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Abstract: The reaction mechanism between phosphacyclopropenylidene and
ethylene has been systematically investigated at the B3LYP/6-311++G(d,p)
level of theory in order to better understand the reactivity of unsaturated cyclic
phosphorus-bearing carbene. Geometry optimizations and vibrational analyses
have been performed for the stationary points on the potential energy surface
of the system. Calculations show that the spiro bicyclic intermediate could be
produced through the cycloaddition process between phosphacyclopropenyl-
idene and ethylene initially. The reaction mechanism is illustrated with the
frontier molecular orbital theory. Introduction of electron-withdrawing group
in phosphacyclopropenylidene will better facilitate the addition process.
Through subsequent ring-expanding and hydrogen-migrating process, fuse-ring
and allene compounds could be produced, respectively. Furthermore, it’s easy
for spiro bicyclic intermediate and another ethylene to form a spiro tricyclic
compound. This study is helps to understand the reactivity of phosphacyclo-
propenylidene, the evolution of phosphorus-bearing molecules in space, and to
offer an alternative approach to the formation of phosphorus-bearing hetero-
cyclic compound.

Keywords: phosphacyclopropenylidene; ethylene; reaction mechanism; mol-
ecular orbital.

INTRODUCTION

Approximately 180 molecules have been detected in the interstellar medium
(ISM) or in circumstellar envelopes (CSEs) of late-type stars,! including six
phosphorus-bearing molecules, PN,2-3 CP,4 HCP,5 PO,° CCP7 and PH3.8-9 As a
carbon—phosphorus-bearing molecule, HC,P might exist in the hot core of star-
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1176 WU etal.

-forming regions.!0 Additionally, HCoP is one of the products of reaction
between interstellar molecules CP and CH,CO theoretically.!!

There are three isomers of HC,P based on the theoretical investigation:
triplet linear HCCP (HCCP!, phosphapropynylidene), singlet circular HC,P
(HC,PS, phosphacyclopropenylidene), and singlet bent CCPH (CCPHS, phos-
phapropadienylidene).!® Geometrical parameters of three isomers of HC,P are
shown as Scheme 1. Saito ef al. detected microwave spectrum of the HC,P in the
mixture of phosphine and acetylene for the first time using a source-modulated
microwave spectrometer. The results show that the structure of HC;,P is a linear
phospho-allenic form, which is somewhat modified by a phosphorene.12 A det-
ailed and precise measure of line frequencies of HC,P is available for its astro-
nomical search in the circumstellar envelopes or dark molecular clouds. Miller
and Woon calculated dipole moments of compounds containing silicon and phos-
phorus, including HC,P, for assessing the column density, denoting abundance
and predicting reactivity.!3

H
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' ' 0.183 0.1283 '
HCCP! HC2PS CCPHS

Scheme 1. Optimized structures of the HC,P (bond length in nm and bond angle in degree) at
the B3LYP/cc-pVDZ level of theory. !0

The order of stability of three HC,P isomers is HCCPt > HC,PS > CCPHs.14
For example, based on Boo’s results, the relative electronic energy of HCCPY,
HC,PS, CCPHS is 0, 4.2, and 17.5 kcal*/mol at the MP2/cc-pVDZ level of
theory, respectively.!0 Ding et al. investigated the structures and isomerization
pathways of HC,P isomers in both singlet and triplet states at various levels and
drew parallel conclusions from the aforementioned study.!3

The reaction of azacyclopropenylidene (c-CoHN) has been investigated,
which enriched the azacyclopropenylidene chemistry and provided alternative
approaches for synthesizing relevant nitrogen-bearing compounds.!® Phosphacyc-
lopropenylidene (HC,PS) is an analogue of azacyclopropenylidene. We believe
that further investigation for the reaction mechanism between phosphacyclo-
propenylidene and unsaturated compounds can stimulate relevant experimental
and theoretical studies of HC,P. In the present study, we have performed a com-
prehensive theoretical investigation of the reaction mechanism between phos-
phacyclopropenylidene and ethylene by employing the popular hybrid density
functional B3LYP method with 6-311++G(d,p) basis set. The research results
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indicate that three products, fuse-ring, allene and spiro tricyclic compound, are
formed. The present results will enrich the existing data for the relevant phos-
phacyclopropenylidene chemistry and discuss the possibility of formation of
phosphorus-bearing molecules by means of phosphacyclopropenylidene.

CALCULATION METHOD

The popular hybrid density functional B3LYP method, namely Becke’s three-parameter
non-local exchange functional!” with the non-local correlation functional of Lee et al.!® and
6-311++G(d,p) basis set including diffuse and polarization functions have been employed to
locate all the stationary points along the reaction pathway without imposing any symmetry
constraints. The reliability and efficiency of this method in predicting geometries and pro-
perties have been verified by a number of investigations.!*2! Frequency analyses have been
conducted to confirm the nature of the minima and transition states. Moreover, intrinsic react-
ion coordinate (IRC) calculations have also been done to further validate the calculated tran-
sition states connecting reactants and products. Additionally, the relevant energy quantity,
such as the reaction energies and barrier heights, has been corrected with zero-point vibra-
tional energy (ZPVE) corrections.

All the calculations have been performed using Gaussian 98 program.

RESULTS AND DISCUSSION

As displayed in Scheme 2, three possible pathways for the title reaction have
been proposed. The geometric parameters for the reactants (R1-phosphacyclo-
propenylidene and R2-ethylene), transition states (TS), intermediates (IM) and
products (P) involved in the pathways (1)—(3) are displayed in Fig. 1 (additional
data are given in Supplementary material to this paper). The corresponding react-
ion profile is illustrated in Fig. 2.
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Scheme 2. The proposed three pathways for the reaction between phosphacyclopropenylidene
and ethylene.
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Fig. 1. Optimized structures of the reactants (phosphacyclopropenylidene and ethylene),
transition states (TS), intermediates (IM) and products (P) in the reaction pathways (1)—(3)
at the B3LYP/6-311++G(d,p) level of theory, where the bond length and bond angle

are in nm and degrees, respectively.

wTsza ! ;?16
507 feaa AOLO, TS2b,
T SM2T 640}
3 o T A %
y A0 WA IR IM2+R2 25.1 !
= \ ! 0.0 !
< 507 /b =chy) 648} \
r ; phthway (1) \
R \
Y 100 AR 1
| VP2
-1504 H,C—CH,| '_.163.2 pathway (2) \
PH ;
-200- i " |
" C ! P3
C /\ i
-250 1 \ H,C—C—PH | -257.0
S Y pathway (3)
H,C—CH,

Fig. 2. Reaction profiles for the pathways (1)—(3) between R1 (phosphacyclopropenylidene)
and R2 (ethylene) at the B3LYP/6-311++G(d,p) level of theory

Step (a): cycloaddition reaction process to form a spiro bicyclic intermediate IMa

On the pathways (1) and (2), the common intermediate IMa is formed via a
cycloaddition reaction process with an energy barrier of 62.6 kJ mol~!. The
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unique imaginary frequency calculated for the corresponding transition state
(TSa) in the step (a) is 422i cm™! at the B3LYP/6-311++G(d,p) level of theory.

As shown in Fig. 1, the distance of C1-C3 and C!-C# in TSa is 0.1955 and
0.2629 nm, respectively. Thus, in the transition state TSa, two new bonds of
CIC3 and CIC# are to be formed. At the same time, the distance of C3—C#, in R2
fragment of TSa, is reached to 0.1378 nm, which elongated 0.0049 nm that in
ethylene. Therefore, based on the bond length data, the double bond of C3C# in
ethylene is transformed into a single bond in IMa via TSa. The formation of new
o-bond of CIC3 and C!C# and the cleavage of n-bond of C3C# happen simul-
taneously. Therefore, step (a) is a concerted cycloaddition reaction process. As
shown in Fig. 3, those changes can be further validated by the IRC calculations
on the basis of TSa.

Qualitatively, the cycloaddition reaction process of step (a) can be realized
from the frontier molecular orbital theory. As displayed in Fig. 4, the frontier
orbitals for LUMO+1 of R1 (phosphacyclopropenylidene) and HOMO of R2
(ethylene) are symmetrical matching. In addition, the LUMO+1 energy of R1
(0.01333 a.u.) is close to the HOMO of R2 (—0.01081 a.u.). As R1 initially inter-
acts with R2, the unoccupied 2p orbital of C! in R1 inserts into the m-orbital of
R2 to form a m—p donor—acceptor bond, resulting in the formation of the spiro
bicyclic intermediate IMa. The less the electron densities on the C! atom in R1,
the easier will be the insertion process of formation of a m—p donor—acceptor bond.
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Fig. 3. The relative energy (ER) and selected bond lengths change along the reaction
coordinates of the step (a) (left) and step (3) (right).

There are two m-electrons in the R1 (C! offers an empty p-orbital, C2 and P
offers a m-electron, respectively), conforming to the Hiickel rule (m-electrons are
4n+2, n = 0). Therefore, R1 represents an aromatic molecule. By the conjugation
effect, introduction of electron-withdrawing group at C2 in R1 will decrease the
electron density on C!, which will better facilitate the reaction between R1 and
R2. Introduction of electron-donating group will result in the opposite effect. As
summarized in Table I, introduction of electron-withdrawing group, F, CF3, and
CN, decreases the electron density at the C! atom in R1, by which it can decrease
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the barrier of step (a). On the contrary, electron-donating groups, CH3, OH and
OCHg3, etc., increase the barrier of step (a).

LUMO+1 of R1 LUMO of IM2 HOMO of R2
Fig. 4. The calculated MO orbitals for R1 (phosphacyclopropenylidene), R2 (ethylene) and IM2.

TABLE 1. The barrier in step (a) of the cycloaddition reaction process between XC,PS and
ethylene at the B3LYP/6-311++G(d,p) level of theory

X_(electrqn- Barrier, kJ mol'! X (electron-donating Barrier, kI mol"!

withdrawing group) group)

H 62.6 CH;, 65.8

F 60.3 OH 69.5

CF, 58.6 OCH; 71.4

CN 57.3 NH, 69.8
NHCH; 67.7
N(CHz), 71.6

IMa is a spiro bicyclic compound. Two three-membered rings, C!C2P and
C!C3C4, share C! atom. IMa can transfer to P1 through ring expansion process
(step (1)) and to IM2 through H migration process (step (2)).

Step (1): ring-expanding process to form a fuse-ring compound Pl

On the pathway (1), the product P1 is formed via a ring-expanding process
of IMa. The unique imaginary frequency calculated for the corresponding
transition state TS1 in the step (1) is 601i cm™!.

In TS1, cleavage of m bond of C2P formed single electron on C2 and P, the
cleavage of 6-bond of C1C# formed single electron on C! and C4, respectively. In
the meanwhile, two single electrons on C2 and C# formed a new o-bond, the
other two single electrons on C! and P formed a new n-bond. The distance of
C2-C%4in TSI is 0.2254 nm, denoting the formation of a new -bond between C2
and C4. The distance of C1-P in TSI is 0.1755 nm, which is between the length
of a single bond (C!P in IMa) and double bond (C!P in P1), denoting the trans-
formation of C!P bond from a single bond to a double bond. P1 is a fuse-ring
compound, which is exothermic with the value of 64.8 kJ mol~! higher than that
of the reactants.
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Step (2a): H-migrating process to form a spiro intermediate IM2

Step (2a) in pathway (2) is the hydrogen (H!) migration from C2 to the
adjacent P, resulting in the isomerization of IMa into IM2 via TS2a. Here, calcul-
ated energy is 89.4 kJ mol~1, the imaginary frequency of TS2a is 894i cm™1. In
details, as shown in Fig. 1, the distance of C2-H! in TS2a has been elongated to
0.1508 nm, and the distance of P-H! reached to 0.1519 nm, indicating that the
H! atom can migrate from C2 to P. In the meantime, the bond length of C2P in
TS2a increased to 0.1844 nm (the bond length of C2P in IMa is 0.1660 nm),
suggesting the double bond of C2P in IMa will be transferred into the single bond
of C2P in IM2.

Similar to IMa, IM2 is also a spiro intermediate. The difference between
IM2 and IMa is that the former has a pair of lone electrons on C2 atom. That is,
IM2 is characterized by unstable carbene structure. Along the reaction profile,
IM2 is endothermic with the value of 48.3 kJ mol~! higher than that of the react-
ants. In general, carbene will isomerize to the stable species by bonding its lone
electrons. Therefore, IM2 can isomerize to P2 through a ring-opening process of
CIC2P, or react with ethylene to form P3.

Step (2b): ring-opening process to form an allene product P2

As noted above, IM2 can isomerize to P2 through a ring-opening process of
CIC2P via TS2b, which is named as step (2b). Here, the calculated energy of
TS2b is 64.0 kJ mol~! and the imaginary frequency of TS2b is 374i cm1. As
shown in Fig. 1, the distance of C1-P in TS2b has been elongated to 0.2096 nm,
indicating the break-up of the C!P bond and the open-up of C!C2P ring. In P2,
the bond length of C1C2 is 0.1286 nm, which fall in the range of the intermediate
between C=C double bond and C=C triple bond length. Analogously, the bond
length of C2P (0.1652 nm) in P2 is similar to CP double bond (C2P double bond
is 0.1689 nm in R1), and is quite shorter than CP single bond (C2P single bond is
0.1922 nm in IM2). The three atoms, C!, C2, and P, are approaching to the same
line (£ CIC2P is 173.1°). Therefore, P2 has the allenes structure. Along the
reaction profile, P2 is exothermic with the value of 163.2 kJ mol~! higher than
that of the reactants. As shown in Fig. 5, those changes in bond length and angle
can be further validated by the IRC calculations on the basis of TS2b.

IM2 is similar to R1, both of them have carbene characteristic. IM2 can react
with ethylene to form P3 via TS3. Reaction of IM2 and ethylene is similar to the
reaction of R1 and ethylene. As displayed in Fig. 4, the frontier orbitals for
LUMO of IM2 and HOMO of R2 are symmetrical matching.

Pathway (3): addition reaction process to form a spiro tricyclic compound P3

As IM2 initially interacts with ethylene, the unoccupied 2p orbital of C2 in
IM2 inserts into the m-orbital of ethylene to form a m—p donor—acceptor bond,
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resulting in the formation of the spiro tricyclic compound P3. Unlike the R1, IM2
has no aromatic characteristic. Therefore, it is easier for the reaction of IM2 and
ethylene than that of R1 and ethylene, which can be demonstrated through the
barrier in step (3) (25.1 kJ mol~1) and step (a) (62.6 kJ mol-1). As shown the IRC
calculation in Fig. 3, changes in the relative energy and selected bond lengths in
step (3) are very similar to that in step (a).
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Fig. 5. The selected bond lengths, bond angle and relative energy (ER) change along the
reaction coordinates of the step (2b).

CONCLUSION

In this study, the reaction mechanism between phosphacyclopropenylidene
and ethylene has been systematically investigated employing the B3LYP/6-
-311++G(d,p) level of theory. The reaction involves three pathways: (1)—(3). The
spiro bicyclic compound is the common intermediate for three pathways through
cycloaddition process. Introduction of electron-withdrawing group in phos-
phacyclopropenylidene will better facilitate the cycloaddition process. Intro-
duction of electron-donating group will result in the opposite effect. Pathway (1)
is the process of formation of phosphorus-bearing fuse-ring compound via a ring
expansion. Pathway (2) is the process of formation of phosphorus-bearing allene
compound through hydrogen migration and ring-opening. Pathway (3) is to form
a phosphorus-bearing spiro tricyclic compound. This study is useful to under-
stand the reactivity of phosphacyclopropenylidene, the evolution of phosphorus-
-bearing molecules in space, and to offer an alternative approach to the formation
of phosphorus-bearing heterocyclic compound.

SUPPLEMENTARY MATERIAL

Matrixes of whole optimized structures (Table S-I) are available electronically at the
pages of journal website: https://www.shd-pub.org.rs/index.php/JSCS/index, or from the cor-
responding author on request.
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U3BOJ
TEOPHUJCKO UCTPAXXHUBAILE PEAKITUJE USMEBY ®OCOAITHUKIIOITPOINNIEHW/INJIEHA
W ETUJIIEHA: AJITEPHATUBHHU ITPUCTYII @OPMUPARY @O0CPOP-HOCERUX
XETEPOUMKIIMYHUX JEOUHEBHA

MENGYAO WU, YILIN WANG, XIAOJUN TAN u JINSONG GU

School of Biological Science and Technology, University of Jinan, Jinan, Shandong, 250022,
People’s Republic of China

Mexanuzam peaknuje u3mely dbocdalvKIoONpoNeHWINAEeHa U eTHIeHA je CUCTeMATCKH U3y-
yaBaH Ha B3LYP/6-311++G(d,p) HuBOY TeopHje kako Ou ce Dosbe pasymesia peakTUBHOCT He3acH-
henux nuIMYHKAX KapdeHa Koju Hoce docdop. OnTHMu3anje reoMepyje ¥ BUOpALIIOHE aHAIM3e
Cy W3BpLIEHE 3a CTallMOHApHE Tauke Ha MOBPLIMHM MOTEHLIMjalHEe eHepryje cucreMa. MspavyHa-
Bama MoKa3yjy fa CIHpOo OMLMKIMYHU MHTEPMEIHjEPH MOTY Iia Ce MPOU3BENY MPOLIECOM LIMKIO-
apunvje WHULHjaTHO uaMehy ocdaluKKIONpPONeHWTHIeHa U eTwieHa. PeakiMoHH MeXaHH3aM
je WIyCTpOBaH TEOPHjOM IPAaHHYHHUX MOJIEKYJICKUX OpOHTana. YBohewe eneKTpOH-TPUBIAYHHX
rpymna y ¢ochaurkionponeHwInIeH he ofakuiaTy mpouec agunuje. HakHagHUM ITpoliecrma mpo-
IIMpYBama NPCTEHA ¥ MUIpauvje BOJOHMKA, MOTY OWTH IIPOM3BENEHA jelUHEHa Ca KOHAEH30Ba-
HUM IIPCTEHOBMMA, OFHOCHO aJIeHCKa jenumewa. Hapmame, civpo SUIMKIMYHYM HHTEpMenvjep U
IpyTH eTWIeH ako hopMHUPajy Spiro TPULIMKINYHO jenumere. OBa cTynyvja je on momohu 3a pasy-
MEBake PEAKTUBHOCT (ocdalMKIONpONeHWINAeHa, eBoayurje ¢ocdop-Hocehux Morekyna y
Meby3Be3maHOM IPOCTOPY, Kao MOHyZa aJITePHATHBHOL MPHCTyTA 3a opmupame docdop-Hoce-
hHX XeTepoUUKINYHUX jeubeha.

(ITpummeno 19. nenembpa 2019, pesugupaHo 6 mMaja, npuxsaheno 11. maja 2020)
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