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Abstract: The influence of copper(l) halides CuX (X = Cl, Br, I) on the electronic structure of
N,N’-diisopropylcarbodiimide (DICDI) and N,N’-dicyclohexylcarbodiimide (DCC) was
investigated by means of computational DFT methods. The coordination of the considered
carbodiimides occurs by one of the nitrogen atoms, with the formation of linear complexes having
general formula [CuX(carbodiimide)]. Besides varying the carbon-nitrogen bond lengths, the
thermodynamically favourable interaction with Cu(I) reduces the electron density on the
carbodiimides and alters the energies of the [NCN]-centred unoccupied orbitals. A small
dependence of these effects on the choice of the halide is observable. The computed Fukui functions
suggest negligible interaction of Cu(I) with incoming nucleophiles, and the reactivity of
carbodiimides is altered by coordination mainly because of the increased electrophilicity of the
[NCN] fragments.
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1. Introduction

Carbodiimides are heteroallenes that play a crucial role in synthetic organic chemistry and
biochemistry. Selected examples of the most important reactions are oligomerizations and
polymerizations, cycloadditions, insertions and interactions with nucleophiles. As an example,
carbodiimides are used with dimethylsulfoxide for the mild oxidation of alcohols to ketones.
Moreover, carbodiimides find application in several condensation reactions, and the most noticeable
example is the formation of peptide bonds from carboxylic acids and amines. As dehydrating
agents, carbodiimides are used in reactions such as the conversion of primary amides to nitriles and
of B-hydroxy ketones to a,3-unsaturated ketones, and they are involved in the synthesis of 3-lactam
antibiotics and nucleotides [1-4].

The most widely exploited carbodiimides in organic synthesis are diisopropylcarbodiimide
(DICDI) and dicyclohexylcarbodiimide (DCC). The electrophilicity of carbodiimides can be
enhanced by the addition of copper(I) halides to the reaction medium. For instance, the reaction of
B-hydroxy ketones with DCC/CuCl affords o,f-unsaturated ketones, while a-cyclopropyl ketones
can be obtained using y-hydroxy ketones as reactants [5,6]. DCC/CuCl reacts with 2-hydroxyimines
and nitroaldols to afford 2,3-enimines and nitroalkenes [7,8]. Isoureas, useful alkylating agents also
involved in the preparation of heterocyclic compounds, are commonly obtained from the reaction of
carbodiimides with alcohols in the presence of catalytic CuX [9-15]. The mild reaction conditions
typical of Cu(l) catalysis provide an alternative and selective synthetic approach with respect to the
utilization of Brensted acids, that can promote oligomerization or interfere with other functional
groups. For example, aliphatic carbodiimides undergo rapid dimerization catalyzed by
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tetrafluoroboric acid at room temperature to give salts of the cyclodimers
1,3-dialkyl-2,4-bisalkylimino-1,3-diazetidines [16].

The catalytic action of copper halides apparently consists in the formation of coordination
complexes with carbodiimides, but scarce experimental evidences are provided in the literature. In
this work the interaction of DICDI and DCC with CuX (X = Cl, Br, I) is investigated by means of DFT
calculations, and the influence of coordination on the electronic structure of carbodiimides is studied
by several population analyses.

2. Methods

The computational geometry optimizations of DICDI, DCC and of the corresponding CuX
complexes were carried out without symmetry constrains, using the range-separated hybrid
functional wB97X [17-19] and the def2 split-valence polarized basis set of Ahlrichs and Weigend,
with relativistic ECP for iodine (28 electrons included in the pseudopotential) [20,21]. The
“restricted” approach was applied for the free carbodiimides and the neutral copper complexes,
while “unrestricted” single point calculations were carried out for the corresponding mono-anionic
species. The electron densities were used for the plot of f:(r) Fukui functions [22]. The C-PCM
implicit solvation model was added to wB97X calculations, considering dichloromethane as
continuous medium (dielectric constant = 8.93, refractive index = 1.424) [23,24]. The software used
was ORCA 4.2.0 [25,26].

The output, converted in.molden format, was used for Mulliken and Hirshfeld charge
distributions [27,28], Mayer and Wiberg bond order analysis [29,30] AIM analysis [31], electrostatic
potential calculations, charge decomposition analysis (CDA) and extended charge decomposition
analysis (ECDA) [32,33]. The software used was Multiwfn, version 3.5 [34]. All the calculations were
performed with Intel Xeon-based x84-64 workstations.

3. Results and Discussion

The optimized geometries of DICDI, DCC and of the Cu(I) complexes [CuX(DICDI)] and
[CuX(DCC)] are superimposed in Figure 1. All the attempts afforded as stationary points linear
complexes with the carbodiimide k'-coordinated to Cu(I) by a nitrogen atom, ruling out the
possibility of n2-coordination by the C=N bonds.

Selected bond lengths are compared in Table 1. As observable, the coordination affects the
carbon-nitrogen bond lengths, with the C=N and C-N bonds involving the coordinating nitrogen
atom that become slightly longer, while the other C=N bond is shorter in the coordination
compounds with respect to the free carbodiimides. These variations, comparable between DICDI
and DCC, do not depend upon the nature of X. The N=C=N angle is not influenced by coordination,
and it falls in the 174-175° range for all the considered species. The N-Cu distances are similar
among all the complexes, in the 1.929-1.938 A range, the slightly longer values corresponding to the
heavier halide complexes. Accordingly, the Gibbs energy variations for the reactions carbodiimide +
CuX—[CuX(carbodiimide)] are more negative for X = Cl (average AG =-39.5 kcal mol') with respect
to X=Br (average AG =-38.5 kcal mol!) and X =1 (average AG =-36.8 kcal mol). Such a trend can be
explained on the basis of the softness of Cu(I) as metal centre and of the increasing softness of the
halides along their group.

The variations in the carbon-nitrogen bonds are well highlighted by the Mayer and Wiberg
bond orders, reported in Table 2. The C1-N3 interaction loses part of its double bond nature, and
also the weakening of the N3-C5 bond is confirmed. According to the computed bond lengths, the
C1-N2 bond is enforced by the coordination of the carbodiimides to CuX. Further confirmation
comes from the density (p) and potential energy density (V) values at carbon-nitrogen (3,-1) bond
critical points (b.c.p.), reported in Table 3. The p values for the C1-N3 and N3-C5 b.c.p. decrease (and
the corresponding V values become less negative) moving from free to coordinated carbodiimides,
while the opposite behaviour is shown by the C1-N2 b.c.p.
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Figure 1. DFT-optimized structures of: (a) DICDI and [CuX(DICDI)]; (b) DCC and [CuX(DCC)]. Free
carbodiimides, yellow tones; CuCl complexes, green tones; CuBr complexes, red tones; Cul
complexes, violet tones. Hydrogen atoms are omitted for clarity. Selected captions were added for
clarity.

Table 1. Selected computed bond lengths (A) for carbodiimides and CuX complexes.

Bond DICDI [CuCl(DICDI)] [CuBr(DICDD] [Cul(DICDD)]

C1-N2 1.217 1.193 1.193 1.193
C1-N3 1.215 1.243 1.243 1.243
N2-C4 1.478 1.470 1.470 1.470
N3-C5 1.471 1.494 1.494 1.494
Bond DCC [CuCI(DCCQ)] [CuBr(DCQ)] [Cul(DCCO)]
C1-N2 1.216 1.192 1.192 1.191
C1-N3 1.217 1.243 1.244 1.244
N2-C4 1.469 1.465 1.464 1.464

N3-C5 1.470 1.489 1.489 1.488
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Table 2. Selected computed Mayer bond orders (Wiberg bond orders in parenthesis).

Bond DICDI [CuCl(DICDI)] [CuBr(DICDI)] [Cul(DICDI)]
2.107 2.217 2217 2.216
CINZ 5 303) (2.490) (2.490) (2.491)
2.112 1.692 1.693 1.683
CIN3 o577 (2.085) (2.086) (2.088)
0.864 0.842 0.842 0.842
N2-C4 1 196) (1.164) (1.164) (1.165)
0.804 0.711 0.710 0.714
N3-GS 179 (1.096) (1.097) (1.098)
Bond DCC [CuCI(DCQO)] [CuBr(DCO)] [Cul(DCC)]
C1-N2 2.072 2.196 2.198 2.199
(2.386) (2.487) (2.489) (2.493)
C1-N3 2.083 1.700 1.700 1.682
(2.379) (2.078) 2.078) 2.077)
0.859 0.867 0.868 0.842
N2-C4 1 200) (1.171) (1.171) 1.172)
0.837 0.629 0.627 0.664
N3-GS 4an) (1.102) (1.102) (1.104)

Table 3. Energy density (p) values at carbon-nitrogen (3,-1) bond critical points (b.c.p.). Potential

energy density (V) values in parenthesis. Data in a.u.

Bond DICDI _[CuCL(DICDD)] [CuBr(DICDD)] _[Cul(DICDD]
C1-N2 (_01?460) (_Ol'fgé) (_01'.4;(?5) (?i15§5)
C1-N3 (—(Jii3;5) (_01.%11;9) (_01',411691) (—01%11691)
N2-C4 (_06'2;1180) (_Oo'.zf 413) (_O(j,zsz) (_06,244413)
N3-C5 (_00.,243084) (—()6.233)764) (—06.233764) (—05.233765)
Bond DCC  [CuCHDCC)]  [CuBr(DCC)  [Cul(DCQ)]
cing OB o o o
C1-N3 (_()ii3;7) (_01.%11;3) (_01',411;32) (_Oiilfz)
N2-C4 (_05,243194) (—()6.2:;9) (—06.2:631) (—06.244633)
N3-C5 (_Odii) (_00'.2;895) (—06.2;895) (?623;5)

Primary assessment of the influence of CuX coordination on DICDI and DCC is given by charge
decomposition analyses (CDA and ECDA). Net donation of electron density from carbodiimide to
CuX, in the 0.237-0.255 a.u. range, is obtained from CDA calculations. This result is confirmed by the
ECDA analysis, with computed carbodiimide—CuX donations between 0.374 and 0.415 a.u. Despite
the slight reduction of thermodynamic stability of the complexes, an increased electron density
transfer is achieved by considering the heavier halides (see Table 4).

The role of coordination is clearly detectable by investigating the molecular orbitals of free and
coordinated carbodiimides. In particular, the frontier unoccupied molecular orbitals of DICDI and
DCC are mainly localized on the [NCN] fragments, and the bond with CuX introduces o*-type
interactions with d-type orbitals of Cu(l). The orbital energies are meaningfully lowered, and the
LUMO-+1 orbitals in free carbodiimides correspond to the LUMO orbitals in [CuX(carbodiimide)]
complexes, with an average energy reduction around 1.5 eV, as depicted in Figure 2 for DICDI and
its derivatives. The energy lowering is more accentuated for the heavier halides, accordingly to the
greater carbodiimide—CuX electron density donation reported in Table 4. The lower energy of
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[NCN]-centred unoccupied orbitals reasonably makes more efficient the overlap with frontier
occupied orbitals of electron-rich reactants. The ¢*(Cu-N) nature of LUMO and LUMO+1 in
[CuX(carbodiimide)] could favour the Cu-N bond break after the nucleophilic attack, thus helping
the catalytic activity of Cu(I) halides.

In spite of the different molecular orbital structure, the comparison of Fukui f«(r) functions
between free and coordinates carbodiimides does not indicate important variations of the molecular
regions involved in the interaction with nucleophiles (see for instance the inset of Figure 2). In all the
cases the [NCN] fragment is almost exclusively affected, while the interaction of Cu(I) with
incoming nucleophiles is predicted to be negligible, despite the unsaturated coordination sphere of
the metal centre. Accordingly, the [CuX(carbodiimide)] molecular orbital diagrams do not show any
low energy unoccupied orbital with proper orientation to interact with electron-rich species. On the
basis of these outcomes, it appears that Cu(I) halides essentially act as Lewis acids for the activation
of aliphatic carbodiimides.

Table 4. CDA values for the [CuX(carbodiimide)] complexes. ECDA values in parenthesis. Data in

a.u.

Carbodiimide CuCl  CuBr Cul
0.237 0.248 0.255
(0.374) (0.391) (0.415)
0.240 0.251 0.254
(0.379) (0.398) (0.415)

DICDI

DCC

Figure 2. Energy values (eV) of LUMO and LUMO+1 orbitals of DICDI (black levels) and of its CuCl
(green levels), CuBr (red levels) and Cul (violet levels) complexes. Plots of the LUMO and LUMO+1
molecular orbitals of DICDI (yellow tones) and of [Cul(DICDI)] (violet tones). Molecular orbitals
surfaces in blue tones, isovalue = 0.05 a.u. Inset: plots of the Fukui f+(r) functions for DICDI and
[Cul(DICDI)], surfaces in green, isovalue = 0.005 a.u. Hydrogen atoms are omitted for clarity.

The influence of coordination can be quantified by studying the partial charges variation of
DICDI and DCC after coordination. The Hirshfeld population analyses show an increase of the C1
partial charge in the 0.045-0.047 a.u. range. The charge on the coordinating nitrogen atom (N3) is
also more positive in the complexes with respect to the free carbodiimides by a comparable quantity
(0.040-0.043 a.u.). Interestingly, the most important charge variation affects the non-coordinating
nitrogen (N2), its Hirshfeld charge increasing by 0.074 a.u. in [CuX(DICDI)] complexes and by about
0.082 a.u. in [CuX(DCC)] derivatives. The meaningful increase of electrophilicity of C1 and N2 is
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confirmed by the Mulliken population analyses, as observable from the data provided in Table 5.
The partial charges can be explained from a Lewis structure point of view on considering that the
donation to Cu(l) causes the partial delocalization of the N2 lone pair on the C1=N2 bond. Such a
model is in agreement with the previously described enforcement of the C1=N2 bond caused by
coordination. The increased electrophilicity of the [NCN] fragments is well highlighted also by the
comparison of the electrostatic potentials of free and coordinated carbodiimides, as shown as
example in Figure 3 for DICDI and its CuCl complex.

Table 5. Selected Hirshfeld partial charges. Mulliken charges in parenthesis. Data in a.u.

Atom DICDI [CuCl(DICDI)] [CuBr(DICDI)] [Cul(DICDI)]
c1 0.152 0.199 0.199 0.199
(0.219) (0.345) (0.345) (0.355)
N2 -0.184 -0.110 -0.110 -0.110
(~0.346) (-0.211) (-0.211) (-0.212)
N3 -0.184 -0.142 -0.141 -0.142
(~0.339) (-0.303) (-0.289) (-0.275)
c4 0.040 0.054 0.054 0.054
(0.103) (0.071) (0.071) (0.071)
cs 0.039 0.048 0.048 0.048
(0.105) (0.073) (0.074) (0.074)
Atom DCC [CuCI(DCQO)] [CuBr(DCCQ)] [Cul(DCQO)]
c1 0.154 0.199 0.200 0.199
(0.210) (0.327) (0.326) (0.325)
N2 -0.189 -0.108 -0.107 -0.107
(~0.354) (~0.206) (-0.205) (-0.205)
-0.182 -0.142 -0.142 -0.144
N3 Loa29) (-0.325) (-0.311) (-0.287)
c4 0.032 0.046 0.046 0.046
(0.118) (0.041) (0.041) (0.069)
cs 0.034 0.041 0.040 0.040
(0.074) (0.110) (0.112) (0.098)

-0.05lF T Jo.15

Figure 3. Overlapping spheres plots of DICDI (a) and [CuCl(DICDI)] (b) with mapped electrostatic
potentials (a.u.).

4. Conclusions

DFT calculations confirm that aliphatic carbodiimides such as DICDI and DCC can coordinate
Cu(I) halides with the formation of linear complexes, and that the interaction alters the orbital
structure, the bond orders and the electrophilicity, enhancing the reactivity towards nucleophiles.
The CuX fragments essentially behave as Lewis acids, and the nature of X influences to some extent
aspects such as the Cu-N bond strength, the carbodiimide—CuX donation and the energies of
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frontier unoccupied orbitals. Despite the fact that CuCl is actually the most employed catalyst in
combination with carbodiimides, some of the results here provided suggest that the reactivity could
be yet more enhanced by its replacement with Cul.
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