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Calculations at the QCISD(T)/6-3315(d,p)//B3LYP/6-31G(d) level indicate that the participation of water
can effectively lower the isomerization barrier from linear propargyliunsxQECH?") to cyclopropenylium
(c-C3Hst). With the increase of the amount ob® (nH.O, n = 1, 2, or 3) participating in the isomerization,

the isomerization barrier decreases, and with thrg® idolecules the isomerization becomes nearly barrierless.

In contrast to previous studies on the catalytic effects of water on carbonyl systems and the reactfgpf H

with SOs(g), the so-called reactant and the catalyst do not associate into cyclic structures, but rather into
open-chain structures. This work may be useful for further studies on the catalytic effect of other species
having lone electronic pairs, such asS NHs;, and HF.

1. Introdution transition state structures were fully optimized at the B3LYP/
6-31G(d) level. Intrinsic reaction coordinate (IRC) calculations

. i S+ i
Th_e gas-phase (_:her_mstry of thetG™ ion has_recelved were carried out at the same level to confirm that the transition
considerable attention in recent years as a possible precursor

for soot formation in hydrocarbon flame$ and for interstellar states connect the right reactants and products. The relative
synthesis of molecules such@EsH, and GH.915 For CyHs™, energies are evaluated using the single-point QCISD(T)/6-

four stable structures have been repoifeay which the 311+G(d,p) method at the B3LYP/6-31G(d) geometries with

cyclopropenylium ¢CsHs") is the lowest in energy, followed '&%L\J/Sét)m of the B3LYP/6-31G(d) zero-point vibration energies

by the linear propargylium ((€CCH"). Many experimental
studie§1721 have shown that-C3H3™ is relatively unreactive
whereas HCCCH? is reactive toward various neutrals such as
C,Ha, C4H,, and simple alcohols. The interconversion between ~ The equilibrium geometries are drawn in Figure 1, and the
H,CCCH*+ and c-CgHs* is difficult. geometries of the transition states are drawn in Figure 2. The
It is now well-established that in the reactionsQ{g) + total and relative energies of the equilibrium geometries and
SOy(g) — H.S0x(g) and HO(g) + COx(g) — H.COs(g), the the transition states at the QCISD(T)/6-31G(d,p) level are
presence of a second,@ molecule can lower the reaction listed in Table 1, and the calculated energy profiles for the
barrier and thus make the reactions more feasible. In 1999, Linisomerization from linear propargylium g8CCH) to cyclo-
et al?? studied the catalytic effect of the second water on a Propenylium ¢-CsHs'), with and without the assistance by
variety of carbonyl systems and found that the participation of "H20 (0 =1, 2, or 3) are presented in Figure-3a
water can modify the reaction forbiddenness in addition to N Figure 3a-c, we use the number “0” to label the water-
providing strain relief for the transition structure and further frée isomerization channel, the number “1" to label the water-
found that the water-assisted reactions are more effective forassisted isomerization channel by ongdHnolecule, and “2"
the monocarbonyl series than for the dicarbonyl series. and “3” (or “3”) to represent the water-assisted isomerization
In this paper, we will examine the catalytic effectsnf,O channels by two and three,& molecules, respectively. Note
(n=1, 2, or 3) for the isomerization from linear propargylium that 3 and 3represent two different water-assisted isomerization

(H,CCCH") to cyclopropenylium ¢CsHs"). The main goals channels by three # molecules. In later discussions of this
are to address following two questions: article, curves 3 and' ill be explained in detail.

(1) Can the participation of water lower the isomerization It should alsq be noted tlt]r?t the enerngfero is assigned to
barrier effectively, and make the isomerization easier? linear propargylium (HCCCH") [or H,.CCCH" plus nH20 (n

(2) How does the catalytic effect depend on the number of _ 1, 2 or 3) at infinite separation for the yvater-asssted
water molecule? isomerization]. For example, for the water-free isomer channel

This paper may be helpful for the future study of catalytic (i.e.,.curve Oin Figgre 3ac), the energy zero is assigned to
effect o?sSch spe)i:ies a&g for example, HS NH;/ and HFy the linear propargylium ((CCCH"), whereas for the water-

. . . assisted isomerization channel by ongHnolecule (i.e., curve
all of which have lone electronic pairs. 1 in Figure 3a-c), the energy zero is assigned teGCCH"
plus one HO at infinite separation. For simplicity and conven-
ience of drawing, the energy zero points of the water-free and
All calculations presented in this paper were done with the water-assisted (byH,O,n =1, 2, or 3) isomerization channels
GAUSSIAN98 progran®? All equilibrium geometries and  are drawn at the same level.

3. Results and Discussion

2. Computational Methods

10.1021/jp0212085 CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/05/2002
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Figure 1. Optimized equilibrium geometries ofs8;™ and [GHznH,O]™ (n = 1, 2, or 3) at the B3LYP/6-31G(d) level. Bond lengths are in
angstroms, and angles, in degrees.

Three channels for the water-free isomerization from linear parentheses are relative energies in kcal/mol with reference to
propargylium (HCCCH?") to cyclopropenyliuméCsHs*) have H,CCCH?' [or H,CCCH" plusnHO (n =1, 2, or 3) at infinite
been reported before at the MP4/6-311G(d,p)//MP2/6-3P&(d) separation).
and QCISD(T)/TZ3P//IMP2/TZ® levels of theory. Here, we Similar processes with the assistancendO (n = 1, 2, or
only investigate the two energetically more favorable paths. One, 3) are also calculated to investigate the catalytic effectd-O
corresponding to curve 0 of Figure 3a, is the direct isomerization (n = 1, 2, or 3). The chain forms ¢€CCHnH,0 or HCCCH:-
from H,CCCH to c-CgHs" via the transition state TS1, which  nH,O,n= 1, 2, or 3) are formed between the lineaiGCCH"
is associated with a concerted process, namely, 1,2-H-shift andand nH,O. Also, under the participation of 38, Ho.CCCH*"
the G-ring closure. The barrier for this process is 87.6 kcal/ and 3HO may associate into two open-chain formsQ€CH
mol, which is close to the value of 88.0 kcal/mol calculated by 3H,0 (or HCCCH:-3H,0) and HCCCHH,0-2H,0 (or
Maluendes et a® The other channel, corresponding to curve 0 HCCCH,-H,0-2H,0)] (see Figure 1). In Figure 3&, the
of Figure 3b,c, goes through a transition state (FS®ermedi- corresponding water-assisted isomerization channels b 3H
ate (CHCHC")—transition state (TS11) process. Starting from are denoted by curves 3 ant] Bespectively.

H,CCCH (0.0), CHCHC" (40.8) may be obtained via the 1,2- The direct isomerization process with and withott,0 (n
H-shift transition state TS6 (48.5). Then, @BHC" may lead =1, 2, or 3) is presented in Figure 3a, from which it can be
to c-CsHs™ (—25.6) via transition state TS11 (41.0), which is  seen that the relative energies of the transition states{TS1
also associated with a concerted process, i.e., the 1,3-H-shift asTS5) decrease with the increasing number gdHnH-0, n =
well as the G-ring closure. The corresponding barriers for the 1, 2, or 3) that participate in the isomerization. In this article,
two processes are 48.5 and 0.2 kcal/mol, which also approachthe energy barrieE, is defined with reference to 4&CCH"

to Maluendes et al.8 calculated results of 49.3 and 0.2 kcal/  [or H,CCCH' plusnH,O (n = 1, 2, or 3) at infinite separation

mol. In view of the large barriers (87.6 kcal/mol f3iS1 in for the water-assisted isomerization]. The lowering in energy
Figure 3a or 48.5 kcal/mol for TS6 in Figure 3b,c), the barrier, defined adE,= Ey(with H,O) — Ex(without H;O), is
isomerization from HCCCH' to c-C3Hst is difficult through given in Table 2. The energy barrier of direct isomerization

both channels. In the above and later discussions, the values irfrom H;CCCH?" to c-C3Hs™ with assistance byH,O (n = 1,



10418 J. Phys. Chem. A, Vol

H
\ 1.084

Ca..

f
,
:
:
:
1127.8
2119
G
:
i
.
.
.

C
1.602
,, 1.095 1117

H, H

(@)

H;C C,C=1773
H,CC1Cy=155.1

TS1

\ 1357

H

097# m“lm lm

H 1452 - RS

/ 1.419 .
I437 -

13

H;CC,C=120.0

HyCCyCi=111.3 54
0CC,C;=109.0
TS4 (C))
H
1 oose
~. 0981
m12(g cHy
109.14
H//,, 119.43
1088 N 1322 1360
122,13 % 0
H 1228% 7 1as7
H
H,0C;C,=-42.5
H,0CCy=-173.2
TS7 (Cy)
HoH
0972\ & oom2
Q
\ 1485
H
\1049
1.052
1086 0 L
; 113.51
H///,,,h 1318 M"” H
C C, C 0973
/12226 . R 2
H 1084 126 /130
C,C H,C=-165.4 H,;

0C,C H[=-97.5
TSI0 (Cy)

. 106, No. 43, 2002

1. 402

/

1.086

H;

H /081
c—lae—
.

H

H;C;C,0=95.9
H,0C,C2=179.2

0.934\\\H

0"‘

--" 1 083
1408 125 68

H,C,C,C=128.2
0CC,C=107.0

TS2 (Cy)

1518

1464 “~0 oom

1.084 0.972'

H,CC{Cp=111.8
0CC,Cy=104.7
H,C,C1C=120.0

TS5 (Cy)

0. 974‘
Q

v 1.348
\

\ 109
0976

O\H2
Cz\'\ %

1 256‘ /'
K L7 1399
1

TS8 (Cy)

L1o3, 1388
om 21r \m 10
1.340 C 1.083
1.094 \

H

TSIl (Cy

Liu et al.

H
,0.980
O] 1.074
1.503 H-. 1415 /H
,Coy—1.526 g 0B
1364/ s761 ~_iow lom
Hl 1431 \H -
1213 (o}t “La 2 H
0,CCCy=107.9
1ose H,C,C,C=122.4
H H,CC,Cy=113.3
TS3 (Cyp)
H JH
109 12727\
\ 121,16 .7 '\ 1368
169.14
1.092 134 C
H
TS6 (Cy)
H
H '0.972
i,
oo Q
' 1.447
|
H
\ 1.059
o9xy0*}2|
H\ 1.612
N oom
O\H2
H///',W 1566 /1 381
. 1328 1346
"OXS(QC/"% G, C
HT e 1.305\\ 1348
H,C,C,C=103.8 H,;
H,0C Cp=173.2
TS9 (Cy)
H
H 0977:3\\\
(0]
1.080 S \0976
C, H
1319 425  vom
143.84 L,
1.746 4
H g 2 .

1236 71365

H,CC,C,=4.7
0CCCy=-102.2

TS12 (C))



Isomerization from HCCCH?' to c-C3Hs*

J. Phys. Chem. A, Vol. 106, No. 43, 2000419

H\ u H
0973 H S
00/973 oG 0
l 504 1.543
/ H .
H E”} 1312 Aos
(;2\ G \ 0975 1033
14001 gop. 1478 OLWH 1380 oszg\H o g %4 H
'°79 0977 H 'l""’\C mok H Ao \0972 w2 "Hoeee- [e]
VN 1627 1 1439 “Jan { 1492 o 97k
. o H
_1om 81.63
----------- ‘0973 ’-309/
i H,CC,Cr=12.5 H P /1299
1306 i 0CCCy=-107.3 H;ﬁ'\\\ / CC,CO=-104.2
e, s TH, HICC,Ci=114
o e isns TS14 (C))
H,C,C C=152.9 TS15 (Cy)
H3C,C1C=-9.5 1
TS13 (C))
H
Hi oo u H / oo
0984 Hj 0950 0974 z 14810
O/H \o Lo H'I}?I“OL 0975 /H’ oo H
H H, " 0973 H H, _—~O7Toss
SN 1615 12647 %, 1321 152/ a5 A _--H7os
1271 . 1a2 N 07\
T C/ \C 1445 ) Hl O 1410
C—o Cz T \Cr- 'm,,',',(l’fg 1268 2 1y 1261 s e/
1272 H 10607\, 653 Crge O M8 (T 102
1.092 1.266 2y
H,0C,Co=41.1 H H,0C,Cz=36.3 108.50 1.09
H,0CC=166.7 HyC,C 0=84.5 - H
516 (C TSI7 (€ HiCIC20-79.7
€ H0C,C1=40.7 TS18 (Cy)
H
‘ 0972 H\O972 H’//,
_—H 0973 H
0.9903\ 461 ) 20072 - . ,/O 0.974
H N 271507 \ o 1389
"H_1oss H O 0983 o -
Ny 2 1298
O1 1038 1302 - - 1673 H /] 056
H 1762 ossko
1272, N].303 1484 CRmm R 1087
’ S 1461 79.88 \
C,——~C 1.09 1344 4H1 1a1a /1510
1266 1 2"':,,,,/ H,C,C,0,=883 14007 130; - N
0,0,C,C1=-95.5
1092 2016,Cy HCCCm1230  Cgieemmeemeed
030,C,C=27.5 1079 et 1.807 1.088
H H gchCC'cCZT()l:7 1% (a0 12617 H,
TS19 (Cl) R ! I3851 OCCC=106.7
TS20 (C)) 1o H)C,C,C=30
H H,CCiCo=-114.4
TS21 (Cy)
H 0971
0975 L4gs Q- ‘ 0972
0— %, 106.76,
1052 0972°y w3 IZI 0.972
H 1.063 oora NlA64
k ,0 -
1502, -2 ~H
0975\ \ H 0972
H 1.059 O/
1320 - 1.1305 /445
------------ :C NG 1302-- Higaz /63
1.841 0OCC,C=106.5 C __’___1_322,._C 1088
333 4 H,C,C,C=4.0 2\ 195/‘7{49\
H,C CC=179.1 1332 H
\ 1078 s C; H,CCiCy=4.3
H, 3CCCo=-110. [ 107 0,CC,C2=106.0
0,0,CC=171.6
030,CC|=47.6
TS22 (Cy) Etaat
TS23 (C))

Figure 2. Optimized geometries of the transition states for the isomerization fre@CBH" to c-CsHs™ at the B3LYP/6-31G(d) level. Bond

lengths are in angstroms, and angles, in degrees.

2, or 3) molecules is+43.2,+18.4, and+1.5 (for curve 3 of
Figure 3a) or—1.1 (for curve 3 of Figure 3a) kcal/mol,
respectively. With the assistance of thregOHmolecules the
energy barrier is nearly 0 kcal/mot-(.5 or —1.1 kcal/mol);
namely, the isomerization fromJ@CCH? to c-C3Hs* with the
assistance by 3@ is almost a barrierless process.

The other mechanism, i.e., transition staitgtermediate-
transition state channel with and without the assistanci#ie®
(n =1, 2, or 3) is also calculated. There are two kinds of
probable initial associations betweeaGCCH" andnH,0 (n
=1, 2, or 3); namely, the oxygen atom o$®l either associates
with the terminal carbon atom that connects one hydrogen atom

forming H,CCCH-nH,O (see Figure 3b), or associates with the
terminal carbon atom that connects two hydrogen atoms,
forming HCCCH-nH,0 (see Figure 3c). To compare with the
direct isomerization discussed above, we put emphasis on the
first transition states (TS6TS10, TS16-TS19) of the transition
state-intermediate-transition state channels. For the first kind
of transition state intermediate-transition state channel (see
Figure 3b), the energy barriers of the isomerizations with the
aid of nH,O (n =1, 2, or 3) aret+30.5,+5.6, and—11.4 (for
curve 3 of Figure 3b) or-14.9 (for curve 3of Figure 3b) kcal/
mol, respectively. And for the second kind of transition state

,intermediate-transition state channel (see Figure 3c), the energy
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Figure 3. Energy profiles for the isomerization from,8ICCH" to ¢-CsHs* at the QCISD(T)/6-312G(d,p)//B3LYP/6-31G(d) level with zero-
point vibration energy correction: (a) for the direct isomerication channel; (b) for the first kind of transitiorristetenediate-transition state
channel; (c) for the second kind of transition stait#ermediate-transition state channel.
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TABLE 1: Total (au) and Relative? (kcal/mol) Energies of the Equilibrium Geometries and the Transition States at the
QCISD(T)/6-311+G(d,p) Level with Zero-Point Energy Corrections (au)

ZPVE TE ZPVE TE
B3LYP/ QCISD(T)/ B3LYP/ QCISD(T)/
species 6-31G(d) 6-311+G(d,p) RE species 6-31G(d) 6-311+G(d,p) RE
Water-Free
H,CCCH*" 0.043031 —115.399038 0.0 TS1 0.037623 —115.253988 87.6
¢c-CsHz™ 0.045333 —115.442160 —25.6 TS6 0.038453 —115.317171 48.5
CH,CHC* 0.042265 —115.333318 40.8 TS11 0.040190 —115.330803 41.0
H.O
H,CCCH" + H,O 0.064198 —191.685526 0.0 [CCHCHH,0]*" 0.071173 —191.659510 20.7
c-CgHst + H0 0.066500 —191.728648 —25.6 TS2 0.067463 —191.619979 43.2
[H.CCCHH,01" 0.072281 —191.734198 -—255 TS7 0.066202 —191.638891 30.5
[c-CsH3H Ol 0.069195 —191.750248 —37.5 TS12 0.064872 —191.636146 314
[CH,CHC-H,01* 0.071018 —191.679387 8.1 TS16 0.067231 —191.648532 25.1
[HCCCH;*H,01* 0.072686 —191.735375 —26.0 TS20 0.067100 —191.636887 32.3
2H,0
H,CCCH'" + 2H,0 0.085365 —267.972014 0.0 [CCHCH2HO]* 0.095301 —267.990784 —-5.5
¢c-CgHst + 2H,0 0.087667 —268.015136 —25.6 TS3 0.092070 —267.949321 18.4
[H.CCCH2H,01* 0.096067 —268.065047 —51.7 TS8 0.090138 —267.967804 5.6
[c-CsH3-2H01" 0.096706 —268.057204 —46.3 TS13 0.090277 —267.953979 14.4
[CH,CHC-2H,0]* 0.095283 —268.012206 —19.0 TS17 0.091352 —267.981866 2.4
[HCCCH,-2H,01* 0.096978 —268.066214 —51.8 TS21 0.091816 —267.968378 6.3
3H0
H,CCCH'" + 3H,0O 0.106532 —344.258501 0.0 [CCHCHH0-2H,O]"  0.120538 —344.313664 —25.8
¢c-CsHs™ + 3H,0 0.108834 —344.301624 —25.6 TS4 0.115978 —344.265541 15
[H.CCCH3H.0]* 0.121668 —344.382800 —68.5 TS5 0.117184 —344.270869 -11
[H.CCCHH,0-2H,O]*  0.120597 —344.386592 —71.6 TS9 0.117019 —344.287222 -—11.4
[c-CsH3-3H0]" 0.119566 —344.368868 —61.1 TS10 0.115118 —344.290855 —14.9
[c-C3H3H20-2H,0]* 0.121215 —344.376275 —64.7 TS14 0.114417 —344.269301 —-1.8
[CH,CHC-3H,0]* 0.121103 —344.335765 —39.3 TS15 0.114834 —344.274256 —4.7
[CH,CHC-H,0-2H,O]*  0.120062 —344.337268 —40.9 TS18 0.115944 —344.302019 -—21.4
[HCCCH,*3H,01* 0.120867 —344.382730 —69.0 TS19 0.116627 —344.308234 —24.9
[HCCCHH,0-2H,O]t  0.121917 —344.390779 -—73.4 TS22 0.116774 —344.288023 —12.1
[CCHCH,*3H,01* 0.120928 —344.311145 —24.0 TS23 0.116883 —344.291461 —14.2

aWith inclusion of the B3LYP/6-31G(d) zero-point vibrational energy (ZPVE) corrections.

barriers aret25.1,—2.4, and—21.4 (for curve 3 of Figure 3c)
—24.9 (for curve 3of Figure 3c) kcal/mol, respectively. It

is obvious that the isomerizations with the aid of ,8H

molecules via the transition statétermediate-transition state

mechanism are also barrierless processes. As seen from Figursignificant for the direct isomerization (see Figure 3a), and then

3c, the isomerization with the assistance by@Hnolecules is
already a barrierless process, as the energy barrie2.i$ kcal/
mol.

From Table 2, it can be seen that th&, values are most
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TABLE 2: Energy Barrier Lowering ( AE, = Ea(with H,0) may be useful for the further understanding of the catalytic effect
Eq(without H;0) in kcal/mol) for the Isomerization from with a chain relay process and be helpful for future studies on
H2CCCH™ to ¢-CaHs the catalytic effect of other species having lone electronic pairs,
without such as HS, NHs, and HF.
H,0 H,O 2H,0 3H,0?
Figure 3a E, 87.6 43.2 18.4 1.5¢1.1) Acknowledgment. This work is supported by the National
AE, —44.4 —69.2 —86.1(-88.7) Science Foundation of China (G29892168, 20073014, 20103003),
Figure 3b  Ea 48.5 30.5 5.6 —11.4(-14.9) the Doctor Foundation by the Ministry of Education, the
, AEa —18.0 —429 —59.9(-63.4) Foundation for University Key Teacher by the Ministry of
Figure 3c i%a 48.5 _22??41 __53'3 :gé'g g:gg"g; Education, and Key Subject of Science and Technology by the
’ ' ' Ministry of Education of China.
2 The values before parentheses are for curve 3 of Figure 3a-c, and
the values in parentheses are for curv@f3Figure 3a-c. References and Notes
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