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Abstract. Co-crystallization of the push-pull nitriles NCNR, (R, = Me, 1, C;H; 2, CsHyo 3, C,H;O
4) with iodo-substituted perfluorobenzenes (1.,4-diiodotetrafluorobenzene — 1,4-FIB and 1,3,5-
triiodotrifluorobenzene — 1,3,5-FIB), gave cocrystals 1-1,3,5-FIB, 2-1,3,5-FIB, 3-}2(14-FIB),
4-%2(14-FIB), and 4-2(1,3,5-FIB), which were studied by single-crystal X-ray diffractometry
(XRD). The structure-directing I---sp-Nnirile halogen bond (HaB) in all cocrystals was identified
based on the consideration of the XRD geometrical (bond length and angles) parameters and also
by Hirshfeld surface analysis, whereupon the observed HaBs were analyzed theoretically. The
HaB accepting role of the push-pulling dialkylcyanamides NCNR; and conventional nitriles NCR
(R = Alk) was examined and compared in details using, as model examples, the structures of
cocrystals 3-%2(1,4-FIB) (this work) and AdCN-'4(1,4-FIB) (CSD refcode: KIHROL). These two
cocrystals, which display similar supramolecular organization, were studied by several quantum
chemistry methods including molecular electrostatic potential (MEP) surface analysis, the natural
bond orbital (NBO) analysis, the quantum theory of atoms in molecules (QTAIM) combined with
and NCIPlot approach, and also by the Kitaura—Morokuma energy decomposition approach. While
AdCN is slightly poorer sp-N electron donor than the push-pull nitrile 3, HaBs in the cocrystals
exhibit similar interaction energies. Although in the covalent chemistry, the two types of nitriles
often exhibit strikingly different reactivity patterns, the o-hole based I-:-sp-Nniuile noncovalent
interaction provided the leveling effect resulting in significant similarities between the HaB

situations for both nitrile species.
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1. Introduction

Although halogen bonding (abbreviated as HaB) is a recognized phenomenon since Hassel Nobel
lecture (1970),! it was defined by ITUPAC only in 2013.%3 Several highly cited reviews, that
appeared in the past decade, summarized the theoretical and experimental approaches allowing for
HaB identification and also highlighting various areas of its application.*!* Recent surveys

15-16

focused on HaB demonstrate its use in organocatalysis,!>1¢ crystal engineering,!’-!? fabrication of

20-25 gensing,'® 2627 and drug design.?®

functional materials,

According to the TUPAC definition,? in a HaB the electrophilic region of a halogen atom
(c-hole; for reviews on o-hole interactions see refs.?*32) attractively interacts with any
nucleophilic region; the electrophilic region is not necessarily electropositive, but it should be less
electronegative than the partner. These HaB donors commonly include nonmetal atoms bearing
lone pairs, (e.g., O, N, halogen etc.®), t-bond(s)® systems (e.g., aromatic rings), and nucleophilic
metal sites (e.g., a d>-nucleophilic Pt site).>* The most common group of HaB acceptors is
represented by nitrogen-based nucleophiles®* featuring sp?-N (amines), sp?>-N (nitrogen
heterocycles and imines), and sp-N sites. The former two groups exhibit a pronounced
nucleophilicity and it is not unusual that they are often employed as acceptor components in HaB-
involving crystal engineering. In particular, sp*-amines (e.g., DABCO%-3¢) have been applied to
verify main HaB patterns and the nature of these noncovalent forces.

The sp-N atom of various cyano groups (for example, RCN, CN~ or SCN") can also serve
as a HaB acceptor. However, its nucleophilicity and, consequently, HaB acceptor properties are
significantly weaker than those for sp’- and sp-N sites. Expectably, a number of studies—focused
on HaB and including sp-N atoms as nucleophilic components—is rather small. In this context,
one should mention cocrystals of 1,4-dicyanobutane and 1,6-dicyanohexane with
diiodoperfluoroalkanes,?” cocrystals formed between 1,4-bis-(p-cyanostryl)benzene and 1,4-

disubstituted iodobenzenes,*® differently iodo-substituted phthalonitriles and benzonitriles,-4
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featuring I---sp-N=C HaBs in their crystal structures. A similar I---sp-N=C HaB motif was also
observed in the crystal structures of the copper(Il) [Cu{(OC),CCcHsC=CI-4},]-MeCN solvate*!
and the gold(I) isocyanide complex [Au(CsHsC=N-4)(C=NCsHal-4)]. In the latter structure, two
remote sites (the I-atom and nitrile group in the 4™ position) are halogen-bonded.*?

The nature of the I---sp-N=C contact was earlier studied by theoretical methods in
comparison with other types of HaB. Scheiner* compared HaB involving N-bases of various N-
hybridization and diverse C—X HaB donors (X = Cl, Br, I). The energetics of these systems is not
much sensitive to the hybridization of the N atom but—according to the obtained binding
energies—interactions are weakened in the order sp® > sp? > sp. Analysis of the wave functions
within the atom-in-molecules (AIM) formalism demonstrated that the highest bond critical point
(BCP) densities occur for adducts with the NMes donor and they are weakest for the nitrile NCMe;
the latter trend reflects weakening of appropriate HaBs ongoing from sp- to sp-N sites.

In this study, we compared push-pulling dialkylcyanamides NCNAIk, and conventional
nitriles NCR (having Alk or Ar as R group) in their ability to function as HaB acceptors.
Dialkylcyanamides belong to the category of push-pull nitriles, namely to highly polarized systems
with the electronegative N atom on one side of the C=N bond and an electron-donating NR> group
(exhibiting an expressed +M effect) on the other side.** The n-r conjugation between the two ends
of such systems lowers the basicity of the pushing amide-group(s) and increases the basicity of the
pulling cyano group.* Dialkylcyanamides also exhibit a reactivity that differs from that observed
for conventional nitriles at the quantitative and qualitative levels—as stated in experimental
reports*#7 and in a review by two of us.*® A comparison of the push-pulling dialkylcyanamides
and the conventional nitriles in their role of sp-N HaB acceptors has never been performed in the

past and it comprises the goal of this study.
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2. Results and Discussion

2.1. The CSD search for R:NCN'I-R adducts. To obtain more data on the ability of the
dialkylcyanamide cyano group to function as a HaB acceptor toward I- or Br-substituted organic
species, we performed a Cambridge Structural Database (CSD) search for short C—Q---N=CR
separations (R = Alk, Ar, or NR’»; Q is Br or I; Q—N distance is smaller than the corresponding
Bondi Zyaw(Q + N); LC—Q-N is in the range 135-180°). Using these criteria, we retrieved 500+
structures and it is clear that it is difficult to analyze this large massive of structural data. Therefore,
the search was restricted to only iodo- and bromo-fluoro(hetero)arenes including functionalized
species. With these criteria 32 structures featuring Car—Q---N=C-R contacts were retrieved (R =
Alk, Ar; no structures with R = NR, were found; Table S1).

Inspection of the data gathered in Table S1 verified three structures, which are similar to
dialkylcyanamide-FIB adducts (section 2.2), namely cocrystals MeCN-1,4-FIB-18-crown-6
(DUKREJ#), MesCN-IC¢Fs (EBIHEF?*?), and 2AdCN-1,4-FIB (KIHROL>!). All these structures
demonstrate relatively short and rather directional I---N contacts (I---N distance 3.05-3.18 A; ZC—
[---N 174-178°).

Next, another CSD search was conducted exclusively for cyanamides and related species
exhibiting C—Q---N=C-N contacts; seven structures with Ry< 10% were found (Table S2). Within
the latter group, five structures are represented by cyanoimines, N=CN=CRR’, and one example
is diazocyanide, N=CN=NR. The only one structure featuring Br---N short contact relates to
dialkylcyanamide (MEKWIL??). All these results indicate that HaB involving dialkylcyanamides
as HaB acceptors is almost unexplored; we did not find even a single example of HaB with iodo-
(or bromo) perfluoroarenes.

2.2. Halogen-bonded cocrystals of dialkylcyanamides. The push-pull nitriles NCNR:
(R2 = Me2 1, C4Hg 2, CsHio 3, C4HsO 4) and such iodo-substituted perfluorobenzenes as 1,4-

5
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diiodotetrafluorobenzene (1,4-FIB) and 1,3,5-triiodotrifluorobenzene (1,3,5-FIB), were co-
crystallized in a 3:1 molar ratio in acetonitrile solutions at 20-25 °C. In five cases, we isolated
cocrystals suitable for X-ray diffraction (XRD), namely 1-1,3,5-FIB, 2-1,3,5-FIB, 3-%(1,4-FIB),
4-(1,4-FIB), and 4-2(1,3,5-FIB). Four obtained XRD structures were of rather good quality
(Rw<5%) and the structure of 1-1,3,5-FIB (Rw>5%) is not suitable for the accurate discussion of
noncovalent interactions. However, the composition of the latter cocrystal was clearly established
(Figure S1). Cocrystals 2-1,3,5-FIB, 3-'4(1,4-FIB), 4-%4(1,4-FIB), and 4-2(1,3,5-FIB) exhibit
different cyanamide:FIB molar ratios and they demonstrate different supramolecular patterns.
Examination of the ATR-IR spectra of all cocrystals revealed insignificant lower- or higher
frequency shifts of v(C=N) as compared to the v(C=N) stretches of the parent complexes (section
S3).

To identify noncovalent forces which provide a significant contribution to the crystal
packing, we performed the Hirshfeld surface analysis. For visualization, we used a mapping of the
normalized contact distance (dnorm) (Figures 1 and S13—-S15). The I---N contacts (in 3-/2(1,4-FIB),
2-1,3,5-FIB, and 4-2(1,3,5-FIB)) and the I---O contacts (in 4-2(1,3,5-FIB) and 4-'2(1,4-FIB)) are
clearly seen on the Hirshfeld surface of the dialkylcyanamides as red dots corresponding to short

interatomic contacts (Figure 1).

Figure 1. Hirshfeld surface of two crystallographically independent molecules 3 in the structure

of 3-'4(1,4-FIB) mapped with dnorm showing the I---N short contact.
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In the structures of the cocrystals, we identified the following structure-directing
interactions: I---N HaB occurred between a FIB iodine and the nitrile sp-N atom (2-1,3,5-FIB,
3-7(1,4-FIB), and 4-2(1,3,5-FIB)); I---O HaB between a FIB iodine atom and the morpholine
entity (4-'2(1,4-FIB), 4-2(1,3,5-FIB)); I---1 HaB between an iodine atom of 1,3,5-FIB (4-2(1,3,5-
FIB) and 2-1,3,5-FIB); LP(I)-nt (LP is a lone pair) and/or parallel displaced n-rn-stacking between
the neighboring perfluoroarenes in all cocrystals, interactions between two nitrile groups of
NCNR: (3-4(1,4-FIB) and 4-'4(1,4-FIB), and various types of weak hydrogen bonds such as C—
H---F, C-H:-*N, C-H---0, and C-H:-‘I (for comparison of HaB and hydrogen bonding see ref.>

and references therein). The geometric parameters of these contacts are listed in Tables 1 and 2.

Table 1. Geometric parameters of the C—I---N, C—I---O, and C—I---1 HaBs.

Co-crystal ~ C-I---X d1--X), A(Ne)  2(C-1-X),° (I -X-C)°
2-1,3,5-FIB  CIS-I1S---N1-Cl 2.944(5) (0.83) 171.56(19) 128.8(4)
C5S-13S---N1-Cl 3.148(4) (0.89) 174.8(2) 95.2(4)
C3S-12S---11S-C1S 3.9119(5) (0.99)  176.10(17) 116.45(13)
3% (14-FIB)  CIS-11S--"N1-Cl 2.8990(19) (0.82)  170.93(9) 144.7(2)
C4S-12S---N3-C7 2.9402(18) (0.83)  174.18(10) 167.9(3)
4(1,4-FIB) CIS-IIS--01-C3/C4  2.9141(18)(0.83)  171.33(10) 104.78(13)
124.17(14)
C4S-12S---02-C8/C9  2.9144(18) (0.83)  175.42(8) 125.18(16)
103.36(14)
4-2(1,3,5-FIB)  C6S-I3S---N1-C1 2.966(6) (0.84) 173.78(15) 158.5(4)
C7S-14S---N1-C1 3.140(5) (0.89) 167.77(19) 97.7(4)
7
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C9S-I5S---01-C3/4

C4S-128---155-C9S

C2S-11S---135-C6S

C11S-16S---I55-C9S

2.826(4) (0.81) 173.40(14) 135.5(3)
113.5(3)
3.8559(5) (0.97)  170.02(16) 109.62(14)
3.7678(5) (0.95)  168.08(13) 110.97(15)
3.8569(5) (0.97)  160.77(13) 109.27(15)

Nc is normalized contact distance, Nc = d/ 2vaw, where 2iaw is Bondi** van der Waals radii sum for interacting atoms:

Siaw(I+0) = 3.50; Siaw(I + N) = 3.53 A; Jiaw(I + 1) =3.96 A.

Table 2. Geometric parameters of stacking interactions.

Inter centroid

Cocrystal Stacked moieties Shortest d(X:--Y), A d(Cg---Cg), A
2135FIB  135FIB135FIB _ C55.118 3.773(5) 4.584(5)
LP(I)-nt/n-n C6S-C1S 3.799(8)
3-14(14-FIB)  1,4-FIB--1,4-FIB C6S-11S 3.608(3) 4327(2)
LP(I)-n/n-n C25-C2S 3.775(4)

CN---CN C7-N1 3.424(4)
CI-N3 3.741(4)
4V5(14-FIB)  1,4-FIB--14-FIB C5S-I1S 3.850(3) 4327(2)
LP(I)-n/n-n C6S-CIS 3.707(4)
CN-+-CN C6-N13.201(4)
C1-N4 3.336(4)
4-2(1,3,5-FIB) 1,3,5-FIB---1,3,5-FIB C4S-13S 3.791(4)
LP(D)-n
13,5-FIB-135-FIB  CI12S-158 3.640(5) 3.898(4)
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LP(D)-n/n-n C10S-C8S 3.579(7)

Topicity of the FIBs and the directionality of donor/acceptor interactions as well as the
nature of donor centers primarily determine the supramolecular architectures of the cocrystals. The
cocrystals, which include the ditopic 180°-orienting 1,4-FIB (3-'4(1,4-FIB) and 4-'4(1,4-FIB)),
exhibit similar structural motifs consisting of HaB-based triads {3-1,4-FIB-3} and {4-1,4-FIB-4}

— both linked by rather short HaBs (Figure 2).

Figure 2. Two crystallographically independent HaB-based triads {3-1,4-FIB-3} in the structure

of 3-4(1,4-FIB). HaBs are shown by dotted lines.

Figure 3. HaB-based triad {4-1,4-FIB-4} in the structure of 4-'2(1,4-FIB).

In 3-'4(1,4-FIB), the accepting center is the nitrile sp-N-atom, while in 4-/2(1,4-FIB) it is
the O-atom of the morpholine entity. In the structure of 3-'2(1,4-FIB), triads {3-1,4-FIB-3} form
the parallel displaced stacks between neighboring 1,4-FIBs. In turn, the stacks are linked to each
other via the system of weak H-bonds and weak contacts between nitrile functionalities. Triads

{4-1,4-FIB-4} (Figure 3) bearing the cyano groups, which are not halogen-bonded and form C—
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H: - -Niwite H-bonds and nitrile-nitrile contacts (Figure 4). Association of the neighboring 1,4-FIBs

leads to the occurrence of m-w stacked dimers (for m-donor ability of 1,4-FIB see ref.>).

Figure 4. A fragment of the molecular structure of 4-'2(1,4-FIB) showing C—H" Nyiwite HBs and

nitrile-nitrile contacts; the shortest C---N separation is given by dotted lines.

The other two structures, 2-1,3,5-FIB and 4-2(1,3,5-FIB), include the tritopic planar 120°-
orienting 1,3,5-FIB. Halogen-bonded pseudo-layers are formed via the combination of relatively
strong [--*N and I---O HaBs (only for 4-2(1,3,5-FIB)) with weaker I---I (namely, o-(I)-
hole- - -iodine electron belt; for excellent review focused on halogen-halogen interactions see ref.>¢)

HaBs (Figures 5 and 6).

10
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Figure 5. A fragment of the crystal structure of 2-1,3,5-FIB showing I---N and I-- ‘I (dotted lines)

HaBs.

Figure 6. A fragment of the crystal structure of 4-2(1,3,5-FIB) showing I---N, I---O, and I---1

(dotted lines) HaBs.

11
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These pseudo-layers are arranged in 3D-network via n- stacking occurred between 1,3,5-FIB and
a system of H-bonds.

2.3. Comparison of I'--N HaB in cocrystals including dialkylcyanamides and
alkylnitriles. To compare push-pulling dialkylcyanamides and alkylnitriles in their HaB accepting
role, we choose the structures of 3-%2(1,4-FIB) (this work) and AdCN-'4(1,4-FIB) (CSD refcode:
KIHROL®"). These structures exhibit a similar composition — both are bicomponent systems and
contain the same ditopic HaB donor (1,4-FIB); they feature the same HaB donating:accepting
coformers in a 1:2 ratio; and demonstrate similar supramolecular organization, namely the HaB-
based triads {3-1,4-FIB-3} and {AdCN-1,4-FIB-AdCN} (Figure 7). The structure of 3-'2(1,4-FIB)
contains two crystallographically independent triads {3-1,4-FIB-3}, which differ by their HaB
parameters and planepiperidine to plane; 4-ris angles (plane-to-plane twist angles are 158.94(15) and

79.29(12)°, plane-to-plane fold angles are 77.0(6) and 23.54(15)°, correspondingly; Figure 7).

Figure 7. View of the HaB-based triads in the structures of 3-'4(1,4-FIB) (type A; top panel),

3-%(1,4-FIB) (type B; middle panel), and AdCN-'2(1,4-FIB) (bottom panel).

12
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Table 3. Geometric parameters of C—I---N HaB in the studied cocrystals.

Co-crystal C-I-'N d(1---N), A (N¢) £(C-1--N),°  2(I--"N-C),°
3-%2 (1,4-FIB) CIS-I1S---N1-Cl1 2.8990(19) (0.82)  170.93(9) 144.7(2)
C4S-12S---N3-C7 2.9402(18) (0.83)  174.18(10) 167.9(3)

AdCN- Y% (1,4-FIB) CI-I1--"N1-C4 3.050(5) (0.86) 173.88(10) 167.43(10)

2.4. Theoretical study. As indicated in section 2.3, the 3-2(1,4-FIB) and AdCN-"2(1,4-
FIB) cocrystals exhibit similar supramolecular organization in the solid state (Figure 7). This
result of the noncovalent pairing is somewhat unexpected considering that the reactivity of
cyanamides and nitriles is in many instances strikingly different.*® This theoretical study is focused
on the comparative analysis of the HaB assemblies in 3-2(1,4-FIB) and AdCN-'4(1,4-FIB)
cocrystals.

First, we computed the MEP surfaces of 3 and AdCN to compare the relative basicity of
both compounds (Figure 8). The MEP minimum is indeed located at the sp-hybridized N-atom in
both compounds (—46.4 and —42.7 kcal/mol in 3 and AdCN, respectively). The difference is small,
thus suggesting that the electron donor ability of both molecules is similar but expectedly slightly
larger for the cyanamide derivative. The MEP at the endocyclic N-atom in 3 is significantly less
negative (—11.3 kcal/mol) due to the conjugation of LP with the cyano group. In both nitriles, the
MEP maximum is located at the aliphatic H-atoms (+18.8 and +14.2 kcal/mol in 3 and AdCN,

respectively).
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(a) —~46.4 (b) —42.7

3 AdCN
-GS0 kcal/mol I +30
Figure 8. MEP surfaces of compounds 3 and AdCN at the PBE0-D4/def2-TZVP level of theory.

Isodensity 0.001 a.u.

The unexpected small difference in the MEP minimum values of 3 and AdCN is likely due
to the electron donation capability of the adamantyl group to the CN group by hyperconjugation
of the three CC bonds in a-position similar to the donation of the endocyclic N-atom in 3 to the
cyano group. This was corroborated using the natural bond orbital (NBO) analysis (Figure S16),
where the conjugation of the endocyclic N-atom in 3 was compared to the hyperconjugation in
AdCN. The conjugation in 3 is revealed by the NBO as a LP(N)—n*(C=N) charge transfer with
a concomitant second order stabilization energy of E® = 34.5 kcal/mol (Figure S16b). Obviously,
the effect of the conjugation in 3 is larger than the sum of the three o(C-C)—n*(C=N)
contributions (only one is represented in Figure S16a), that is 24.2 kcal/mol. However, the latter
is surprisingly large and useful to justify the large and negative MEP value at the N-atom of AdCN.

To rationalize the formation of equivalent assemblies in 3-72(1,4-FIB) and AdCN-'2(1,4-
FIB) cocrystals, we studied the trimers, shown in Figure 7, energetically and analyzed them by
using the quantum theory of atoms in molecules (QTAIM) and NCIPlot methods based on the
topology of the electron density. The results are gathered in Figure 9 showing that all three

assemblies exhibit similar interaction energies ranging from —9.4 to —10.4 kcal/mol. In the cases
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of type A and B assemblies, they are basically isoenergetic thus suggesting that the HaB interaction
energy is not sensitive to moderate changes in the I---N=C angle. The trimeric assembly in the
structure of AACN-'4(1,4-FIB) is slightly less energetically favorable (9.4 kcal/mol), in line with
the MEP surface analysis and also the occurrence of the trimers in the solid state.

?

(a)

1%

—10.2 kcal/mol

» P

J

AdCN-4(1,4-FIB) —9.4 kcal/mol ¢

Figure 9. QTAIM (bond CPs in red and bond paths as solid lines) and NClIplot (see theoretical
methods for settings) of 3-/4(1,4-FIB) type A (a), 3-72(1,4-FIB) type B (b), and AdCN-'4(1,4-FIB)

(c) cocrystals. Only intermolecular contacts are shown. The interaction energies are also indicated.

Each HaB is characterized by a bond CP and bond path connecting the N-atom to the I-
atom of the FIB molecule. Moreover, a bluish disk shaped RDG (reduced density gradient)
isosurface also characterizes the HaB interaction. Table 4 summarizes the QTAIM parameters at
the bond CPs, showing the values, which are typical for noncovalent interactions: small charge
density values (p <0.02 a.u.), positive Laplacian (V2p > 0), and positive total energy density values
(Gr > |Vr]). The energy associated to each HaB was also estimated using the Vr energy predictor
and the equation E = 0.68- Vr, proposed in the literature.’” The energies are in quite good agreement
with half the binding energies provided in Figure 9 for 3-/2(1,4-FIB) and AdCN-'2 (1,4-FIB)

trimers.
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Table 4. QTAIM parameters at the bond CPs that characterize the C—I---N HaB in 3-'4(1,4-FIB)
type A, 3-2(1,4-FIB) type B, and AdCN-'4(1,4-FIB) cocrystals. The interaction energies using the
Vr energy predictor are indicated. In parenthesis half the energies computed for the trimers using

the supramolecular approach are indicated)

Co-crystal P G(r) V() H(r) Vp Eint

3-Y(1,4-FIB)
type A 0.0198  0.0147 —0.0134  0.0013  0.0638 —5.7(-5.1)

type B 0.0184 0.0138  —0.0123 0.0015  0.0610 -5.2(-5.2)

AdCN-Y4(1,4-FIB) 0.0148  0.0110  -0.0093  0.0017  0.0505 4.0 (-4.7)

We analyzed whether charge transfer effects are also similar in all trimers by using the
natural bond orbital (NBO) analysis. The results are shown in Figure 10, demonstrating the
LP(N)—o(C-I) charge transfer that is typical in the c-hole interactions. The stabilization energies
obtained from the second order perturbation analysis are given in red, evidencing that they are
very similar in both types of HaBs in 3-/2(1,4-FIB) and smaller in AACN-'4(1,4-FIB), in line with

the MEP and QTAIM analyses results.
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Figure 10. NBOs involved in the orbital charge transfer in 3-'2(1,4-FIB) type A (a), 3-%2(1,4-FIB)

type B (b), and AACN-(1,4-FIB) (c) cocrystals. The E® energies are given in red.

Finally, we performed an energy decomposition analysis to better understand the similar
binding energy observed for the HaBs in the structures of 3-/4(1,4-FIB) and AdCN-'4(1,4-FIB).
We computed HaB dimers of 3-)2(1,4-FIB) type A and AdCN-’4(1,4-FIB) and obtained the
exchange repulsion (Eexrep), electrostatic (Eer), orbital (Eow), correlation (Ecor), and dispersion
(Edisp) components to the total (Etw:) interaction energy (Figure 11). The interaction energies for
both dimers are quite similar, —6.15 kcal/mol for 3-%2(1,4-FIB) type A and —5.58 kcal/mol for
AdCN-'4(1,4-FIB), as previously observed for the trimers. As expected, based on the comparison
of the relative basicity of cyanamides and nitriles, all attractive components are more negative
(favorable) for the cyanamide heterodimer, especially electrostatics (E.)) and orbital (Eomw)
contributions. The differences observed in the correlation and dispersion terms are smaller (<1
kcal/mol). The most significant difference between both dimers consists of the exchange-repulsion
contribution that is significantly larger (repulsive) in the cyanamide cocrystal. This is likely due
to the very short distance in the 3-'4(1,4-FIB) type A that has a large effect on the Pauli repulsion
term, thus compensating the other attractive terms and explaining the small difference in the

binding energies of 3-'4(1,4-FIB) and AdCN-'4(1,4-FIB).
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3-%2(1,4-FIB) (type A)  AdCN-Y4(1,4-FIB)

Figure 11. Total (Ei«:), exchange-repulsion (Eexep), electrostatic (Ee), correlation (Ecor),
dispersion (Edisp), and orbital (Eow) energetic terms for the dimers of 3-%2(1,4-FIB) type A and

AdCN-'4(1,4-FIB) in kcal/mol using the Kitaura—Morokuma analysis.

Conclusions

Cocrystals 1-1,3,5-FIB, 2-1,3,5-FIB, 3-'4(1,4-FIB), and 4-2(1,3,5-FIB) were derived from
the association of push-pull nitriles NCNR; (1-4) and iodo-substituted perfluorobenzenes (1,3,5-
FIB and 1,4-FIB). The supramolecular organization of all these structures is primarily determined
by the I-* Nuivie halogen bonding. This type of rare I---sp-N interaction has been earlier
recognized for conventional nitriles NCR (R = Alk, Ar), functioning as HaB acceptors, but never
reported for push-pulling nitriles, including dialkylcyanamides. In this study, we compared I---sp-
N HaBs involving the conventional nitrile AACN (in AdCN-’4(1,4-FIB)) and the push-pulling
dialkylcyanamide, NCNCsHio (in 3-'4(1,4-FIB)), and revealed significant similarity between the
HaB situations in these two structures. Although AdCN is slightly poorer sp-N electron donor than
the push-pull nitrile NCNCsHio (3), HaBs in the cocrystals exhibit similar interaction energies.

The stabilization energy for LP(N)—o(C—I) charge transfer is only slightly smaller in
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AdCN-'4(1,4-FIB) than in 3-'4(1,4-FIB). Furthermore, the likeness of the HaB binding energies
in the two structures was supported by the results of the energy decomposition analysis.
Summarizing our comparative data, one can conclude that the noncovalent bonding (based, first
of all, on electrostatic interactions) leads to a leveling effect for the HaBs of these two types of
nitrile compounds.

It is noteworthy that HaBs involving a nitrile-group found its application in the property
control of crystalline materials: HaB-induced luminescence in solid gold(I) complexes,*? blue-
shifted luminescence emission in HaB-based organic cocrystals,*® and also a structure-determining
force for the supramolecular architecture of iodophthalodinitrile species.’* Considering the
similarities of the HaBs involving conventional and push-pull nitriles, one should expect that
dialkylcyanamides could also serve as potent HaB acceptors for crystal engineering and targeted

design of extended solid architectures. Works in this direction are underway in our group.

5. Experimental Section

5.1. Materials and instrumentation. All reagents and solvents were obtained from commercial
sources and used as received.

5.2. Cocrystal growth. Co-crystallizations of 1-1,3,5-FIB, 2-1,3,5-FIB, 3-'4(1,4-FIB), 4-'4(1,4-
FIB), and 4-2(1,3,5-FIB) were performed on dissolution of any one of the HaB donors (0.1 mmol;
40.2 mg for 1,4-FIB; 51.0 mg for 1,3,5-FIB) and 3-fold excess of NCNR> (0.3 mmol; 21.0 mg for
R>=Me» 1, 28.3 mg for C4Hg 2, 33.1 mg for CsHio 3, 33.6 mg for C4HgO 4) in MeCN (2 mL); the
homogenization was stimulated by using an ultrasound bath. The reaction mixture was left to stand
for 3—5 days at 20-22 °C for slow evaporation (3—5 days) to dryness. Colorless crystals of 1-1,3,5-
FIB, 2-1,3,5-FIB, 3-4(1,4-FIB), 4-)2(1,4-FIB), and 4-2(1,3,5-FIB) (yields 40-70%) were
separated mechanically and studied by XRD and ATR-IR methods.

5.3. X-ray structure determinations. XRD studies were performed at 100 K on XtaLAB Synergy,

Single source at home/near, HyPix diffractometer using monochromated CuKa (A = 1.54184 A)
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radiation. The structures were solved by the ShelXT>® structure solution program using Intrinsic
Phasing and refined with the ShelXL>® refinement package incorporated in the OLEX2 program
package®® using least-squares minimization. Empirical absorption correction was applied in the
CrysAlis Pro program complex using spherical harmonics implemented in SCALE3 ABSPACK
scaling algorithm.

5.4 Theoretical methods. The calculations were performed using the Turbomole program 7.7! at
the PBE0-D3/def2-TZVP level of theory.®*-%° The MEP surfaces were plotted using the 0.001 a.u.
isosurface. The QTAIM®® and NCIPlot%” analyses were represented using the VMD software.®®
The Multiwfn program® was used for the QTAIM and NClplot calculations. The following
settings were used to represent the NClplot in the Figures of this manuscript: RDG = 0.5, p cut-
off = 0.04 a.u. color code —0.03 a.u. < (signaiz)p < 0.03 a.u. The natural bond orbital (NBO)
analysis’® was performed using the NBO7 program.”! The EDA analysis was performed using the

Kitaura—Morokuma method’? as implemented in Turbomole 7.7 program.
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Push-Pull and Conventional Nitriles as Halogen Bond Acceptors in Cocrystals
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Significant similarity between the I---sp-N interaction for conceptually different push-pull and

conventional nitriles in their role of halogen bond acceptors.
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