0:25 �0:30 �0:28 �0:65 0.09
C3 0.43 0.27 0.19 1.01 1.32
C4 0.02 0.05 0.02 �0:18 �0:20
O1 0.02 0.01 0.00 �0:01 0.01
O2 �0:01 �0:01 �0:01 �0:02 0.00

Chargeb) N 0.53 �0:07 �0:04 �0:06 �0:24
C1 0.61 0.58 0.54 0.51 0.81
C2 0.19 0.06 �0:10 0.00 0.16
C3 0.16 0.16 0.19 0.07 0.06
C4 0.10 0.10 0.18 0.34 0.04
O1 �0:74 �0:75 �0:77 �0:81 �0:73
O2 �0:85 �0:89 �0:95 �0:97 �0:87

a) The single point MP2 calculations using the optimized geometries in the hydrated
cluster by the B3LYP calculations. b) The atomic charges with hydrogens summed
into heavy atoms.

Table 4. Atomic Spin Densities and Atomic Charges of the Reactant (RC), Transition-
State (TS), and Intermediate (INT) Species for Path A of Ethylene Formation from
ACC Amine Radical Cation in the Hydrated Cluster Calculated at the MP2/6-
31+G(d,p) Levela)

RC TS1a INT1a TS2a INT2a

Spin density N 0.90 0.61 0.06 0.07 0.12
C1 0.04 0.03 0.01 0.01 0.02
C2 �0:25 �0:23 �0:01 �0:04 �0:08
C3 0.43 0.90 1.43 1.44 1.43
C4 0.02 �0:17 �0:31 �0:30 �0:31
O1 0.02 0.03 0.00 0.00 0.00
O2 �0:01 �0:02 0.00 0.00 0.00

Chargeb) N 0.53 0.40 0.39 �0:28 �0:22
C1 0.61 0.59 0.52 0.45 0.51
C2 0.19 0.28 0.29 0.23 0.09
C3 0.16 0.15 0.07 0.06 0.07
C4 0.10 0.14 0.23 0.26 0.27
O1 �0:74 �0:73 �0:69 �0:70 �0:69
O2 �0:85 �0:83 �0:81 �0:85 �0:90

a) The single point MP2 calculations using the optimized geometries in the hydrated
cluster by the B3LYP calculations. b) The atomic charges with hydrogens summed
into heavy atoms.
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and INT2b were similarly stabilized by the zero-point vibra-
tional correction (by 0.76 and 1.21 kcalmol�1, respectively)
and the effect of entropy (by 1.21 and 1.46 kcalmol�1, respec-
tively). Thus, the ring openings of ACC amine radical cation
and ACC aminyl radical proceed with the different barrier
heights, though they proceed with the similar reaction heats
in exothermic reaction mechanisms.

In addition, the rate constants (k) of these ring openings
were estimated. In general, k for a reaction is given by the
following equation based on transition-state theory34–36

k ¼ �
kBT

h

� �
e�

�Gz

RT ; ð1Þ

where � is the transmission coefficient (� ¼ 1 for an adiabatic
reaction), kB is Boltzmann’s constant, h is Planck’s constant, R
is the gas constant, T is the temperature, and �Gz is an acti-
vation free energy. As shown in the adiabatic potential energy
curves for Path A and Path B (Fig. 3), the values of �Gz

for the ring openings of ACC amine radical cation (RC)
and ACC aminyl radical (INT1b) were 0.01 (TS1a) and 3.88
(TS2b) kcalmol�1, respectively. Therefore, using Eq. 1,
values of k of 6:10� 1012 and 8:89� 109 s�1 at 298.15K were
estimated for the ring openings of ACC amine radical cation
and ACC aminyl radical, respectively. These values show that
both of the ring openings could occur with k > 108 s�1, in
agreement with experimental results.13,14 Moreover, these val-
ues indicate that the ring opening of ACC amine radical cation
occurs 103-fold faster than that of ACC aminyl radical. This
computational estimation agrees with experimental estimation
that amine radical cations can undergo rearrangements up to
103-fold faster than their cognate aminyl radicals.15 Therefore,
the barrier heights and rate constants of the ring openings
of ACC amine radical cation and ACC aminyl radical were
reasonably predicted by our calculations.

From the calculated barrier heights and reaction rate con-

stants, it is clear that a remarkable difference between Path A
and Path B appears in the ring-opening processes. Basically,
the ring-opening process of ACC amine radical cation appears
to proceed more readily than that of ACC aminyl radical, and
once ACC amine radical cation is formed, its ring would spon-
taneously open with almost no barrier height. In other words,
Path A is more favorable than Path B.

Conclusion

The stability and reactivity of ACC amine radical cation,
which is a key intermediate of ethylene biosynthesis in plants,
were examined by using quantum chemical calculations. The
local interactions of ACC amine radical cation with water
molecules in aqueous solution were treated with a hydrated
cluster including six water molecules. It was found that the
local interactions were necessary to stabilize ACC amine radi-
cal cation and to start its reaction. Potential energy curves were
obtained for two types of reactions from ACC amine radical
cation in the hydrated cluster: (1) direct ring opening of
ACC amine radical cation, followed by proton abstraction
from the amino group (Path A in Scheme 1), and (2) proton
abstraction from the amino group, followed by ring opening
of ACC aminyl radical (Path B in Scheme 1). A remarkable
difference was found in the ring-opening processes of reac-
tions (1) and (2). It was shown that the ring opening of ACC
amine radical cation proceeded with almost no barrier height
(�G ¼ 0:01 kcalmol�1 at the B3LYP/6-31+G(d,p) level),
whereas that of ACC aminyl radical proceeds with a higher
barrier height (�G ¼ 3:88 kcalmol�1 at the B3LYP/6-31+
G(d,p) level). Rate constants (k) of 6:10� 1012 and 8:89�
109 s�1 at 298.15K were estimated for the ring openings
of ACC amine radical cation and ACC aminyl radical, respec-
tively, in agreement with the experimentally predicted value
(k > 108 s�1).13,14 The computational finding that the ring
opening of ACC amine radical cation proceeds 103-fold faster

RC
0.00

(0.00)
[0.00]

E
 (

kc
al

/m
ol

)

TS1a
0.39

(−0.05)
[0.01] INT1a

−4.27
(−5.03)
[−6.24]

TS2a
7.70

(2.81)
[3.72]

INT2a
−1.01

(−2.79)
[−3.20]

TS1b
11.42
(7.24)
[9.39]

INT1b
2.83

(2.61)
[3.86]

TS2b
7.40

(6.20)
[7.74]

INT2b
−1.09

(−2.53)
[−2.73]

ring opening proton transferproton transferring opening

Path APath B

4.57
(3.59)
[3.88]

−3.92
(−5.13)
[−6.59]

11.97
(7.84)
[9.96]

3.26
(2.23)
[3.04]

Fig. 3. Potential energy curves for Path A and Path B from ACC amine radical cation in the hydrated cluster at the B3LYP/
6-31+G(d,p) level. Relative energies are shown in kcalmol�1. The relative energies with zero-point vibrational correction and
the corresponding free energy differences are also shown in round brackets ( ) and square brackets [ ], respectively.
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than that of ACC aminyl radical agrees with experimental
estimation for the analogous amine radical cations.15 Taken
together, it was quantitatively demonstrated that reaction (1)
was more favorable than reaction (2). Therefore, ethylene
synthesis should proceed predominantly through reaction (1).
To our knowledge, this is the first report that examines these
reaction mechanisms by comparing their barrier heights
and reaction rate constants at the quantum mechanical level.
The findings obtained from this work regarding the stability
and reactivity of ACC amine radical cation would be useful
for the eventual understanding of how ethylene is created
in plants.
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