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Activation barriers for geometrical isomerism and tautomerization have been studied for carbamic acid and its
mono- and dichalcogenide analogs at B3LYP/6-31+G™*, MP2/6-31+G*, and G2MP2 theoretical levels. The studies
indicate that carbamic acid with higher chalcogen prefers chalcogen at the chalcogenol position. Proton affinities,
gas-phase acidities and atomic charges for these molecules have also been evaluated. Unimolecular, bimolecular, and
two-step pathways for the decomposition of carbamic acid and its analogs are also analyzed, from which it was conclud-
ed that the two step mechanism is the more plausible pathway.

Carbamic acid (H,NCOOH) has remained an elusive com-
pound because it breaks down immediately to carbon dioxide
and amine; however, its presence has been detected by IR at
low temperature.! Amino acids containing -NH, and -COOH
groups are well known stable compounds. Because of this, car-
bamic acid is important in biochemical studies of amino acids.
Carbamic acid and its isoelectronic analog acetic acid have
chemical constituents (CO, + NH3 and CO, + CHy) in a 1:1
ratio. There are only limited number of reports where carbamic
acids could be separated. Dibenzyl substituted carbamic acid
has been isolated and characterized by X-ray studies. The
instability of carbamic acid is due to its tendency to undergo
decarbonation under reduced pressure of CO, or deprotonation
in the presence of an amine. In spite of its instability, it is rec-
ognized as an important intermediate in bioprocesses. The
biosynthesis of carbonyl phosphate has been suggested to pro-
ceed through the fixation of carbon dioxide and ammonia with
carbamic acid as intermediate,” and carbamic acid has been
suggested as an important intermediate in the decomposition
of ammonium carbamate.’

The esters of carbamic acids have various applications.
They are valuable synthetic intermediates and act as protective
groups for amines. Biologically, they are used as insecticides,*
pesticides,’ as antifungal and antibacterial agents, as antipar-
asitic agent due to their antimitotic action,’ as antiproliferative
agents in vitro, as antitumor agents in vivo,? as inhibitory fac-
tor for fatty acid amide hydrolase activity, which is involved in
deactivation of fatty acid ethanol amides.” Replacement of the
oxygen atoms by sulphur atoms changes its inhibitory poten-
tial. Dithiocarbamates (DTCs) are important therapeutic and
industrial chemicals that are released in high quantities into
the environment and exhibit complex chemical and biological
activities.! DTCs are widely used as fungicides,'! antibacte-
rial'? and antidermatophytic'® agents. Especially pyrrolidine
dithiocarbamate (PDTC) has inhibitory effect on multiplication
of HRV,'* acts as antioxidant and has the capacity to inhibit the
activation of NF-kB, which is a transcriptional activator im-
portant for the activation expression of HIV-1'3-17 in several
biological systems. PDTC is currently advocated for use as a

chemotherapeutic drug in treatment of human malignancies,
such as colorectal cancer.'® DTCs have a strong chelating ca-
pacity and prevents Cd intoxication in the liver and kidneys.!°
Diethyl carbamate, a potent free radical scavenger, has been
found to prevent selenite-induced opacity in cultured rat lens-
es.?0 Selenocarbamates act as antiviral agents’! and as effec-
tive superoxide anion scavenger in vitro.?> Carbamate insecti-
cides exert neurotoxic effects by inhibiting acetylcholinestrase
in nerve and myoneural junctions including Parkinsonism.?
Certain cyclic selenocarbamates like benzoselenazolinones
imitate glutathione peroxide, which catalyses the reduction
of a wide variety of hydroperoxides.?* Some are also effective
in inhibiting carragenin induced paw edema in rats and as an
inhibitor of the passive foot anaphylaxis model. Rotation about
the C-N bond in carbamates has been the center of many
experimental and theoretical investigations because of their
importance in large number of pharmaceutical and polymeric
materials. The rotation barrier in carbamic acid® is less than
amides by 3—4kcal mol~!, which has been explained as less
delocalization of lone the pair present on the nitrogen atom
owing to steric and electronic perturbation exerted by addition-
al oxygen.

Proton affinity (PA) is a thermodynamic parameter useful
for a quantitative understanding of the intrinsic properties in
the absence of solvents. Many enzymatically catalyzed biore-
actions, e.g., ATP hydrolysis, involve proton transfer. Further-
more, the protonation state of chemical groups, e.g., the side
chain of amino acids, is fundamentally related to their biomo-
lecular function. The available experimental methods have
limitations in dealing with thermally non-volatile systems
and for systems having more than one active site because only
the protonation at the most active site is possible to calculate.
Hence, experimental PA is limited to the most reactive site of
the molecule.2® On the other hand, theoretical methods have
proven to be useful tools to calculate proton affinities at all
possible active sites.”” Knowledge of the preferred site of pro-
tonation is also of significance for the structure elucidation and
reactivity of polyfunctional molecules. Mono- and dichalco-
genide analogs of carbamic acid H,NC(=X)YH (X, Y = O,
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S, Se) have been selected for understanding their geometric
isomerism and stability.

Computational Details

All of the calculations reported in the present study were
carried out using Gaussian 98 program suite.?® Full geometry
optimizations were performed on each species without any
symmetry constraint. Each optimized structure was charac-
terized by frequency calculations to a minimum energy with-
out any imaginary vibrational frequency or a transition state
with one imaginary frequency. The HF/6-314+-G*, B3LYP/
6-314+G*, MP2/6-314+G*, and composite ab initio G2MP2
methods were employed. Our earlier results? on substituted
amides using 6-31G*, 6-31G**, 6-314+G*, 6-311+G*, 6-
311++G*, and AUG-CC-PVDZ basis sets indicated that 6-
314G* basis set can be applied without significant loss of ac-
curacy. The zero point vibrational (ZPE) values were scaled”’
by 0.9135 at HF/6-314+-G™, and these scaled ZPE values are
used for corrections at MP2/6-314+-G* theoretical level and
by 0.9806 at B3LYP/6-31+G™ levels to account for overesti-
mation of the vibrational frequency at the level. The transition
structure for tautomeric conversions were optimized for all of
the above mentioned levels and characterized by one imagina-
ry frequency.

The proton affinity of base B is defined as the negative of
the enthalpy change (AH) of the process in equation (Eq. 1).

B +H" — BHT, (1)
AH = AHy(BH') — AH;(B) — AH;(H"), )
PA = —AH = —[(Ee@Hu4+) + ZPEgH+) + HyibeH1)

— (Ees) + ZPE@®) + Hyins))] + 5/2RT, 3)

where E. is the electronic energy, ZPE is scaled zero point
energy, H,pp is the vibrational enthalpy correction scaled”
by 0.8945 at the MP2/6-314+G™ and 0.9989 at the B3LYP/
6-31+G* theoretical level and the term 5/2RT includes
AnRT (A(PV) for the above reaction and translational energy
of the proton).

The gas-phase acidity® is defined as the enthalpy change of
deprotonation (AH?%®) for Eq. 4.

AH(g) - A™(g) + H (9. “)

The enthalpy of deprotonation, AH?*®, was computed using
Egs. 5 and 6, where

AH = AE*® + A(PV), 5)
AE™8 = E¥8(A~) + 3/2RT — E**8(AH). (6)

E?%(AH) and E?’(A™) stand for the total energies of the most
stable syn conformation of acids and their anions, including
the thermal energy correction at 7 = 298.15K. In Eq. 5, we
substituted A(PV) = RT (1 mole of gas is obtained in Eq. 4).

NBO analysis*!*? has been used to quantitatively estimate
the energy of the second-order interactions (E® = —2F;;/
AE;) (E;; = E; — Ej is energy difference between the interact-
ing molecular orbitals i and j; Fjj is the Fock matrix element
for the interaction between i and j). To understand the ob-
served trends in electron delocalization, MP2/6-31+G™ opti-
mizations and NBO analysis on the corresponding structure
has been carried out on the NH,C(=X)-YH molecules.

Geometrical Isomerism

Molecule X Y
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Fig. 1. S and A represent the syn and anti conformation of

carbamic acid and its analogs.

Results and Discussion

Isomerism in Carbamic Acid. Full geometry optimization
of carbamic acid and its chalcogenide analogs at B3LYP/
6-31+G* and MP2/6-31+G* levels of theory leads to two
stable ground state conformations (S, A, Fig. 1), which is
in accordance with the observations made by Remko and
Rode.® Geometrical parameters for the optimized ground state
for molecules 1-9 are reported in Tables S1-S4 in Supporting
Information. They have assigned the greater stabilization of
the syn conformation over the anti conformation to intramolec-
ular electrostatic interactions and extended conjugation which
is the electron delocalization resulting from lone pairs of elec-
trons present on N, X, and Y. The separation between X1 and
HS is reported in the Table 1 along with relative energies in
order to understand importance of non-bonded interactions.
Sum of van der Waals radii for the participating atoms are also
included in Table 1 for comparison. The non-bonded distance
X1--HS is less than the sum of van der Waals radii clearly in-
dicating the importance of non-bonded interactions. The sum
of angles around N is 360° or close to 360° in 1-9 molecules
(included in Tables S1 and S2) that indicates that lone pair on
nitrogen is highly delocalized. The syn—anti energy differences
for the molecules 1, 5, and 8 are significantly larger than rest of
the molecules. These three molecules contain hydroxy group
as proton donor. To evaluate the extent of contribution to rel-
ative energy values by these types of interactions, the relative
energies of methyl esters of the corresponding acids have
been determined. The methyl esters of 1, 5, and 8 have a
syn anti energy difference of 7.99, 8.46, and 6.06 kcal mol !
at B3LYP/6-31+G™* theoretical level which differs by 0.04,
1.84, and 5.39kcal mol~!, respectively, from the correspond-
ing acids. The variations are representative of intramolecular
hydrogen bonding in 1 and 5 respectively. The steric interac-
tions of CH3 group with the bulkier Se reduces the syn—anti
energy difference of methyl ester of 8. With the absence of hy-
drogen-bonding interaction, the syn—anti energy difference in
methyl esters of molecules 1-9 arises from the difference in
extended conjugation, which is significantly larger than the
intramolecular hydrogen-bonding interactions in parent mole-
cules. The activation barriers for syn to anti transformation
and vice versa are also included in Table 1. The activation bar-
riers for syn — anti for 1, 5, and 8 are relatively greater than
those for the rest of the molecules, and the barrier decreases
in the order 8 > 5 > 1. The increase in ability of accepting
the charge in higher chalcogen analogs of H,NC(=X)-OMe
favors extended conjugation and explains the observed order.
The higher activation barrier indicates loss of extended elec-
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Table 1. Relative Energies (AE, kcalmol~')? of Syn and Anti Conformers, Enthalpy Difference (AH, kcal mol~!)®, Activa-
tion Barrier (kcal mol~'), Non-Bonded Distance between X1 and H5 (dx..;s, in A) in Syn Conformer and Sum of van der

Waals Radii between X1 and H5 (in A)

Relative energies

Activation barrier at dx..Hs5 Sum of van der

No Molecule B3LYP/6-314+-G* G2MP2 B3LYP/6-314+-G* /A Waals radii of X1
AE® (ZPEcor) AHY Syn — Anti Anti — Syn and H5 //c\
1 H,NC(=0)OH 8.03 6.7 11.70 3.67 2.31 2.72
2 H,NC(=0)SH 2.55 1.7 5.76 3.11 2.58 2.72
3 H,NC(=0)SeH 1.30 0.9 5.29 3.98 2.70 2.72
4 H,NC(=S)SH 3.04 1.4 6.57 3.94 2.85 3.00
5 H,NC(=S)OH 10.30 8.3 13.58 3.28 2.60 3.00
6 H,NC(=S)SeH 1.19 0.3 5.44 442 3.00 3.00
7 H,NC(=Se)SeH 0.57 0.3 5.99 5.62 3.06 3.10
8 H,NC(=Se)OH 11.45 8.8 14.39 2.95 2.68 3.10
9 H,;NC(=Se)SH 3.95 1.3 7.01 4.06 2.96 3.10
a) AE = Esyn — Eqni +ZPE ;. b) AH = Hsyn — Hyygi.
Molecule X Y Table 2. Relative Energies (AEqy, in kcalmol™")? of the
1 O O Tautomeric Forms and Activation Barrier (in kcal mol~!)
VO H5 H 1 __hZ_ 10 13 2 o S of Tautomerization for the Unimolecular 1,3 Proton
8 . gz o/ 4_(2://)( vo 11.H 3 O Se Transfer at B3LYP/6-31+G* Theoretical Level
~N\T T 7 1 8., N 4 S S
AN VX e 5 s o — . — ,
6 S Se Tautomerization Relative energy Activation barrier
TS D 7 Se Se AE® /kcalmol™!  AE/kcal mol™!
8 Se O H,NC(=0)SeH
9 Se S — H,NC(=Se)OH 1.8 29.12
Fig. 2. Transition state (TS) for unimolecular and dimer H,NC(=0)SH 25 15.46
(D) for bimolecular 1,3 proton transfer responsible for tau- = H,NC(=S)OH ' ’
tomerism. HoNC(=S)SeH 0.38 14.77

tron delocalization in the transition state.

The absolute energies data for molecules 1-9 indicate the
preference for the molecule to have a higher chalcogen as the
chalcogenol, because the stability of C=X double bond de-
creases in the order O > S > Se. The transformation between
the two forms can occur through proton transfer. Tautomerism
involving transfer of a proton can occur intramolecularly or in-
termolecularly. The intramolecular proton-transfer pathway is
the probable pathway for isolated molecules in vapor phase at
very low pressure. The structure of transition state for unimo-
lecular 1,3 proton transfer (Fig. 2) has been optimized at
B3LYP/6-314+G* theoretical level to evaluate activation bar-
riers for the tautomerization. The activation barriers are report-
ed in Table 2. From the Table 2, the barriers range from 14.77
to 29.12 kcal mol~!. The intermolecular pathway for the proton
transfer has also been studied using dimeric transition state.
The energies of dimerization (AGuy = 2Gmonomer — Gdimer)
suggest that dimers are stabilized by non-bonded interactions.
The non-bonded distance X--H for the six types of dimers are
reported in Table 3. These distances are less than sum of van
der Waals radii of atoms suggesting strong non-bonded inter-
actions leading to preference of dimeric state over monomeric
state. The crystal structure of dibenzyl-substituted carbamic
acid [PhCH;),NC(O)OH] suggests the presence of two end
on hydrogen bonds.’* The dimerization energies are signifi-
cantly high for molecules X = S, Se and Y = O. The hydrogen
attached to electronegative oxygen atoms develops a substan-
tial positive charge, and O-H bond is known to be better hy-

= H,NC(=Se)SH
a) AEtaut = EXY - EYX + AZpE(corr)-

drogen-bond donor than S—-H and Se-H. As can be seen from
the Table 3, the charge on hydrogen atom attached to O is
relatively much higher than on other molecules. The activa-
tion energies required for 1,3 proton transfer involving di-
meric transition states tautomerization are also reported in
the Table 3. The barriers are significantly lower than the bar-
riers for unimolecular proton transfer. Thus, 1,3 proton trans-
fers through dimeric transition state in these molecules is
favored over intramolecular 1,3 proton transfer and are small
enough that the molecules easily undergo 1,3 proton transfer.

Acidities of Molecules. Though separation of carbamic
acid has posed a challenge to the scientists, the existence of
its anion and protonated®* forms are known and are well char-
acterized. The acidities of carbamic acid and its analogs reflect
their tendency to deprotonate. The gas-phase acidities evaluat-
ed by using Eq. 4 at B3LYP/6-31+G™ theoretical level and
composite G2MP2 method are listed in Table 4. From the
Table 4, the carbamic acid with X = Se and Y = Se is the
strongest acid. The strength of acids decreases in the order
Se > S > O for Y with X = Se. The order can be understood
on the basis of electronegativity and concept of charge capaci-
ty introduced by Politzer et al.’> The less electronegative sele-
nium has a higher charge capacity than sulphur that is in turn
larger than oxygen, which results in larger stabilization of
anion in the order 7 > 9 > 8. Similar orders for acidity are
observed for X = S and X = O. The variation in acidity as a
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Table 3. Relative Energies of Dimers (A Gy, keal mol_l), Activation Barrier (kcal mol_l), Non-Bonded Distance
between X1 and HS (dxj..us, in A), Sum of van der Waals Radii (in A), Atomic Charge on H5 (qys) and X1 (qx;)

for Dimer Important for Electrostatic Interactions at B3LYP/6-31+G™* Theoretical Level

Relative energy Activation dx..H5 Sum of van qus gx1

No Dimer AGgau® barrier (AG) /10% der Waals radii

/kcal mol~! /kcal mol~! of X1 and H5

/A

2D [H,NC(=0)SH], 1.29 13.17 1.98 2.72 0.15 —-0.57
3D [H,NC(=0)SeH], 3.82 6.76 1.93 2.72 0.22 —0.49
5D [H,NC(=S)OH], 1.93 5.52 2.15 3.00 0.42 —0.18
6D [H,NC(=S)SeH], 4.25 2.29 2.51 3.00 0.19 —0.38
8D [H,NC(=Se)OH], 6.13 5.89 2.24 3.10 0.43 —-0.21
9D [H,NC(=Se)SH], 2.65 3.54 2.56 3.10 0.13 —-0.12

a) AGauut = 2Gmonomer — Gdimer-

Table 4. Gas-Phase Acidities (in kcalmol~') of Carbamic
Acid and its Thio and Seleno Analogs at B3LYP/
6-314+G* and G2MP2 Theoretical Level®

No Molecule B3LYP/6-31+G* G2MP2
1 H,NC(=0)OH 342.16 344.69
2 H,NC(=0)SH 333.09 334.63
3 H,NC(=0)SeH 330.02 329.61
4 H,NC(=S)SH 324.97 327.15
5 H,NC(=S)OH 328.60 331.25
6 H,NC(=S)SeH 322.34 323.46
7 H,NC(=Se)SeH 320.26 319.91
8 H,NC(=Se)OH 325.70 325.38
9 H,NC(=Se)SH 322.26 323.23

a) AE® =E®A7)4+3/2RT —E*(AH) and AH=

AE?3 + A(PV).

function of X follows the order O < S < Se, which clearly re-
flects the importance of electron delocalization in stabilization
of the anion, and the stabilization is strongest for X = Se. The
observations also indicate the importance of extended con-
jugation in the stabilization of anions that increases in the
order O < S < Se. The acidity of carbamic acid 1 is 342.16
kcal mol~!, which is comparable to the acidity of formic acid
(AH = 340.4kcal mol~! at B3LYP/6-3114+G(d,p) level).
Proton Affinities of Molecules. High level ab initio meth-
ods (G2) and CBS methods are remarkably accurate and
provide PA within 2 or 3kcalmol™' as indicated by studies
of Merrill and Kass.3® The results reported by Smith and

Radom infer that G2 level reproduce experimental PA with
an accuracy of 2.3 kcal mol~!.3” The molecules in the present
study possess three potential basic sites X1, N4, and Y3 (atoms
possessing lone pairs of electrons) that might accept protons to
form either ammonium ion or chalcogenium ion. The proton-
ation at X1 and N4 have been studied except Y3, because pro-
tonation at Y3 leads to the destabilization of the molecule and
results in the breakage of C2-Y3 bond. Calculations using
B3LYP/6-31+G*, MP2/6-314+G*, and G2MP2 model chem-
istries demonstrated that the protonation at the carbonyl X (O,
S, Se) atom site yields a more stable structure than protonation
at N atom and are reported in Table 5. Proton affinities at X
have been evaluated for the most stable ground-state confor-
mation and protonation at X as cis to NH, group. X proton-
ation with H oriented cis to NH, group being more stable than
the other orientations. It is the availability of lone pair on X-
atom, which can easily bond with H whereas lone pair on
N-atom is delocalized over the molecule. Hillebrand et al. as-
signed the trends in proton affinities of ammonia and its deriv-
ative to the nitrogen lone pair s character, which determines
the strength of binding to proton.?® As can be seen from the
Table 5, the proton affinities at X = O increase in the order
of Y as O < S < Se, which clearly suggest that the stability
of protonated species in addition to availability of lone pair
decides the proton affinity. The proton affinity at X increases
in the order O < S < Se.

Protonation at the N4 site is accompanied by shrinkage of
the C2-X1 bond, whereas elongation of the C2-N4 bond oc-
curs. When the proton binds to the lone pair on the N4-atom,

Table 5. Proton Affinities (PA, in kcal mol~!) for Carbamic Acid and Its Thio and Seleno Analogs

at Different Theoretical Levels

No Molecule B3LYP/6-314+-G* MP2/6-314+G* G2MP2
At X1 At N4 At X1 At N4 At X1 At N4
1 H,NC(=0)-OH 189.4 181.7 185.1 181.3 193.2 183.6
2 H,NC(=0)-SH 191.2 183.6 186.6 183.2 195.6 186.0
3 H,NC(=0)-SeH 193.0 185.3 188.1 184.0 196.4 187.3
4 H,NC(=S)-SH 200.4 183.8 196.8 186.9 204.3 188.3
5 H,NC(=S)-OH 196.6 182.7 192.5 185.1 200.6 185.9
6 H,NC(=S)-SeH 202.3 185.9 197.2 187.8 204.8 188.8
7 H,NC(=Se)-SeH 205.0 187.5 198.0 187.7 206.8 189.6
8 H,NC(=Se)-OH 199.1 183.4 193.1 184.5 201.3 185.9
9 H,NC(=Se)-SH 202.3 186.4 196.4 187.2 205.2 188.9
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Table 6. Second-Order Delocalization Energy (E® in kcal mol~') and Important Lone Pair Occupancies of Carbamic Acid and
Its Thio and Seleno Analogs at MP2/6-31+G™* Theoretical Level for Syn Conformation

No. Molecule Second-order E® delocalization energies Occupancies

nN — G;E o) nNy — 77;4:(2) nx — GéY nx — GéN p(2)X1 p(2)Y3 PoN4
1 H,NC(=0)OH 19.84 28.63 424 28.51 1.87 1.90 1.83
2 H,NC(=0)SH 12.26 40.95 37.30 29.11 1.87 1.90 1.82
3 H,;NC(=0)SeH — 88.87 40.61 28.39 1.87 1.93 1.80
4 H,NC(=S)SH — 107.56 19.39 16.70 1.89 1.88 1.75
5 H,NC(=S)OH — 112.10 23.35 15.86 1.88 1.88 1.76
6 H,;NC(=S)SeH — 107.18 22.54 16.19 1.88 1.90 1.75
7 H,NC(=Se)SeH — 116.36 16.99 12.70 1.90 1.88 1.74
8 H,;NC(=Se)OH — 121.76 17.92 12.66 1.90 1.87 1.74
9 H,;NC(=Se)SH — 116.85 15.04 12.95 1.90 1.87 1.74

breakage of the partial 77-bond character between carbon and
nitrogen occur. Protonation at X is accompanied by an increase
in the C=X bond distance, whereas the C-N bond distance
decreases and the N-C—X bond angle decreases. The elonga-
tion of the C2-X1 bond is understandable due to the shift of
electron density from atom X1 toward the proton resulting
in the breaking of the m-bond. Protonation at X1 results
in shortening of C-N bond due to enhanced delocalization
from the lone pair of the N atom in order to stabilize the pro-
tonated molecule. The proton affinity of N ranges from 183.6
kcalmol~! for 1S to 189.6kcalmol~' for 7S molecule at
G2MP2 level. The values are significantly lower than proton
affinity of NH3, 204.0 kcalmol~! determined experimentally.
Comparatively lower availability of the lone pair on N in 1-
9 molecules results from the conjugation of the lone pair of
electrons with rest of the molecules. The delocalization of
lone pair of electrons from nitrogen is also clearly reflected
by second-order stabilization energies E® evaluated by NBO
analysis using MP2/6-31+G* densities of these molecules
and are discussed in following section.

The protonation at X is accompanied by enthalpy change of
193.2 to 205.2 kcal mol~! for molecules 1-9. The proton affin-
ities for X sites are nearly 10 kcal mol~! higher than the values
for N sites. The higher ability of nitrogen lone pair to delocal-
ize its lone pair results in favors higher basicity for the X site.

Electron Delocalization. The extent of various delocaliza-
tions is represented by the second-order delocalization ener-
gies E@, that are evaluated using NBO analysis. Some of the
important values for second-order delocalization energies are
listed in Table 6. The NBO analysis shows that the ny —
*c.x, nx = 0¥c.x, and nx — 0¥ c_y are the important inter-
actions which lead to the delocalization of the lone pairs pres-
ent on nitrogen and both chalcogen atoms. The ny — 7*c_x
delocalization increases in the order of Y as O < S < Se with
X = O; however, the E® values are much smaller than the
values for similar delocalizations in amides, e.g., the E® asso-
ciated with the ny — 7m*c_x for the molecules 1, 2, and 3 are
28.63, 40.95, and 88.87 kcal mol~! at MP2/6-31+G*, respec-
tively, while the corresponding delocalization in formamide
has E® of 88.54kcalmol~'. In molecules 4-9 where X =S
or Se, the E? values decrease in order of Y as O > S > Se;
however, the magnitude of variation is smaller in comparison
to that in 1, 2, and 3 (Table 6). These E® values are compa-
rable to the values for ny — m¥c_x delocalization in thio

(111.15kcalmol™!) and selenoamides (120.39kcal mol™') at
the same theoretical level. The presence of highly electroneg-
ative oxygen at position Y in 1, results in an increase in AEj;
for ny — 7m¥c_o delocalization from 0.59 in formamide to
0.88a.u. in 1. AEj; decreases to 0.76 and 0.57 in 2 and 3, re-
spectively, when Y = S and Se. E® values are inversely pro-
portional to AEj;. It is interesting to note that in the molecules
under study, the ny — 7*c_x and ny — 7*c_x interactions
involve a shift of electrons density to the same acceptor orbital
but with a change in X from oxygen to selenium through sul-
fur, there is an increase in E@ for both the type of interactions.
The trend results from a decreasing AEj; and an increase in
size of w*c_x orbital with the presence of higher chalcogen
of larger size and polarizability. The decrease in nx —
o*cn and ny — o*c_y interaction energies with X in the
order O > S > Se indicates a decrease in the donor ability of
the chalcogen in the higher chalcogens. This order can also
explain higher affinity of higher chalcogens toward protons.
The lone pair occupancies that are involved in electron de-
localizations are also included in Table 6. The lone pair on the
nitrogen is relatively more delocalized in comparison to those
present on X and Y positions. But occupancies being lower
than 2.0 which indicate the importance of chalcogens at posi-
tions X and Y in the stability of the molecules.

Charges become important criterion where electrostatic in-
teractions are involved. Atomic charges obtained by using
NBO analysis are reported in Table S5 in the Supporting Infor-
mation. The carbonyl carbon in 1 with X = Oand Y = O has a
positive charge of 1.10 units in tune with the higher electro-
negativity of the two oxygen atoms attached to carbon. The
charge on the carbon is reduced to approximately half when
S or Se replaces one of the oxygen atoms. The charge is further
reduced to an insignificant amount when at both X and Y are
either S or Se. The oxygen at position X in 1 with Y = O has
—0.756 units of charge that decreases to —0.717 and —0.722
with replacement of O at Y position to S and Se, respectively.
The sulfur atom at position X in 5 carries a charge of —0.274.
The charge density on the sulfur decreases with the presence of
sulfur and selenium at position Y. Though the charge at posi-
tion X is decided by the electronegativity of X, the variation in
charge with change in Y suggests that electron delocalization
results from the extended conjugation. The nitrogen atom is
also highly charged showing only small variation with a
change in chalcogen at position Y. The charge on the hydrogen
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Table 7. Gibbs Free Energy for Reaction (7) (AGy, in
kcalmol™!) and Reaction (8) (AG,, in kcalmol™!) for
Carbamic Acid and Its Thio and Seleno Analogs at
G2MP2 Theoretical Level

No Molecule AGy/kcalmol™!  AG,/kcal mol™!
1 H,NC(=0)OH 10.52 —174.25
2 H,;NC(=0)SH 12.08 —175.16
3 H,;NC(=0)SeH 9.25 —178.37
4 H,NC(=S)SH 9.80 —179.86
5 H,;NC(=S)OH 16.34 —171.07
6 H,NC(=S)SeH 7.31 —182.69
7 H,;NC(=Se)SeH 4.45 —186.48
8 H,;NC(=Se)OH 14.58 —172.80
9 H,NC(=Se)SH 9.21 —182.37
H o H
(|3| Y—H ----}N/
H e x:c/ \C=X Molicule é \(;
N A
H e N----- H—Y 5 S O
7\
H H
@ (b)
Fig. 3. (a) Transition state for unimolecular decomposition

of carbamic acid. (b) Dimer for bimolecular proton trans-
fer and C-N rupture in a concerted fashion.

atom attached to chalcogen is decided mainly by the electro-
negativity of the chalcogen to which it is attached.

Stability of Carbamic Acid. The ab initio calculations
suggest carbamic acid molecules with a syn arrangement of
YH bond with respect to C(=X) are more stable than anti
for X =0, S, Se; Y =0, S, Se. The carbamic acid molecule
1 undergoes decomposition to NH3 and CO, under experimen-
tal conditions. For carbamic acid, AG; = 10.52 kcalmol~!.
The AG values for reaction (8) for X =0, S, Seand Y = O,
S, Se are also given in Table 7.

H,NCOOH = NHj; + COs. @)
H,NCXYH = NH; + CXY. ®)

The AG values clearly suggest that molecules 1-9 are thermo-
dynamically less stable molecules. The transition state (see
Fig. 3) for H atom transfer from hydroxy group to amino
group has been also optimized at BALYP/6-31+G™ level. This
transfer has an energy barrier of 33.30kcal mol~! at 0K in the
gas phase. The high barrier suggests kinetic stability for uni-
molecular decomposition of carbamic acid. Similar transition
states for the molecules 2-9 could not be optimized since these
molecules involve either weak hydrogen-bond donors (Y-H;
Y =S, Se) or weak hydrogen-bond acceptors (X =S, Se).
Studying the kinetics and mechanism of the reversible dissoci-
ation of ammonium carbamate, Ramachandran et al.? analyzed
three proposed mechanisms. Two mechanisms involve a car-
bamic acid as intermediate. They consider unimolecular de-
composition impossible because of a high activation barrier.
In the second mechanism, the activation barrier is reduced con-
siderably with the involvement of second NH3 molecule in the
transition state. A third mechanism is proposed to occur in the
solid state only. Intermolecular electrostatic interactions play

Geometrical Isomerism

an important role in molecules possessing high charge separa-
tions leading to dimer formation. Our attempts to optimize
such dimers where proton transfer and C—N bond rupture
can occur in concerted fashion succeeded only in 1, 2, and §
(see Fig. 3). These dimers lead to stabilization, and thus, the
activation barrier is lower by 4.14, 6.70, and 4.74 kcal mol~!
respectively. The attempts to optimize remaining six dimers
failed. Dimerization is not a simple consequence of electrostat-
ic interactions but rather is consequence of weak hydrogen-
bond formation resulting from ny — 0™*g_y electron delocal-
ization that requires change in hybridization at the N, which
is apparent from the H-N-H bond angles. Dimerization in
molecules 3, 4, 6, 7, 8, and 9 requires a loss in the stabilization
energy associated with ny — 7 _x delocalization, which is
comparatively higher in these molecules (Table 6), and it is
a well accepted fact that the hydrogen bond donor ability of
Y-H bond decreases in the order O > S > Se.

Two-step mechanism for the decomposition of carbamic
acid and its analogs through protonation at N followed by
C-N bond rupture has also been considered.

NH,C(=X)YH + H* — N*H;C(=X)YH,
N+H;C(=X)YH = NH; + CXY + H*. 9)

AG, values for reaction (9) are also listed in Table 7, and they
values clearly suggest that the two-step mechanism is plausible
in the presence of H*. The presence of water molecules that
can act as acid as well as base can catalyze the decomposition
process. Though unimolecular decomposition of carbamic acid
seems improbable due to high activation barrier, the gas-phase
acidities indicate that these molecules have high tendency to
lose a proton in the presence of a proton acceptor. Carbamic
acids are good proton acceptors as suggested by proton affinity
values. The reports by Masuda et al.*® and Rudkevich and Xu*
for the formation of carbamic acid by bubbling CO, through a
solution of amines in protophilic highly dipolar aprotic sol-
vents support our results that HT-catalyzed decomposition is
the most probable pathway.

Conclusion

Carbamic acid molecules have been predicted to be stable
molecules in the gas phase, and they undergo tautomerization
with activation barriers ranging from 0.76 to 1.75 kcal mol~! in
1-9 molecules with higher chalcogen occupying the —ol posi-
tion. As well, the activation barrier for gas-phase unimolecular
decomposition is considerably high. Unimolecular, bimolecu-
lar, and a two-step mechanism for decomposition of carbamic
acid and its analogs were studied, and out of the three, the
two-step hydrogen ion-catalyzed decomposition followed
C-N bond rupture is found to more plausible.

The authors are thankful to Council of Scientific and Indus-
trial Research (CSIR), New Delhi, for the financial assistance
in the present research work.

Supporting Information

Geometrical parameters for the optimized ground state for
molecules 1-9 (Tables S1-S4); Atomic charges obtained by using
NBO analysis (Table S5). This material is available free of charge
on the Web at: http://www.csj.jp/journals/bcsj/.
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