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The isomerization reaction cyanamigecarbodiimide in vacuo and in the presence of up to six water molecules

has been investigated by means of DFT and MP2 calculations, using a flexible basis set. The reliability of
such methods has been checked against results of coupled cluster calculations on isolated molecules. The
effect of water molecules has also been investigated in the case of the hydrolysis reaction of cyanamide and
carbodiimide, leading to isourea. The number of water molecules considered is large enough to give results
converged in activation and hydration energies. In addition to the water molecules explicitly described, the
effect of water bulk solvent is taken into account according to the polarizable continuum model. The results
show that the direct hydrolysis of NCN is hindered by an activation energy much higher than that for
HNCNH, which in turn can be obtained from cyanamide with a relatively easy process.

Introduction transfer, can further contribute to the kineti¢sTo complete
the theoretical study of the reactivity afandb with water, we

Cyanamide [HN—C=N; a] and its tautomer carbodiimide carried out a detailed investigation of the following reactions:

[HN=C=NH; b] are important molecules entering several
chemical processes. Cyanamide is an intermediate in synthesis

. o . ) H,N—C=N — HN=C=NH Q)
of pharmaceuticals, pesticides, herbicides, and various poly-
mers! and it is also assumed to be relevant in prebiotic P .
chemistry? Carbodiimides are important reagents for peptides HN=C=N +H,0 = H,NCONH, (2)
d leotid thesis.
ane nule SoTee Synmes’s HN=C=NH + H,0 — H,NCONH, 3)

Reactions of cyanamide and carbodiimide usually occur via
nucleophilic attack to the carbon atom; for istance, a water . . .
molecule acting as a nucleophile, leads to urea. A similar €Onsidered in a vacuum as well as in the presence of water
behavior is present also in bio-processes, as shown by recenf!Usters (HO), (n = 1—6) explicitly described and bulk solvent
studies on carbonic anhydrase isozymes | (HCAI) and II simulated by the polanzable continuum model (PCM). The' aim
(HCAII),*5 where, in addition, cyanamide acts also as a potent ©f our study is (i) to compare the performance of various
suicide substrate. theoretical methodologies in predicting molecular properties of

The understanding of the hydration mechanisnma@indb 9and.b, and energetics 9f tha — b interconversion; il o
within the enzyméwould be very useful for designing potent investigate the cooperative effect of__\(vater molecules in the
inhibitors. However, very little is known about the mechanism hydrog(_an transfer froma to b and (iii) to find the most
occurring at the active site of the HCA which could be, partly, SCnvenient path for hydrolysis of the two tautomerandb.
cleared by investigation of the behavior of the two isolated
tautomers.

Cyanamide and carbodiimide have been extensively studied Structural parameters and stability of cyanamide and carbo-
in the pasg both theoretically and experimentally, as for their diimide in energy minima and at transition states (TS) have been
equilibrium structure§; 12 torsional-rotational dynamicsand computed with MPZ and CCSD® ab initio methods and with

Computational Methods

IR frequencied! On the contrary, to our knowledge, tautomer-
ization and hydrolysis od have never been studied theoretically.
The hydration ofb has been recently investigated by Nguyen
et al’®and Glaser et al¥who pointed out that a second actively

involved water molecule plays also a role in the mechanism.

Even a third water molecule, not directly involved in the proton
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several density functional theory (DFT)pure and hybrid
exchange-correlation functionals. The MP2, CCSD, and DFT
calculations have been carried out using the split valence basis
set augmented by a full set of polarization functions, 6-31G-
(d,p)18 In the case of MP2, geometry optimizations have been
also performed with the consistent-correlated cc-pVQZ basis
set of Dunning® Improved energies o and b have been
estimated at the CCSD(T)/cc-pVQZ level of theory at MP2/
cc-pVQZ optimum geometry.

The effect of water molecules an— b isomerization and
on hydrolysis of both isomers has been analyzed at DFT-
B3LYP2° and MP2 levels only. Searches of stationary points

10.1021/jp026535r CCC: $25.00 © 2003 American Chemical Society
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Figure 1. Dependence od — b isomerization energy on the extent
of electron correlation and basis set size.

of the potential energy have been performed by gradient-basedkCal mol™*
algorithms and by synchronous transit guided quasi-newton

(STON) method The exact nature of each null-gradient point
has been checked by vibrational analysis.

Bulk solvent effects are described by the polarizable con-

tinuum model (PCM¥%2 A possible occurrence of basis set
superposition error (BSSB)has been checked in some selected
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higher in the case of the B3LYP functional with larger basis.

As for the relative stability o andb, the MP2 and CCSD
methods, with the 6-31G(d,p) basis, give similar values of the
isomerization energy defined &&, ., = E(b) — E(a): AEa-p
= 7.2 and 7.8 kcal moft for MP2 and CCSD, respectively. By
increasing the basis set size and the amount of the electron
correlation, a regular decrease of the compuléd ., values
is observed, as shown in Figure 1. The free energy variation
AG,4—p, obtained by G2 method is equal to 2.5 kcal mphnd
substantially confirms the CCSD(T)/cc-pVQZ resultSE, -y,
value of 3.5 kcal mol* andAG,—, = 2.4 and 2.5 kcal mot,
at 273 and 383 K, respectively, using the Gibbs energy
corrections of the G2 method. The latter value is in a fairly
good agreement with the experimental vah@, -, = 3.6 kcal
m0|—1.10

As for the AE;—p, values, ab initio and DFT methods do not
completely agree. Indeed, DFT results are very sensitive to the
particular exchange-correlation functional and basis set. In the
complete absence of HF exchange contributtbsgems to be
more stable thaa: AE,.p < 0 (see Table 3), whereas hybrid
functionals restore the correct order of stability. The B3LYP/
6-31G(d,p)AE,—p, value is as small as 0.5 kcal mé) about 3
smaller than our best ab initio result: the DFT
approaches seem to overestimate the stability. An unbal-
anced description in error by about 3 kcal mlols probably
the limit of DFT approach, which, as pointed out by Parr and
Yang!’ describes with different accuracy molecules with
different bond topology, as is the case of HNCNH antBN.

Mechanism of Cyanamide— Carbodiimide Isomerization.

cases (see the Discussion section). The natural atomic orbitall "€ mechanism of tha — b reaction has been studied using

(NAO) schemé* has been used for charge population analysis.

To overcome the difficulties caused by the lack of experi-

B3LYP, MP2, and CCSD methods with the 6-31G(d,p) basis
set both in vacuo and considering PCM solvent corrections. The

mental data on the energetics of cyanamide and carbodiimide'®action involves the transfer of a proton fron? kthe donor

and for a better definition of the reliability of the adopted
computational schemes, the energiea ahdb have been also
computed at Gaussian-2 (G2) le¢eAll calculations have been
performed using the Gaussian 98 suite of progréms.

Results

In this section, DFT and MP2 results will be discussed for
the processaa — b in vacuo (pathl of Figure 2) and in the
presence ofi = 1, 2, ..., 6 water molecules. The hydrated forms
of a andb will be labeledla, 23, ... andlb, 2b, ... forn = 1,

2, ..., and the corresponding paths will be labelgdi2, ...,
respectively. In addition, theoretical results for the hydrolysis
of aor b to isourea (denoted a¥ will be discussed: the systems
corresponding t@ + nH,O — ¢ + (n-1)H,O will be denoted
shortly asna — nc (pathsAl, A2, ... forn=1, 2, ...) and the
system$ + nH,O — ¢ + (n-1)H,O asnb — nc (reaction paths
B1, B2, ...forn=1, 2, ...).

Structure and Stability of Cyanamide and Carbodiimide.
Equilibrium molecular parameters afandb obtained from ab
initio and DFT calculations are collected in Tables 1 and 2 and
compared with experimental d&&t2The results at the B3LYP/
6-31G(d,p) calculations are in a fairly good agreement with the
experiment, with the exception of the HN- - -NH angle tof
and the NCN angle od which are in error by about®4As for
the molecular geometries, DFT compares well with MP2 and
CCSD; MP2 reaches an accuracy similar to the B3LYP/6-31G-

nitrogen atom) to N (the acceptor nitrogen atom, see Scheme
1a). The description of the reaction path and the nature of the
TS is very similar for all of the methods adopted (Figure 2,
Reaction patll). At the TS, the hydrogen atom, which moves
from NP to NA, is actually bound to the carbon atom-{g =

1.17 A) only, no longer to R and not yet to K, and the
N—C—N angle is significantly bent (166168’). The computed
activation energy AE) is equal to 84.8, 84.0, and 93.8 kcal
mol~1 for MP2, B3LYP, and CCSD methods, respectively. Such
high values suggest that— b isomerization, observed in the
gas phase, can take place only through a bimolecular mecha-
nism. TheAG* values derived from PCM calculations are very
similar (within 1.6 kcal mat?!, see patH of Figure 2) to the
AE* values. However, the situation computed in vacuo can
change drastically when one or more water molecules are
explicitly considered, as in the case of several other reactions
involving transfer of polarized hydrogen atoms. Along this line,
we carried out PCM-B3LYP/6-31G(d,p) and PCM-MP2/6-31G-
(d,p) calculations o andb in the presence of up to six water
molecules. The structure of the water adducts of cyanamide and
carbodiimmide as well as the corresponding TSs are shown in
Figure 2. The reaction PCMG values are reported in Figure

2 for thena — TS—In (AG* value) andTS—In — nb steps.

For completenessAE values from in vacuo calculations are
reported in the caption of Figure 2. The MP2 data will not be
commented further, as they follow a trend very parallel to the
DFT ones.

(d,p) one only when the large cc-pVQZ basis is adopted, and The effect of a water molecule is very evident in péthof

therefore, a larger contribution of correlation is considered. On

Figure 2: its activation free energy (36.3 kcal m9lis more

the other hand, it should be noted (see Table 2) that thethan 40 kcal moi! lower than the vacuum value. The TS
discrepancy between theory and experiment seems to be sligthlyincludes a sort of six-membered ring in which the proton transfer
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6). Distances are in angstroms (large characters), and atomic charges are printed in boldface (small characters).

The energy values reported above the arrows (boldface)@rgalues (in kcal moit) computed at the PCM-B3LYP/6-31G(d,p) level of theory.
Below arrows are the corresponding PCM-MP2/6-31G(d,p) values (italic). The values associated with the left arrows are activation free energies

AG* = G(TS—In) — G(na). The AE values (in kcal mol') without

PCM correction, for thena — TS—In and TS—In — nb, computed at

B3LYP/6-31G(d,p) level ard{) 36.4,—34.1; (2) 21.3,—16.8; (3) 17.8,—13.5; (4) 15.0,—10.0; (51) 8.4,—1.0; (5,) 3.4,—6.7; (53) 5.0,—6.3;
(I6) 18.9,—14.2. The correspondingE values computed at MP2/6- 316(d p) level ark) 42.4,—33.4; (2) 27.7,—17.6; (3) 24.3,—14.8; (4)

. (151) 13.3,—0.4; (5,) 0.4, —4.1; (53) 5.0, ~7.3; (6) - - -, -

TABLE 1: Structural Parameters of Cyanamide Calculated
at Different Levels of Theory?

N=C C-N N-H N=C-N C-N-H

TABLE 3: DFT Energies (in kcal-Mol~1) of the Cyanamide
— Carbodiimide Isomerization (AE) Computed with
Different Exhange-correlation Fucntionalst

B3LYP/6-31G(d.p) 1166 1.346 1103 1774  114.9 AE AE
B3LYP/6-31H#+G(d,p) 1.158 1.340 1.011 177.4 115.9 HCTH —2.2 B3P86 0.0
B3LYP/6-31G(3df,2p) 1.154 1.134 1.010 177.2 115.2 SVWN5 —3.7 B3PW91 0.1
B97/6-31G(d,p) 1.169 1.349 1.014 177.4 114.9 Xalpha —3.8 B97 0.5
MP2/6-31G(d,p) 1.183 1.356 1.010 176.9 113.1 BLYP -15 B3LYP 0.5
CCSD/6-31G(d,p) 1.170 1.360 1.360 177.2 113.1 PW91 —2.2 B3LYP/6-31%+G(d,p) 0.5
MP2/cc-pVDZ 1.187 1.366 1.020 176.4 111.0 MPW1PW91 0.6 B3LYP/6-311G(3df,2p) —0.5
MP2/cc-pVTZ 1.172 1.351 1.008 176.7 112.9 BHandHLYP -35
ZAXF;%/CC pvQZz 11_'116659 11_'335%7 11.600087 11774%8 11113?§ a2The functionals used are defined as follows: HTCH is the
exchange-correlation functional of Hartélgis implemented in Cadp&t;
2Bond lengths (A), angles (degre&)rom ref 12. SVWNS5 is the Slater exchaniewith the Vosko-Wilk-Nusair correla-
tion functional V& Xalpha is pure Slater exhandeBLYP is the
TABLE 2: Structural Parameters of Carbodiimide gradient corrected exchange of Be®Rawith the LYP correlation
Calculated at Different Levels of theory? functional®? PW91 is the Perdew and Wang exchange-correlation
N=C N—H N—C—N C=N—H H—N:N—H functional?®> MPW1PW91 is the one parameter form of PW91
functional as modified by Barone and AdarffdBHandHLYP is the
B3LYP/6-31G(d,p) 1.228 1.015 170.6 118.6 93.7 functional with half of HartreeFock exchange and LYP non local
B3LYP/6-311+G(d,p) 1.221 1.012  170.8 120.0 93.5 correlation functional as implemented in GaussiaffaB3P86 is the
Sg%}:}lﬁ’é&i—g(lf(?df,zp) 133 181:}) 1;8; ﬁgz gg% Becke three paramenter functio_nal with the non local correlation
MP2/6—31(5(dp ’ ’ ' ’ ’ provided by the Perdew 86 functior@IB3PW91 is the Becke three
P) 1.236 1.011 169.2 118.4 93.8 . . . ;
MP2/cc-pVDZ 1242 1022 1697 1157 93.0 paramenter funct_|onal with t_he non local correlation _prowded_ by the
MP2/cc-pVTZ 1228 1.010 1701 118.2 92.9 Perdew 91 functlona_\l; B_97_ is the exchange-corre_latlon_functlonal of
MP2/cc-pvQZ 1225 1.008 170.0 119.0 93.0 Becke? If not otherwise indicated, the adopted basis set is 6-31G(d,p).
CCSD/6-31G(d,p) 1.233 1.102 170.5 116.8 93.6
ggggggf&pﬁg iggg 18?2 gg-é ﬁg? gg-g computed for free carbodiimide. The three water molecules
ccp ) ) ) ) ) . . :
COSD(TYce-pvo2 1996 1010 1705 1175 89.2 contribute to a further reduction of the electronic charge
exps 1224 1.007 170.6 1186 89.0 rearrangement (see Table 4).

aBond lengths (A), angles (degreéfFrom ref 11.¢ From ref 10.

is mediated by the water molecule. The role efoHn lowering
the activation energy is confirmed in pdth (Figure 2), where
AG# = 19.6 kcal mot'. The TS corresponds to an eigh

The system including four water moleculésy(4b, TS—14,
pathl4 of Figure 2) is characterized by an activation free energy
equal to 14.2 kcal mal, 2.5 kcal mot? lower than that of3.

The hydrated complexé&mand5b are probably characterized

t- by the existence of several local minima, differing in the

membered ring with a relatively small structural rearrangement arrangement of H-bond network. To obtain a reasonable

with respect to reactants and products; at TS th€€N'N angle
is 167.6, only 4.1° smaller than irRb. Interestingly, significant

description of the lowest energy forms B& and5b, several
optimizations have been carried out starting from different initial

changes of the atomic charges on the nitrogen atoms occur inconditions. Even if such a procedure cannot necessarily give

adduct2a and2b, caused by the presence of water molecul

es, the global minimum, the results of Figure 2 are fairly reliable.

which are able to smooth the electronic rearrangement alongFor the isomerization reaction, we were able to identify a

the reaction path (see Table 4).

(weakly) stable intermediat®&ab, which opens the possibility

The inclusion of a third water molecule gives rise to energy of the following different pathwaySa— TS—15; — 5ab, 5ab

changes significantly smaller than in the previous cases.
AG* value of I3 (see Figure 2) is only 2.9 kcal mdi lower
than that ofi2. The water adduct8a and3b, as well asTS—
I3, are involved in an extended network of H-bonds. T&—
I3, the N—=C—N angle is equal to 170 very close to that

The— TS—I5, — 5b, and5ab — TS—I53 — 5b'. This indicates
that 5ab can be converted intéb in two different ways. In
particular, in the path5; (AG* = 8.6 kcal mot?), the proton
transfer from NP to NA occurs via the ionic (pD)4H30"-
HNCN- intermediatebab (see Figure 2) lying only 1.5 kcal
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SCHEME 1: Atom Labels Used in the Text for the
Isomerization (a), Cyanamide Hydrolysis (b), and
Carbodimide Hydrolysis (c)?

H

“,
%,
.

_.-O.

HD-- o n
K K

a) '

Nb/C\NA

aHydrogen donor and acceptor N atoms are labelled D and A,
respectively. Hydrogen atom undergoing transfer frofthl NA is
denoted as H HY and O" are atoms belonging to water molecules

TABLE 4: Change in Natural Atomic Charges during
Cyanamide — Carbodiimide Isomerization

NP HO NA HA c
a—TS—I 022 007 001 007 —0.29
TS—1—b 000 -010 -039 —-010  0.49
la—TS-I1  —-002 008 -022 002  0.09
TS—11—1b 018 -004 -011 -009  0.12
2a—TS—-I2  -004 006 -020 000 007
TS—12—2b 014 -001L -0.05 -0.07  0.09
3a—TS—-I3  -005 005 -016 000  0.05
TS-13—3b 012 000 -002 -007  0.08
4a—Ts-14 -001 005 -025 000 0.6
TS—14 —4b 007 -001 009 -007 007
5a—TS-I5;, —-004 004 -013 000 0.2
TS-I5,—~5ab 0.0 001 -006 000  0.01
5ab—TS—I5, 005 000 -001 -004 004
TS—I15,~5b 009 -001 003 -003 005
5ab—TS—I5; 004 —0.01 —0.02 -002  0.03
TS-I5;—50 010 000 002 —0.05 0.6
6a—TS—I6 ~ —-005 005 -017 000  0.03
TS—16 —6b 013 000 -003 -006  0.06

mol~! lower in energy tharmS—15;. In the pathl5; (AG* =
2.4 kcal mof?), the conversiorbab — 5b takes place via a
concerted transfer of two protons, and, finally,li3 (AG* =
4.5 kcal mof?), via the transfer of three protons leading to the
slightly different form5b'.

The reaction path6, including6a and6b (see Figure 2), is
characterized by an activation free energy very similar to that
computed with fewer water molecules, indicating that the sixth
water molecule does not really take part in the isomerization,
or in other words, that the energy data are converged with
respect to the number of water molecules.

It is important to observe that the hydration energy of
cyanamide is always larger than that of carbodiimide. The PCM-
B3LYP/6-31G(d,p) value oAG,y, is 1.9 kcal mot? for both
a— b andla— 1b mechanisms, 4.9 and 3.8 kcal mbivhen

the isomers are solvated with two and three water molecules,

Tordini et al.

respectively. These values remain almost constant upon addition
of more water molecules.

Mechanism of Hydrolysis of Cyanamide and Carbodiim-
ide. The hydrolysis ofa and b (see eqs 2 and 3 of the
Introduction) have been studied in the presence of up to four
explicit water molecules by DFT and MP2 calculations, in vacuo
and including PCM corrections. In the following, onG
values from PCM treatment will be discusséd values from
in vacuo calculations are reported in the captions of Figures 3
and 4 for the hydrolysis o& andb, respectively.

Hydrolysis of Cyanamidél'he reaction PCM\G values are
reported in Figure 3 for thea — TS-An (AG* value) andT S-

An — nc steps. For th@a — nc reaction i = 1, 2; pathAl

and A2 of Figure 3), our PCM-B3LYP estimates &G* are
considerably high: 50.7 and 31.7 kcal mblrespectively. Three
water molecules may originate three different pathwags,

A3,, andA3; (Figure 3). InA3,, the third water molecule is
involved in the proton transfer leading to a TS characterized
by a sort of eight-membered ring andA&G* slightly higher
than inA2. The reaction patiA3; has the third water molecule
near to the nonreacting nitrogen atom but not involved in the
proton transfer and a value &fG* = 29.8 kcal mot? slightly
lower than inA2. In the third pathwayA3s, two water molecules
are directly involved in the proton transfer forming a six-
membered ring at TS, but also in this case, the activation energy
does not decrease with respectAd. Therefore, we observe
that, in the most favorable case, the third water molecule leads
to a stabilization of the TS of only 1.9 kcal mdlwith respect

to A2.

The system with four water molecules is characterized by a
high number of degrees of freedom and cannot be fully
investigated. Our choice to put the fourth water molecule near
to the nonreactive N atom leads to several reaction pathways
not commented on here for brevity. The best mechanism seems
to be the pathA4 of Figure 3, characterized bG* = 31.1
kcal mol1, about 1 kcal moi! higher than the value oA3,.

Stereochemistry constraints of water addition to cyanamide
can produce only the less staleconfiguration of the &NA
bond. Considering the products with the most stable arrangement
of the water molecules (not shown in Figure 3), IR&na-nc
for the hydrolysis of cyanamide is found to be equattb8.5,
—19.9, —15.3, and —19.9 kcaimol™! for n = 1, ..., 4,
respectively?’

Hydrolysis of CarbodiimideThe reactiorilb — 1c (pathB1
of Figure 4) leads td'S—B1, which is a sort of a strained four-
membered ring, characterized by a hiy6* (42.8 kcaimol™1).

The activation free energy decreases to 24.6 kcalfrial 2b
— 2c (pathB2 of Figure 4).

Our DFT results for the reactioBb — 3c can be compared
with the MP2 results of Glaser et #l.We confirm that the
reactionb + 3H,O — ¢ + 2H,O can follow two different
reaction pathsB3; andB3; of Figure 4). In the first path, the
third water molecule takes part in the proton transfer leading
to an eight-membered ring TS without, however, a significant
change of the activation energy with respeddf In the second
path B3,, the third water molecule is located near the nonre-
acting nitrogen atom and plays a direct role in the proton
transfer.TS—B3; is similar to TS—B2, but with an activation
energy lower by about 7 kcal mdl. Glaser et al* suggested
that the role of the third water molecule is to enhance the charge
delocalization, a view fully confirmed by our data on charge
reorganizations reported in Table 5.

Also, the4b — 4c reaction can be characterized by several
arrangements of the water molecules. We have identified two
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Figure 3. Best molecular geometries for reactants, TSs, and products of the hydrolysis of cyanamide mediat€)bglfsters 6 = 1, ..., 4).
See the caption of Figure 2. Ti¢E values (in kcal molt) without PCM corrections, for thea — TS-An andTS-An — nc, are @1) 52.8,—65.9;
(A2) 34.9,—38.9; (A3;) 35.2,—46.5; A3;) 36.1,—39.1; A33) 38.6,—40.8; A4) 31.9,—33.7. The correspondinyE values computed at MP2/
6-31G(d,p) level areA1) 59.7,—66.5; A2) 42.2,—40.4; A3;) 42.5,—47.8; A3;) 42.9,—41.2; (A33) 44.2,—42.0; A4) 39.2,—36.7.

most probable situations: the fird4,) is related toTS—B3;

bond networks between reagents and products as well as on

with the fourth water molecule placed near to the nonreactive the existence oE or Z configuration of the &NP bond in the

nitrogen atom:
membered ring TS characterized bA&* of 12.4 kcal mot?,
about 5 kcal moi! lower than inB3,. The second patB4; is
similar to B4; but the G=NP bond has the& configuration at

the proton transfer takes place via a six- product. The reaction product with imine groupkris always

more stable than i configuration by a few kcal mokl. The
reaction energies computed by considering the most stable
arrangement of the products for the reactions with 1, ..., 4

TS—B4, (see Figure 4). The proton transfer is promoted by are equal to—20.4, —19.2, —18.7, and—23.3 kcal mot?,
two water molecules, but the computed activation energy is respectively.

significantly higher than that dB4;.

The results on energetics of the hydrolysis reaction o
the reaction

carbodiimide may be summarized as follows:

f Discussion

The results of our systematic investigation allow us to draw

energies depend on different shapes and extents of the hydrogesome general conclusions. From a methodological point of view,
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Figure 4. Best molecular geometries for reactants, TSs, and products of the hydrolysis of carboddimide mediat&)bgifsters 6 = 1, ...,
4). See the caption of Figure 2. TieE values (in kcal molt) without PCM correction, for theb — TS—Bn andTS—Bn — nc, are 81) 40.2,
—56.6; B2) 27.9,—39.8; B3,) 28.4,—37.0; B3;) 18.0,—35.2; B41) 12.5,—33.8; B4,) 29.1,—37.6. The correspondingE values computed at
MP2/6-31G(d,p) level areB(l) 43.7,—59.5; B2) 32.1,—43.3; B3,) 33.2,—42.0; B3,) 22.9,—39.3; B4, 19.7,—39.3; B4) -- -, - - -

we note that the B3LYP activation energies are systematically stronger than cyanamide, a characteristic conserved also in water
lower than the corresponding MP2 values and probably under- adducts.
estimated. This confirms the finding of Lynch and TruBlar

that B3LYP slightly underestimates the energy barriers in ; e .
mediated by three water molecules the activation process is

proton-transfer reactions. : ¢ >
As for the reactionsa — nc andnb — nc, our DFT results accompanied by an increased positive charge of t¢{©
’ it. group (labels of atoms defined in Schemes 2a and 3a) and an

are converged in terms of number of water molecules explicit- : ) )
ly considered, and indicate an activation energydignifi- increased negative charge of theH¥ group, with an enhanced

cantly higher than fob. Such a difference is due to a differ- tendency to form H bonds. As shown in Table 5, such variations
ent electrophilic character of the carbon atom in the two isom- of the atomic charges predicted by MP2 calculatiérare
ers. In fact, the net charge on the C atom is highdy (0.65) qualitatively reproduced also by our B3LYP calculations.
than ina (0.45). Therefore, carbodiimide is an electrophyle Furthermore, Glaser et #.suggested that also the structure of

Glaser et al? proved that in the hydrolysis of carbodiimide
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TABLE 5: Change in Natural Atomic Charges during SCHEME 2: Energy Profiles of the “direct” and “two-
Carbodiimide and Cyanamide Hydrolysis step” Reaction Paths for the Hydrolysis of Cyanamide
HY oY NH° NHA HT  C
. TS-A4
Cyanamide T
la—TS-Al —0.01 0.06 0.01 -0.22 -0.01 0.16
2a—TS-A2 0.00 0.07 —-0.02 -0.17 -0.04 0.14

3a—TS-A3; 0.49 0.07 -0.08 —-0.15 -0.03 0.12
3a—TS-A3; —0.08 —0.02 0.02 —-0.12 -0.00 0.16
3a—TS-A3; 0.04 0.12 0.15 0.15 -0.03 0.08
4a—TS-A4 —0.03 -0.06 0.03 —-0.08 —-0.04 0.17

Carbodiimide
1b—TS—-B1 0.00 0.05 —-0.02 -0.15 0.03 0.07
2b—TS—B2 0.00 0.13 —-0.14 -0.11 0.00 0.07
3b—TS—B3; 0.03 0.17 —-0.21 -0.10 -0.01 0.07
3b—TS—B3; 0.06 0.21 —-0.30 -0.12 0.00 0.11
4b—TS—B4,; 0.06 0.22 —-0.31 -0.11 0.00 0.10
4b— TS—B4, 0.05 0.19 —-0.24 -0.12 -0.01 0.06

AG (Kcal-mol")

the TS may be affected by the presence of the nonreactive water
molecule. In fact, when the geometries T6—B2 and TS—

B3, are compared, one can note an enhanced interaction between
C and @ atoms (the G-OW bond length inTS—B3; is 0.254

A shorter than that iTS—B2) and a parallel reduced strength

of the H'—NA bond (the H—NA distance inTS—B3; is 0.168

A longer than mTS—_BZ). ) ~of the same reaction path. Therefand&* and reaction energies
Our results underline that electronic rearrangements occurringremain unchanged.

in the hydrolysis of cyanamide are significantly different from
those of carbodiimide. As shown in Table 5, for the pathways
Al, A2, andA3, concerningna — nc reactions in which all of
the water molecules are involved in the proton transfer, the
OWHW group is more positively charged at TS, whereas the
NPHP group is more negatively charged. The trend is the same

also for thenb — nc systems, but the variations of charges in . i
this case are significantly larger. It is noteworthy that the 'S expected to be present in a very small amount at thermal

geometries of the transition statdsS-A3, and TS-A4 are equilibrium. However, the hydrolysis of carbodiimide leading

strongly affected by the presence of the water molecule with to isourea is both thermodinamically and kinetically favorable
no reactive character in carbodiimide (see Figure 4). In the SO that carbodiimide can be considered a suitable stable

reaction pathA3s, the nonreactive water molecule is placed in Intérmediate in hydrolysis of cyanamide. The energetics of such
a position equivalent to that in thB3, and B4, pathways. a “two step” mechanism is graphically shown in Scheme 2 and
Therefore, charge dispersion similar to that discussed for thesecompared with the mechanism of “direct hydrolysis” of
reaction paths should be expected. In fact, the variation of the Cyanamide.

atomic charges going from the reactant to the TS (see Table 5)

are similar to those discussed in the hydrolysis of carbodiimide. Conclusions

The nonreactive water molecule has important effects on the

E-4c,

reaction coordinate

The conclusion can be drawn that the hydrolysis of cyanamide
is kinetically unfavorable because of the large energy barrier.
However, cyanamide can be easily converted into carbodiimide
through a tautomerization reaction strongly favored by the
presence of water molecules. Carbodiimide is thermodinamically
less stable than cyanamide by about 4 kcalThahd therefore

geometry of thelTS-A3s, similar to those observed in tH&s3; The accurate theoretical study of the chemistnaaind b
andB4; mechanisms, but little effect on the stabilization of the tautomers in the gas phase predicts that cyanamide is 2.5 kcal
TS. mol~1 more stable than carbodiimide. DFT-B3LYP calculations

In summary, our results show that the most relevant electronic SNOW that the activation energy for the isomerization reaction
mechanism responsible for the decrease of the activation energy® — P, extremely high in the gas phase, is drastically reduced
in the hydrolysis reaction is the charge reorganization induced PY cooperative effects of a few water molecules.
by water molecules. The difference in the electrophilic character ~ The direct hydrolysis of cyanamide is a difficult process, even
of the carbon atom in the two tautomers, as well as the inability in the presence of water, because of its considerably high
of a nonreactive water molecule to induce charge relaxation in activation energy, but a much easier process for carbodiimide.
the hydrolysis of cyanamide are synergic effects, which The difference between the activation energy for the hydrolysis
determine the large difference of the activation energy in the of the two tautomers can be explained by the different
hydrolysis of cyanamide and carbodiimide. electrophilic character of the C atom and a less efficient charge

Finally, whenAE# values in vacuo are compared with the redistribution in the case of cyanamide hydrolysis. This suggests
AG* ones of the PCM treatment, one can easily observe thatthat the most probable path for hydrolysis of cyanamide involves
the effect associated with the bulk solvent is relatively small, first the formation of carbodiimide and then its subsequent
probably because the main solvent contribution are already takenhydrolysis.
into account by the explicit water molecules.

In the case ofla— 1b and2a— 2b reactions, all of theé\E Supporting Information Available: Cartesian coordinates
(and AE*) values have been corrected for BSSH.he error of the optimized geometries of the products labeledlE,
due to the incompleteness of the basis is within the rang® 3 E—2c, E-3c1, and E-4cl. This material is available free of
kcal mol~t but is roughly constant fana, TS, andnb species charge via the Internet at http://pubs.acs.org.
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