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ABSTRACT
In recent work, thermal energy gaps, AE, » enthalpy gaps, AH,_; Gibbs free energy zaps, AG, ,, hetween singlet
(s} and triplet (1) states of MHAC, 1y (M= N, P, As and 5h) were caleulared and cumpared with ihose
anafogues. MGH,C, 1" (M= CH, N. P. As and Sh) at B3LYP/6-311++G** level of theory. Our results showed
that Gibhs free energy gaps. AG,,. for 1y and 1p are Jess than ' and 1, respectivel v, Tn eontrast, the AG,, for
as and Ly are more than 's, and Us,. wspectively. The AG,., between singlet and triplet states of Iy and 1%
were changed inthe order: Lo = 1o = 1o = L= by Vg m Dag = 1 = e = 1Yy, respectively,
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INTRODUCTION

Divalent carbenes and their analogues are strongly
reactive .Carbenes have been found to be useful from
flecting intermediates to powerfut reagents®. Recently.
carbenes have been uscd as ligands in the prepamation
of spceial cemplexcs®. The ceyelic  completely
conjugated species have an important rele in the
vhemistry of divalent earbene intermediates™ These
divalent structures have heen deseribed in terms of the
Huckel 4 + 2 rule™"'. Non-planar cnnformers have
been used for ground state of the raost of these singlet
cyclic conjugated carbenes through theoretical swdies”.
The solation of the stable five membered cvelic
comjugated carbene was reported by Arducngo! For
the first time Ab initio calculations have been carried
out for the determination of the stability and singlet-
triplet energy gaps five of membered cyclic conjugated
carbene and their analogues™Z . In this work, (he
effects of hetcroatoms were studicd on singlet-triplet
crergry aps for divalent five-membered ring M,C-H-C,
Ty (M=N. P, Az and Sb).

“Corresponding aucher: mbashermi@sharsfedu

COMPUTATIONAL METHODS
Fuil geometry optimizations of MyC.H,C, 1 (M=
N, P. As and Sb) were carried out by density
functional theory (DFT} medel {Schemel).
Gaussian 03 offers a1 wide varicty of DFF models™,
onc of which is B3LYP method. The B3LYP
method is formed through a combination of
Becke's threc parameter hybrid function and the
LYP scmi local comrelation functional sysiem and
6-311H(** basis set are used with B3LYP
methad'* ¥, For Sb atom in the medecuie, e
calevlations was carried out by LANL2DZ, hasis
set. Siroultanecusly, for other atnms in the
mulecuie, 6-31 1++-G* basis set was uscd.
Keyword “Freq” was used 1 order tn find
thermochernistry  parameters  including  thermal
cnergy (E). enthalpy (H) and Gibhs free cnerey
{G)k.
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RESULTS AND DISCUSSION

Thermal energies (E), enthalpy coergies (H) and
Gibbs fiee energies (G) were ealculated for
divalent five-membered cyclic  di-heteroatom
stuctures MzCzch, 1w {M= N, P, As angd Sb} and
comparcd with those analogues mono-heteroatom
MC.H,C, 1 (M= CH, N, P, As and 5B} at
B3LYP/6-311G* and B3LYP/6-3114+HG** levels

of theory. Considering the size of molecules pribed,

and the consistency of the results obtained, these
Ab inftig tevels proved 10 be appropriate. For the
simplicity, only the data acguired through the
highest level of theory {B3LYP/0-3114++G**) were
reported (Scheme 1 and Table ). Thermal energy
gaps, AE. ,; enthalpy gaps. AH,.; Gibbs free enerpy
waps, AG,,, between singlet (s) and wiplet (5) states
of 1y and ' were calculated at B3LYP/6-
31 IHG** fevel (Table 23, Geometrical parameters
including bond lengths (R). bond angle (A} and
dihedral angle (D) of 1y and 1y were caleulated at
BILYP/6-31 i++G** level (Table 3 and Figure 1).
The DFT ealeulstions indicated that the singlet
states of 1p, 1g and 1 (M=CH, N, P. As and 5h)
have a ponplanar conformation refative to their
corresponding planar triplet states. Both singlet and
riplet states of 1y and 1, have a plunar
conformation (Table 2 and 3).

All triplet slates of 1y and 1y arc more stable
than their related singlet states. Therefore, Gibbs
fice ensrgy gaps, AG,, between singlet and tTiplet
states show a positive value. The AG,, between
singlet and triplet states of 1, and 1'y at BJLYP/6-
311HG*" level were changed m the drdonnance
of (in kealfmol) (Table 2): 1y, (21.90) > 14, (14.95)
> 1 (9.60) > 15 (8.22) > 1y (1.73): 'y, (18.88) >
1 (14.43) > Up (10.07) > 1 (960) > 'y {8.50).
Increasing the stahtlity of singlet or mplet states
tesponsible wauld decrease the AG,,. which is
explamed by camparison relative cnergies between
various singlet and triplet states. With respect (@
telative cnergics, one caacludes that inergased
instability firr singlet state af |y and 'y from M =
N to M = Sh 15 responsible for obtaining a hegher
AG, . (Figure 2).

Instability for singlet state af 1y and 1% with
replacement of heavy hetercatam {from M = N to
M = Sh) could reasonably he explained by
fallowing factars. The higher atomic radivs of a
heteroatem (M) increases the bond length :C-ML
Therefnre, carbenic  cemter prefers o have
nonbonding electrons in atomic orbitals with a less
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percentage Of s<character, The ess s-character of
nonbonding electrons leads to decrease m stability
nf singlet state. Another factor is the polarity of the

:C-M bond. The CC bond in, !y is nearly
nnnpular tut the :C-M bond at ig i§ strongly
polanized bonds in this direction C-M". StrI:ln,glmr
polarized bond destabilize the singlet statc.

The AG,, between |y and imwcrecnmparf:d
with replacement of heavy beteroatoms from M =
Nt M =8h. The AG,, for Iy amd 1pis less than for
i'q angd 1'p, respectively. In contrast, the AG,, for
[, and g arc more than for 1" and 'y, |

Bond lengths (R) m iy and 1%y indicated that al
bonds :-M {M = P, As and Sb) tend to have a
single bond (Table 3). Heavy atoms with single
bonds are more stable than at double bonds. The
stability of beavy atoms at single bonds of 1y, and

'w were reported by Kutzelnigg"®. “Single bonds
between first row elements are weak and multiple
bonds are strong, whereas the second or higher row
glements single bonds are strong and roultiple
bonds arc weak™ Therefore, P and 'As atoms
construct & weak double bond and make a single
bond betwesn 1, and 1',,. [

Singlct state of 1y bas an allenic (N=C=N) form
while singlet state of [.,28 well as g, tends to have
carbenic form (As-C-As and Sb-C-Sb) (FIGURE
I). However, singlet state of ip tends to have an
intermediate between allenic and carbonic form
(P—C2'P). Therefore, it is concluded  that
clectroncegative and electropositive substituents at a
position af 1y; tend to bave allerm. and carbonic
form.

Singlet state of Iy tends to haw-:a- an alefinie
form. However, double bond in 1% was fonmed
between nitrogen and carbenic certer while double
bond in 1"y (M = P. As and Sb} was formed
between carbon and earbemc conter. |

O O

14 I'y
~X=N,P,As and'Sh

Scheme L. Divalent species of 1y and 15 (M
As and Sh) 1
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Table 1. Thermal encrigy. (E}, enthalpy (H). Gibbs free energy (G), in keal/mol, at BALYP/A-3 LG for the
singlet () and miptet (i) states of 1x and 1"y (X=N, D, As and §b).

v O

1y I'y
X =N, P, Az and S5b
Compound 1PE | B | H | G
Smglet state
1 2739 =141083.41 1408252 14110219
Ip 2251 -k TRE, T2 =a007RE. 13 ~o{i0209.94
14 2120 -2RTRIS4. 50 -2R78384.2) -A878407. 17
Loy 20.27 -T9123.35 ST9122.78 -T9147.24
I'- 41,33 -1 20003 A0 =120903.00 -120922.04
" 3441 -130504 43 - 130043, 864 -131013.43
1'p 3229 31084712 -3L0RG 52 31086717
| 3153 - 49044H.22 -1499645 13 -1490667.32
g 31.10 -TOMME, 1L -100017.5) -100K139.94
Triplet state
1 2778 14 084, 69 -14 108410 141103 92
Ip 23.12 -500796, 44 =S{HF755.80 =a00318.16
1., 21,94 -2ETRIOR 61 -LETHI9R.0L -A878423 12
i 21.24 -T2 14430 -19143.7h -T069.14
1 41.86 -120912 85 -[20912.25 -120932.54
s 34.90 131002 .46 -131001.56 13502192
1'p 3245 -3H0ESG 5 31085591 31087724
1'ay 3208 -1499560 1 -1409%6a9 3 - 4996518
gy 3183 =1 036,56 -100035.94 =1 HI058 85

Table 2, Thermal energy differences AE, : enthalpy differences, AH, ; and Gibbs encrigy differences, A, |,
between ainglt () and tuplet (1) states, in keal'molb, st BILYPG-3114+G™* for 1y and 1’y (M=, I, As ayd

Sh)
- 4
o2 2
OCF
WA,
1, ry
X=M P 4nared 30
Compound AE, AH,, AG,
In 1.58 1.58 1.73
lp 7.68 7.68 8.22
1 as 13.81 13.81 14.95
sy 21.00 21.00 21.90
' Q.25 Q25 8.60
I 2.00 .00 .50
1"k 939 0.39 10,07
a0 1390 i3.90 14.43
i 18.45 i8.45 15.88
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Table 3. Bond lengths (A). hond angle (degree} and dibedral angles (degree) at B3LYP/6- ! Ir |

IN1+0** for 1y and 1y (M= N, P, Asand Sh}

1y

r
]JE.

X=X P, Asandsh
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Compound |Ri2 |[Rsy [Rasa [Rus [Rsy |Aziz | Dizis | D45 1.2
Singlet state ., | ]
In 124 146 T38| 146 L24| 1431 0.1 =01
lp 170 180 740 L8O L70| 1419 29.1 |1 -29.1
Las 1.82 195 137 195 182 1469 D211 =2
15 204 214 137 214} 204 1416 2791 279
1'c 1.39| 140 147} 137 143 1167 3t2 v 302
1'y 1200 137 144 141 140 1226 207+ 303
1'p 170 | 181 143] 139] 138| 1319 27440 30.6
¥4 194 184 142 143 130| 1236 281 322
1'sy 219 206 140 1457 133 1203 234 282
Triplet state l:? :

' H 'l L
1y 135 132 148 132 L35 1193 Qo 10D
1p 171 P85 135 185 171 1243 0.0 0.0
Tas 1.83 | 197 134 197 L1.83| 1242 0.0 0.0
Tgp 203 2181 134 218 2.03| 1247 0.0 1 0.0
I'c 143 L37 | 148 137 143 11289 0.0 10.0
1'N 130 137 145 137 1471 lide po (- 00
1'p 183 177 138 147 134 1153 00 (. :00
144 195 | 192 136 147 L34 | 1146 00|+ ,00 '

135 1.48 TG
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Fig. 1. Bond types for singlet and riplet states of Ly and Py (M= N, P, &s and $h),
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Fig. 2. Diagram of crergy vs. mulsplicity of 1x,
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CONCLUSION
Heterpatom cffects were investigated on singlet-
wiplel cnergy gaps for divalent five-membered
cyelie di-hetercatom structures, MyC:H:C, 1y (M=
N, B, Ag). The AG,, between singlet and miplet
siatcs af 1, and 1 at BALYP/G-3 E1HHG** level
were changed in the order {in keal'mol): 1g, = Lua >
0= 1p > 1y Vg = Uag ™ 12> I'e ™ Dne The AGLy
for 1y and Lp is less than for 1% and 1. In contrast,
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