Substituent effects on the stability of carbodiimides
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The geometries and energies of mono-substituted carbodiimides RN=C=NH and imines RN=CH, have been
obtained by ab initio DFT calculations. The geometries of carbodiimides with strongly electropositive substituents
are linear, which is attributed to charge repulsion and a preference for sp-hybridization at the nitrogen atom. An
isodesmic reaction was designed to study substituent effects on the stability of carbodiimides. The correlation
between substituent group electronegativity ypg and the stability of carbodiimides was reasonably good.
Electronegative substituents destabilize carbodiimides, whereas electropositive substituents stabilize them.

Introduction

Carbodiimides are an important class of unsaturated com-
pounds that contain two carbon-nitrogen double bonds in an
orthogonal geometry. They have attracted considerable atten-
tion because of their importance as a versatile reagent in
organic and biochemical synthesis."* Carbodiimides are iso-
electronic with allenes, ketenes and ketenimines, and can be
represented by the resonance structures la, 1b and 1c. They
have an asymmetric allene-like structure.

Optical isomerism in such compounds is possible but reso-
lution has not been achieved because of the low free energy
barrier to racemization.>™!

Semiempirical quantum mechanical calculations (INDO)
predict the intuitively favored asymmetric geometry with sub-
stituents in perpendicular planes that intersect along the
N=C=N axis.’ The calculated energy for thermal racemization
of carbodiimides and difluorocarbodiimides are 8 and 22 kcal
mol ™!, respectively.’ The configurational flexibility of diiso-
propylcarbodiimide has been studied by 'H-NMR measure-
ments® and the free activation energy for racemization was
found to be 6.7 kcal mol~'. X-Ray diffraction results have been
reported for diarylcarbodiimides.” These molecules exhibit an
allene-type structure with the dihedral angle between the two
aryl groups being 88° for di-p-tolylcarbodiimide.® Geometrical
isomerisation involving carbodiimides can take place by two
processes: planar nitrogen inversion and internal rotation about
the C=N bond, which may lead to a cis or trans transition state.
According to MP4/6-311G(d,p) calculations’ for the parent
carbodiimide, the corresponding barriers are 10.6, 8.0 and 7.9
kcal mol ™', respectively. Recently, AM1 SCF MO calculations
were carried out on the configurational mechanism of some
substituted carbodiimides."

Systematic studies of substituent effects on molecules
containing different functional groups in organic compounds
have been presented by many groups in recent years."**! These
compounds include ketenes,'® ¢ isocyanates,’* imines,'*
allenes,>*'* ketenimines,'*** oxiranes,'> nitriles,'"™ isocyan-
ides,' cyclopropanes,'® diazirines,'**'** diazomethanes, 317
alkanes,'® alkenes,'*““!¥ alkynes,'*“'® 1 3-dienes,'™ cycloprop-
enes,’® carbonyl compounds,®!* carbocations,®® carb-
anions,?'“ and organolithium compounds.?**
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In this work, we wish to report the use of ab initio calcu-
lations using density functional theory (DFT) and isodesmic
reactions to study the influence of different substituents on the
geometry and stability of carbodiimides.

Computational details

All the calculations reported here were performed with the
Gaussian 98 program.? All geometries were gradient optimized
at the HF/6-31+G(d) level without any symmetry restriction.
The orders (number of negative diagonal elements of the
Hessian matrix) of all critical points were evaluated at the same
level to determine the nature of the located stationary points.
Thus, all of the stationary points found were properly charac-
terized by evaluation of the harmonic frequencies. This also
provides the necessary thermodynamic data for the calculation
of zero-point vibrational energies (ZPVE). The scaling factor
of 0.8929 for zero-point vibrational energies is used in accord-
ance with the literature.'**

Single point energies of the optimized structures were deter-
mined by density functional theory (DFT) at the B3LYP/6-
311+G(2d,p) level using the optimized HF/6-31+G(d) geom-
etries. The energies of all stationary points were calculated at
the DFT level with scaled zero-point vibrational energies
included.

Results

The optimized geometries and calculated structural parameters
of carbodiimides 2-25 are given in Fig. 1 and Table 1. The
calculated energies of substituted carbodiimides RN=C=NH
and imines RN=CH, are shown in Table 2.

All of the carbodiimides have an NH group perpendicular to
the carbodiimide plane. In addition, all of the calculated
carbodiimides with different substituents show a bent structure
around the N=C=N angle by about 5-8° (see Fig. 1 and Table 1).
The calculated net atomic charges of the nitrogen atoms and
central carbon atom of substituted carbodiimides 2-25 as well
as dipole moments calculated at the HF/6-31+G(d) level of
theory are shown in Table 3.

The parent carbodiimide 2 shows two identical N=C bond
lengths of 1.205 A. Carbodiimide 6 with a CH, substituent
shows two unequal N*=C? and C*=N! bond lengths of 1.199
and 1.218 A. Carbodiimide 3 with a Li substituent shows a long
bond length for the Li-N bond (1.749 A), which indicates its
ionic character. The N*=C? bond length is significantly shorter
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Table 1 Calculated structural parameters (bond lengths/A; bond angles and dihedral angles/°) for carbodiimides 2-25 X, ,MN*~C?=N'H

M NC? CN!' MN* XM XM NICIN'  MNC2 X, MN*  X,MN? XMNC? X,MN3C?
2 H 1.205 1205 0.999 1736 118.0
3 L 1181 1246 1.749 1749  175.6
4  BeH 1.190 1.213 1493 1.329 1744 1792  179.5 0.0
5  BH, 1.183 1217 1400 1.187 1.187 1747 1785 1191 1191 —115.7 64.5
6  CH, 1.199 1218 1451 1.085 1.081,1.081 173.5 1274 1126  108.9,108.6 0.3 —120.0, 121.4
7 CF, 1216 1.196 1400 1327 1.316,1.315 1729 1237 1133 110.5,110.3 3.3 —117.3,123.6
8 NH, 1212 1213 1418 1.004 1.000 1722 1192 1078 105.1 —78.8 167.6
9 OH 1221 1209 1.386 0.948 172.6 1141 1038 178.6
10 F 1236 1200 1.379 1724 109.1
11 Na 1.178 1256 2.103 1750 1734
12 MgH 1.186 1229 1.896 1.700 1745 1764 1787 180.0
13 AlH, 1.187 1218 1.776 1574 1.572 1745 1800 1183 1176 -13.6 164.9
14  SiH, 1.183 1216 1711 1469 1471,1470 1744 1747  110.1  109.0, 108.4 -14  —121.4,118.7
15a PH, 1.195 1216 1.716 1405 1.398 1743 1379 99.9 97.0 56.8 152.9
15b PH, 1.195 1216 1.718 1404 1.397 1734 1369 99.7 97.0 59.9 156.1
16a SH 1206 1213 1.705 1.322 1733 1248 94.6 177.9
16b SH 1204 1214 1.699 1.331 173.6 1279 99.9 74
17 a 1223 1203 1.713 1728 115.6
18a Cyclopropyl 1.200 1218 1432 1.077° 14941495 173.5 1268  1154° 117.3,9117.14 1.8 —144.0/147.2
18b Cyclopropyl 1.200 1217 1436 1.073° 1.4961.491" 173.1 128.0  111.2°  122.391194¢ —129.7° 17.3/89.1
19 NO, 1244 1.180 1.386 1.198 1.179 1713 1147 1185 1149 -5.0 174.6
202 CHO 1226 1.190 1.398 1.186* 1.083" 1722 1212 1256 1117 —9.4 171.4
200 CHO 1217 1.198 1.401 1.179¢ 1.090° 1735 1232 1227 115.3¢ ~173.8 6.7
21a H,C=CH 1205 1211 1407 1.321° 1.073" 1737 1283 1259¢  112.5¢ 30.5¢ —151.0/
21b H,C=CH 1206 1.212 1405 1.319° 1.077" 1734 1265  121.7°  116.8¢ —177.4¢ 3.V
22a CO,H 1222 1.192 1.386 1.182¢ 1.33% 172.1 1237 123.7"  113.0¢ 174.2 —6.3m
22b CO,H 1227 1.188 1.403 1.183% 1318 1726 1199  1256"  111.6° —6.4 174.2"
22¢ COH 1225 1.190 1.387 1.191f 1317 172.1 1201 126.1"  110.2% 6.9 173.7°
23 HC=C 1212 1201 1.343 1.187 1723 1277 1767 177.1
24 CN 1223 1.188 1.334 1.137 1722 1251 1765 175.5
252 HSO, 1225 1.188 1.650 13217 1.426,1.419 173.1 121.9 97.1"  109.77109.3°  —140" —27.3,4107.7"
25b  HSO, 1226 1.187 1.649 13207 1.42671.419* 173.0 1217 97.1"  108.7,108.4° 52 —107.2,"118.0"

“C-C. *C-H. *C-C-N. “H-C-N. ¢ C-C-N=C. /H-C-N=C. ¢ 0=C. "O=C-N. 'O=C-N=C. /O-C. ¥ O-C-N. ' O-C-N=C. " —0.9 (H-O-C=0).

" ~179.7 (H-O—-C=0). ° 0.3 (H-O-C=0). ? H-S. ? O=S.” H-S-N. * O=S-N. ' H-S-N=C. * O=S-N=C.

Fig. 1 Optimized structures of carbodiimides at the HF/6-31+G(d) level.

(1.181 A) than the C?=N" bond length (1.246 A). Carbodiimide
11 with an Na substituent shows a similar pattern. The long
Na—N bond length (2.103 A) and two different C=N bond
lengths (1.178 and 1.256 A) suggest an ionic nitrilamine
structure for these substituents.

The carbodiimide with a BeH substituent (4) shows bond
lengths of 1.190 and 1.213 A for the N*=C? and C>=N" bonds,
respectively, the former is 1.5 pm shorter and the latter is 0.8 pm
longer than the corresponding bonds in carbodiimide 2. The
carbodiimide with an MgH substituent (12) shows a long bond
length (1.896 A) for the Mg-N bond, while the N*=C? bond
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length (1.186 A) is 1.9 pm shorter and the C>=N" bond length
(1.229 A) is 2.4 pm longer than the corresponding bonds in the
carbodiimide with an H substituent (2). Both carbodiimides
4 and 12 have a linear arrangement about the X—N=C moiety,
in which X corresponds to the BeH and MgH groups. Carbo-
diimides with BH, (5) and AIH, (13) substituents have BH,
and AlH, groups located almost in the same plane as the
carbodiimide fragment. The B-N and Al-N bond lengths are
1.400 and 1.776 A, respectively. The N*=C? bond lengths for
carbodiimides 5 and 13 are 2.2 and 1.8 pm shorter than the
corresponding bond in carbodiimide 2, respectively, while



Table 2 Calculated energies [B3LYP/6-311+G(2d,p)//HF/6-31+G(d)]
(hartrees) for carbodiimides R-N=C=NH and imines R-N=CH, and
AE (kcal mol™) for the isodesmic reaction shown in eqn. (1)

R XBE E (RN=C=NH) E (RN=CH,) AE
Na 1.00  —310.547918 —256.326566 29.84
Li 1.00  —155.785521 —101.569259 26.65
MgH 1.33  —348.941720 23.31
BeH 1.47  —163.609373 —109.405324 18.99
AlH, 1.62  —391.895918 —337.696530 15.31
SiH, 1.91  —439.542776 —385.349113 12.47
BH, 1.93 —174.277041 —120.108413 —3.24
PH,’ 217  —490.776124 —436.594358 5.01
H 220 —148.806189 —94.625765 4.16
HSO,’ 2.53  —697.449395 —643.183504 —0.26
CH, 2.56  —188.095122 —133.921334 0
Cyclopropyl®  2.56  —265.467448 —211.296547 —1.81
CHO* 2.60  —262.153238 —207.974664 3
CH=CH,’ 2.61  —226.187443 —172.013676 —-0.01
SH¢ 2.63  —547.000025 —492.833304 —4.44
C=CH 2,66  —224.944432 —170.773049 -1.51
CO,H 2,66  —337.422217 —283.244710 2.33
CF, 2.68  —485.947509 —431.774850 -0.71
CN 2,69  —241.053132 —186.881148 —1.13
Cl 3.05 —608.389969 —554.229818 —10.44
NH,* 3.10 —204.114087 —149.960241 —12.51
NO, 322 —353.325417 —299.163639 =7.54
OH 3.64  —223.976565 —169.831070 -17.75
F 4.00  —247.988954 —193.848959 =212

“The most stable conformer.

Table 3 Calculated net atomic charges and dipole moments of
carbodiimides RN=C=NH [HF/6-31+G(d)]

R C? N! NG R? u/D

Na 0.35 —0.89 —0.69 0.87 11.20
Li 0.33 —0.84 —0.38 0.53 8.68
MgH 0.29 —0.78 —0.56 0.61 1.70
BeH 0.72 -0.75 -0.93 0.61 1.70
AlH, 0.36 —0.71 —0.17 —0.43 2.01
SiH, 0.59 -0.77 —0.68 0.87 1.94
BH, 0.64 —0.73 —0.59 0.42 1.78
PH,’ 0.55 -0.75 -0.59 0.42 1.55
H 0.63 —0.73 -0.73 0.41 2.50
HSO,’ 0.60 —0.66 —0.65 1.53 3.32
CH; 0.57 —0.57 —0.41 —0.43 2.63
Cyclopropyl” 0.47 -0.72 —0.36 —0.15 2.52
CHO* 0.69 —0.70 —0.48 0.33 2.12
CH=CH,’ 0.53 -0.72 —0.44 -0.07 2.21
SH* 0.59 —0.71 —0.56 0.15 1.95
C=CH 0.61 -0.71 —0.46 -0.25 2.20
CO,H 0.70 —0.68 —0.57 0.84 1.59
CF, 0.59 —0.68 —0.54 1.43 3.01
CN 0.64 —0.69 —0.46 0.44 5.09
Cl 0.63 —0.67 —0.48 0.09 2.48
NH,* 0.61 —0.71 —0.34 —0.80 1.32
NO, 0.71 —0.64 —0.42 0.40 4.93
OH 0.64 —0.66 -0.39 —0.52 1.78
F 0.63 —0.62 -0.22 -0.22 3.15

“ The most stable conformer.” Atom connected to N°.

the C>=N" bond lengths for these carbodiimides are 1.2 and 1.3
pm longer than the C?=N! bond length of carbodiimide 2,
respectively.

The carbodiimide 6 with a CHj, substituent shows a C-N=C
angle about 127°, while carbodiimide 14 with an SiH; substitu-
ent shows co-planarity of the SiH, substituent with the carbo-
diimide moiety, which is caused by a n-donation mechanism as
found for 4, 5, 12 and 13. The N*=C? bond length of 14 is 1.6
pm shorter than the corresponding bond of the carbodiimide

+ H\ + _

o /NZC=NH=—~ N—CZNH <~ X—N=C—NH
\)l( H\)l(/ H

H H

with a CHj, substituent (6), while the C*=N" bond length of 14 is
only 0.2 pm shorter than the same bond of 6. Carbodiimide 7
with a CF; substituent also shows a bent arrangement around
the C—-N=C moiety. The N*=C? bond length of 7 is 1.7 pm
longer than the N*=C? bond length of a carbodiimide with a
CH; substituent, while the C:=N" bond length of 7 is 2.2 pm
shorter than the similar bond length of 6.

For the elements of group V, the carbodiimide with an NH,
substituent (8) has only one stationary point, while the carbo-
diimide with a PH, substituent (15) has two stationary points,
in which structure 15b is less than 0.1 kcal mol™' more stable
than 15a. The N3=C? and C>=N" bond lengths of carbodiimide
8 are 0.7 and 0.8 pm longer than the N3=C? and C>=N! bond
lengths of carbodiimide 2. The N*=C? bond length of carbo-
diimide with a PH, substituent (15) is 1.0 pm shorter than the
N*=C? bond length of 2, while the C>=N" bond length of 15 is
1.1 pm longer than the similar bonds in carbodiimide 2. The
larger X—N=C angle in 15 (X = PH,, 137°) in comparison with
8 (X=NH,, 119°) is caused by the higher electron-donating
character of the PH, group compared to the NH, group. This
pattern is also observed for the group VI ligands. Carbodiimide
9 with an OH substituent has only one stationary point, while
the carbodiimide with an SH substituent (16) has two station-
ary points, in which 16a is 1.4 kcal mol~' more stable than 16b.
The X-N=C angle in 9 is about 114° while this angle in 16 is
larger (about 125 and 128° for the two different rotamers). The
N3*=C? bond length of 9 is 1.6 pm longer than the corresponding
bond length of 2, while the C>=N" bond length of 9 is only 0.4
pm longer than the corresponding bond of 2. Carbodiimide 10
with an F substituent has a short F-N bond length (1.379 A).
This molecule has a longer N*=C? bond length of 3.1 pm with
respect to the corresponding bond length in 2. On the other
hand, the C>=N" bond length of 10 is 0.5 pm shorter than that
of carbodiimide 2. The carbodiimide with a Cl substituent (17)
has longer N*=C? (1.8 pm) and shorter C*=N" (0.2 pm) bond
lengths with respect to the corresponding bond lengths of
carbodiimide 2. The X-N=C angle of carbodiimide 10 is about
6° smaller than that of carbodiimide 17 with a CI substituent.

These results suggest that the more electronegative substitu-
ents allow smaller X-N=C angles, while more electropositive
substituents produce a co-planar arrangement of substituents
with the carbodiimide moiety and the X-N=C angle increases
to about 180°.

Carbodiimide 18 with a cyclopropyl substituent has two
stationary points, in which the H-C-N=C dihedral angles of
18a and 18b are 1.8 and —129.7°, respectively, and 18a is 1.3
kcal mol™' more stable than 18b. Carbodiimide 19 has only one
stationary point, in which the NO, group is almost in the same
plane as the N=C=N fragment. The N*=C? bond length of 19 is
3.9 pm longer than the N3=C? length of 2, while the C>=N! bond
length of 19 is 2.5 pm shorter than that of 2. The carbodiimide
with a CH=0 substituent has s-trans and s-cis stationary points,
and the s-cis conformer (20a) is 0.7 kcal mol ™! more stable than
the s-trans conformer (20b). Both the s-cis and the s-trans
conformers contain C=0O and N=C=N almost in the same
plane, and have longer N*=C? bond lengths (2.1 and 1.2 pm)
and shorter C>=N! bond lengths (1.5 and 0.7 pm) than the
corresponding bonds of 2.

Carbodiimide 21 with a CH=CH, substituent has s-cis (21a)
and s-trans (21b) stationary points, in which the s-trans is 1.9
kcal mol™" more stable than the s-cis conformer. The s-trans
conformer has C=C and N=C=N almost in the same plane,
while the s-cis conformer has a twisted structure with a dihedral
angle of 30.5° between C=C and N=C=N. The carbodiimide
with a CO,H substituent (22) has three stationary points, of
which 22b is the most stable conformer. All three conformers
have CO,H and N=C=N almost in the same plane. Each of
carbodiimides 23 and 24 has only one stationary point. The
carbodiimide with an HSO, substituent (25) has two stationary
points, of which conformer 25b is less than 0.1 kcal mol™!
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30 1 9 y=-16.53x + 42.26

R?=0.92

20 A

10 A

AE / keal mol™

group electronegativity (Xae)

Fig.2 A plot of AE of the isodesmic reaction [eqn. (1)] against
substituent group electronegativity (ygg)-

more stable than 25a. All of the carbodiimides 22, 24 and 25
have significantly longer N*=C? and shorter C*>=N" bond lengths
relative to carbodiimides with H or CH, substituents.

Isodesmic and homodesmic reactions are widely used to pre-
dict the stability of compounds, because errors in the energies
of reactants and products are more likely to cancel out, thereby
allowing simple computational approaches to give accurate
estimates of heats of reaction.”®* Generally, a substituted
reactant of one type is more stable than the substituted
product of another type if the isodesmic or homodesmic
reaction is endothermic, and a substituted product of one
type is more stable than the substituted reactant of another
type if the reaction is exothermic. The isodesmic methyl
exchange reaction [eqn. (1)] was used to study the stabilizing
effect of a substituent R on a carbodiimide relative to the
effect of R on an imine. In this reaction not only are the
numbers of N=C, N-H, C-R and C-H bonds unchanged,
but also R is transferred from one secondary nitrogen atom
to another and so the energy change resulting from factors
other than electronic stabilization are minimized. The calcu-
lated energies at the B3LYP/6-311+G(2d,p)//HF/6-31+G(d)
level were used to calculate the isodesmic stabilization
energies according to eqn. (1).

N=C=NH + N=CH, 2E=SE_\—conpy + N=cH, (1)
/ /
R HyC HyC R

There has been a recent spirited discussion about the
definition of electronegativity?® and there are several different
electronegativity scales. It has been shown that for cumulene
systems like ketenes, ketenimines, allenes, isocyanates and
diazomethanes the Boyd and Edgecombe scale > gives the best
correlation of substituent effects. The ygg values have another
advantage in that they are available for most of the substitu-
ents studied, but not for hydrogen, for which the Pauling
value of 2.20 is used. A plot (Fig. 2) of the AFE values for the
isodesmic reactions against substituent group electronegativ-
ity (yge) gives a linear correlation (+*=0.92). The linear
correlation can be represented by eqn. (2).

AE = —16.53 g + 42.26 )

The negative slope of eqn. (2) indicates that the stabilization
energy of the isodesmic reaction [eqn. (1)] decreases as the
electronegativity of the substituent increases. Electronegative
substituents like F, Cl, OH and NH, show significant negative
stabilization energies, while electropositive substituents like
Li, Na, BH, MgH, AIH, and SiH; show significant positive
stabilization energies.

Discussion

As seen from eqn. (2), the correlation between the stabilization
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energy [eqn. (1), AE=SE) with group electronegativity of
different substituents is quite good. This correlation indicates
that electropositive substituents stabilize carbodiimides while
electronegative substituents destabilize them. Similar results
have been found for some other cumulenes like ketenes,'3**
ketenimines," allenes,”**'* diazomethanes**'’* and isocy-
anates.’* The slopes of the correlation curves are —11.3 for
ketenimines, —15.6 for ketenes, —10.6 for diazomethanes, —5.8
for allenes, —23.6 for isocyanates and —16.5 for carbodiimides.
These numbers show that among the cumulenes, the isocyan-
ates are most sensitive to substituent group electronegativity.
The order of sensitivities of cumulenes with substituent group
electronegativity is isocyanates > carbodiimides > ketenes >
ketenimines > diazomethanes > allenes. It implies that the
electronegative heteroatoms located at the two ends of
cumulenes may produce higher sensitivity of the cumulene
stabilities to substituents via an electronic effect.

The calculated linearity of carbodiimides with highly electro-
positive substituents (Li, Na and Mg) is a striking structural
feature. This linearity is consistent with a more effective
o-withdrawal by the nitrogen atom from the electropositive
substituents when the nitrogen is sp-hybridized in a linear
geometry. The carbodiimides with Li and Na and MgH show
long M-N bond lengths and significantly shorter N*=C? and
longer C>=N! bond lengths with respect to carbodiimide with
an H substituent. These results suggest an ion-pair structure for
these carbodiimides.

+ —
M—N=C=NH =—> M N=C—NH
26a 26b

M = Li, Na, MgH

The linear structure of carbodiimides with electropositive
substituents like BeH, BH,, AlH, and SiH; suggests that the
resonance form 27¢ has the greatest contribution to their struc-
ture. In this resonance form N* has sp-hybridization and carries
positive charge, and N' carries negative charge. Therefore
electron-donating N-substituents may help to stabilize 27¢ and
make the carbodiimide linear. Similar observations were
reported previously for ketenimines.'

+ + -
N=C=NH =——>_ N—C=NH =——> X—N=C—NH
s 7
X X
27a 27b 27c

X = BeH, BHa, AlH,, SiH3

Highly electronegative substituents (F, Cl, OH and NH,)
result in a bent carbodiimide structure and significant destabil-
ization in comparison to a CHj; substituent. Comparison of OH
and SH shows that the more electronegative substituent caused
greater bending of the X—N=C angle. The same pattern was
observed when comparing NH, and PH, substituents. Similar
n-acceptor effects were noted for BH, and BeH in RCH=CH,
and ketenes.'®

Substituents like CN, CHO, CO,H, SO,H, C=CH, and NO,,
which have unsaturated bonds conjugated with carbodiimides
and serve as m-acceptors, are able to delocalize the m-electrons
of carbodiimides. Although all of these substituents are electro-
negative [especially the nitro group which has a large electro-
negativity (ypg = 3.22) and must destabilize carbodiimides], but
because of their m-accepting properties, they have only a small
destabilizing effect. For example, although NO, is more electro-
negative than the NH, substituent, it gives extra stabilization
to the carbodiimide through m-acceptance. Even CHO and
CO,H substituents stabilize carbodiimides more than a CH,
substituent.



Conclusions

The stability of carbodiimides is highly dependent both on the
nature of the substituents and on their group electronegativity.
Generally, electropositive substituents stabilize carbodiimides,
while electronegative substituents destabilize them. In com-
parison to other studied cumulenes, carbodiimides are less
sensitive to substituent group electronegativity than isocyan-
ates, but they are more sensitive than ketenes, ketenimines,
diazomethanes and allenes. Highly electropositive substituents
like Li, Na and MgH provide an extra stabilization effect
through an ion-pair nitrilamine resonance structure. The BeH,
BH,, AlH, and SiH; substituents delocalize n-electrons through
their empty orbitals and so confer extra stability. The highly
electronegative substituents F, Cl, OH and NH, have a
destabilizing effect but the electronegative NO, substituent
stabilizes carbodiimides by a m-acceptor effect through the
bonds conjugated with the carbodiimide system.
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