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ABSTRACT: 4-Bromo- and 4-iodo-S-nitrophthalonitriles (BNPN and Bifurcated C-X{0.0) XB
INPN, respectively) were cocrystallized with the metal acetylacetonates QIpR
[M(acac),] (M =Pd (1), Pt (2)) to give the three adducts 1-2BNPN, 2-
2BNPN, and 1-2INPN, exhibiting reverse arene sandwich solid-state
structures. The inspection of the XRD data for the adducts revealed new
types of (lone pair)[M]---z-hole noncovalent interactions, namely atom-
directed C---d2[M] noncovalent contacts. In addition, C—X---(0,0) (X
= [, Br) bifurcated halogen bonds (XBs) along with some other types of
short contacts were recognized. The XRD experiments were supported
by Hirshfeld surface analysis and DFT calculations: ie., topological
analysis of the electron density distribution within the framework of the
QTAIM method at the @B97XD/DZP-DKH level of theory. Estimated
energies of all studied noncovalent contacts vary from 0.6 to 3.8 kcal/
mol.

Ceeed:[M] Interaction

1. INTRODUCTION Nonmetal centers bearing lone pairs, such as O, N, S,
halogens, etc., typically act as acceptors for these interactions,
whereas only a very few examples of Ip(metal)---7-hole (rh)
contacts” " have been documented. In our previous work,”

we reported on the construction of reverse sandwich structures
mastering molecular materials,”* molecular recognition, '’ drug
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Although lone pair—z (Ip—x) and anion—z interactions have
been recognized only rather recently (for reviews see refs 1—5),
for the past few years they have been efliciently utilized in

design,
_ complexes and perfluoroarenes. Assembly of these species

catalysis,"* ™' and many other fields. Generally, (anion/Ip)—z P P Y P

interactions are defined as favorable noncovalent contacts

between a negatively charged center or a lone pair of a neutral

occurs via d2[M]--zh interactions, and the charge distribution
at the metal center and at the arenes (Figure 2) is opposite to

159203 that of the classic sandwich complexes insofar as the positively
center and electron-deficient 7 systems. 7" (Anion/lp)—n’

interactions can be atom-directed,"*** bond-directed (for
instance, with a double bond in the electron-deficient arene _’_ O o+

ring”*?%), or cycle-directed: e.g, with arenes”’ and hetero-
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charged metal center acts as a nucleophile.”” In the reported
series of the reverse sandwiches,” the d,:[M]---zh interaction
was directed strictly toward the centroid of the zh system (for
acetylacetonate complexes; Figure 3a) or slightly deviated from
the 7h center (for the porphyrin Pt", the shift of the metal center
projection from the ring center was 0.727(5) A; Figure 3b).
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Figure 3. Types of reverse arene sandwiches.

In a continuation of the previous work, we attempted the
assembly of the [M(acac),] (M = Pt (1), Pd (2)) complexes
with 4-X-S-nitrophthalonitriles (X = Cl, Br, I; Figure 4), which

C1

X =Br BNPN
I INPN
CICNPN

Figure 4. 7-Hole donors studied in this work with atom numbering of
C11 that is involved in C---d,2[M] interactions.

represent a new type of mh donor with an asymmetric
electrostatic potential (ESP) profile. Here a z(hole) donor is a
species featuring a region of positive electrostatic potential
surface similarly to the (hole) donor defined by Politzer.” In
recent years, the definition of m(hole) donor has become a
commonly accepted term and it has been repeatedly used.”*~*°
In newly obtained sandwiches, in contrast to those observed
previously, the Ip(d,?)—zh linkage is ideally oriented to the C11
of the phthalonitrile ring to give hitherto unreported atom-
directed C-+-d?[M] interactions (Figure 3c). All of our results
are consistently disclosed in sections that follow.

2. RESULTS AND DISCUSSION

2.1. o/n-Hole Donors for This Study. As we were
interested in expanding the list of simultaneous o-hole (ch)
and 7h donors (for our recent reports see refs 29, 30, 37, and
38), in this work we focused our attention on the three
haloarenes depicted in Figure 4. In this series, 4-bromo-5-
nitrophthalonitrile (BNPN) is the reagent with a broad
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spectrum of applications. It is conventionally used in organic
synthesis (including the design of novel monoamine oxidase A
inhibitors*”~**) and in the development of phthalocyanine-
based functional materials.”’~* Owing to the availability of
strong electron-withdrawing groups (one nitro and two cyano
groups) as well as a suitable leaving group (bromide anion),
BNPN was recognized as a highly reactive substrate toward a
diversity of SyAr reactions. However, the ability of BNPN to
serve as a strong oh donors in the generation of halogen bonds
(XBs) has never been studied. 4-Chloro-5-nitrophthalonitrile
(CNPN) is also known, but its synthetic application, in
comparison to BNPN, is limited to only two cases."”" 4-
Iodo-S-nitrophthalonitrile (INPN) is an as yet unreported
compound, and its synthesis and characterization are given in
section 4.2.

2.2. X-ray Structure of INPN and o/7-Hole Donor
Properties of the Haloarenes. In our experiments, BNPN
and CNPN upon crystallization from 1,2-dichloroethane and
dimethyl sulfoxide, respectively, at room temperature gave
crystals whose XRD structures exhibit NO,/X disorder
(Supporting Information). Previously the XRD structure of
BNPN has been reported by Lin et al.,’ ! who did not observe the
disorder, but the structure is still characterized by a high R value,
thus making it unsuitable for an accurate inspection of
noncovalent interactions.

In contrast, INPN forms a well-ordered structure, where we
identified the C—I--N=C XB>” (the distances are 3.006(6) A
for I11---N2 and 3.293(8) A for I2---N5, which are less than the
corresponding Y R qw (3.53 A); Figure S) along with Ip(O)-+-zh
(the distances are 3.059(8) A for 02---C11, 3.189(9) A for O2---
C12, 3.086(9) A for 04--C2, 3.128(8) A for 04--C3, and
3.134(8) A for O4---C4, which are less than the corresponding
Y Raw (322 A)) and Ip(N)--zh (the N6--CS distance is
3.246(9) A, which is less than the corresponding Y R gy (3.25
A)) contacts (Figure 6).

It is noteworthy that relevant C—I--N=C linkages were
previously identified®*~** upon studies of linear supramolecular
chains and some other more complex structures held by XB.
Similar C---O Ip(O)--zh short contacts were observed in the
structures of picryl iodide® and 2-nitroperfluorobiphenyl.*®
The related zh ability of sym-trichlorotrinitrobenzene toward
self-association®” and toward diacetone diperoxide® was also
documented. In turn, Ip(N)---zh interactions involving cyano
groups were identified in a substantial number of phthalonitriles,
including hexa-*’ and tetracyanobenzenes,”” and also tetra-
fluorophthalonitriles.”!

To estimate the ch/zh donor abilities of CNPN, BNPN, and
INPN, we calculated the molecular surface electrostatic
potential Vg(r) (function that measures the electrostatic
interaction between a unit point charge placed at r and the
system of interest) and analyzed ESP at the M06-2X/CEP-121G
level of theory for the optimized equilibrium model structures of
the three haloarenes (Figure 7). The estimated values of surface
maxima located on the oh of the halogen atoms (Vs(r) max(o-hole))
and on the 7h of the phenyl rings (above and below the plane)
(Vs(1) max(z-hole)) in the optimized equilibrium model structures
are given in Table 1. The values of Vg(r)mu(ohole) increase
significantly in the order Cl < Br < I, whereas values of
V(X) max(z-hole) remain virtually unchanged.

2.3. General Description of the X-ray Structures of
(1,2)-2BNPN and 1-2INPN. The complexes [M(acac),] (M =
Pd (1), Pt (2)) were cocrystallized with BNPN or INPN in a 1:1
molar ratio upon evaporation of their CHCl;—MeOH solutions
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Figure 5. C—I---N=C XB in the crystal structure of INPN. Two crystallographically independent molecules of INPN are shown in each chain.

Figure 6.1p(O)--7h and Ip(N)---7h interactions in the crystal structure
of INPN. Two crystallographically independent types of INPN
molecules as 7h donors are shown.

to form the isostructural adducts (1,2)-2BNPN and 1-2INPN,
respectively. All attempts to cocrystallize 2 with INPN and also 1
and 2 with CNPN were unsuccessful, and only crystals of the
starting materials were obtained upon evaporation of the
corresponding mixtures.

In (1,2)-2BNPN and 1-2INPN, the M—0O, C2—01, and C2—
C3 bond distances and the O—M—O0 angles are equal, within 30,
to those in unassociated 17 and 2, as well as to those in the
previously reported adducts (1,2)-2(1,4-FIB) (1,4-FIB = 1,4-
diiodo-2,3,5,6-tetrafluorobenzene)*"”* and (1,2)-C(Fs*’
(Table S2).

Despite the symmetry difference between the BNPN and
INPN adducts (space group P1 for BNPN and P2,/ for INPN),
the structures display a similar motif when one M(acac), unit is
surrounded by eight haloarenes (Figure 8). With two
exceptions, which will be considered later in section 2.7, all
adducts display the same noncovalent interaction pattern,
including C---M interactions and two bifurcated XBs along with
some other less important contacts. Previously Rissanen and
colleagues’® reported a series of 1,4-FIB adducts with pincer
(PCP)Pd" chloride and bromide complexes, in which similar

21 kcal/mol 34 kcal/mol 44 kcal/mol

0 0 |
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36 kcal/mol 34 kcal/mol 32 kcal/mol

Figure 7. Distribution of electrostatic potential Vg(r) calculated on the
0.001 au molecular surfaces for the optimized equilibrium model
structures of CNPN, BNPN, and INPN and estimated values of
maximal electrostatic potential located on the ch of halogen atoms
(Vs() max(o-hole)) and on the 7h of the phenyl rings (Vs(r) max(z-hole))-
From red to blue, the electrostatic potential is becoming increasingly
negative.

Table 1. Results of the Hirshfeld Surface Analysis for 1 and 2
Fragments in the X-ray Structures of (1,2)-2BNPN and 1-
2INPN

X-ray contributions of different intermolecular contacts to the
structure molecular Hirshfeld surface”

12BNPN  O—H 26.6%, H—H 22.7%, N—H 12.8%, C—H 10.6%, Br—O
5.3%, Br—H 5.0%, C—C 5.0%, O—C 4.6%, Pd—H 2.8%, O—N
1.5%, N—C 1.5%, Br—C 1.4%
22BNPN  O-H 26.3%, H-H 22.2%, N—H 12.9%, C—H 10.7%, Br—O
5.3%, Br—H 5.3%, C—C 5.3%, O—C 4.9%, Pt—H 2.7%, O—N
1.7%, N—C 1.4%, Br—C 1.3%
O—H 21.6%, H—H 19.8%, N—H 17.1%, C—H 11.6%, I—-0 6.5%,
0—C 5.8%, I-H 5.6%, C—C 5.2%, Pd—H 2.3%, N—C 1.8%,
O-N 1.5%

1-2INPN

“The contributions of all other intermolecular contacts do not exceed
1%.
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Figure 8. Environments of 1 in 1-2BNPN (left) and 1-2INPN (right): views along the a axis (top) and b axis (bottom). Differently located substituted

phthalonitriles are indicated by arrows.

molecular surroundings of the metal complexes were found for
crystals of different symmetry group.

2.4, Hirshfeld Surface Analysis for the X-ray Struc-
tures. The analysis of molecular Hirshfeld surfaces of X-ray
structures gives the possibility of an additional insight into the
nature of intermolecular interactions in the crystal state. We
carried out this analysis for 1 and 2 fragments in the X-ray
structures of (1,2)-2BNPN and 1-2INPN to understand what
kinds of intermolecular contacts give the largest contributions in
crystal packing (Table 1). The results of the analysis reveal that
in all cases crystal packing is determined primarily by
intermolecular contacts involving hydrogen atoms: the con-
tributions of O—H and H—H contacts are the greatest (>20%
for each of these two types of contacts), the contributions of N—
H and C—H contacts are smaller, but also significant (>10% for
each of these two types of contacts), contributions of most
contacts involving halogen atoms (viz. Br—O, Br—H, I-0, and
I—H) as well as C—C contacts reach >5% for each of these types
of contacts, whereas contributions of Hal—C contacts are very
small (do not exceed 2%), and contributions of other types of
contacts (viz. O—C, M—H, O—N, and N—C) are in the range of
1-5%.

Figure 9 depicts the Hirshfeld surfaces for (1,2)-2BNPN and
1-2INPN. For the visualization, we have used a mapping of the
normalized contact distance (d,,,,)- In these Hirshfeld surfaces,
the regions of shortest intermolecular contacts (viz. C—X--
(O,0) bifurcated halogen bonds) are visualized by red circled
areas.

Notably, the C---M interactions could also be alternatively
considered as d*(Pd,Pt)--6*(C—H) contacts. Conventionally
the Hirshfeld analysis employs Bondi vdW radii, which are, as
recognized in many reports, underestimated. Insofar as the C---

998

Figure 9. Hirshfeld surfaces for (1,2)-2BNPN and 1-2INPN (from left
to right).

M interactions are slightly higher than the sum of Bondi vdW
radii, the Hirshfeld analysis does not recognize these contacts,
and in order to prove their existence from a theoretical
viewpoint, we have carried out DFT calculations and QTAIM
analysis (see section 2.8).

2.5. Atom-Directed C-+d:[M"] Interactions in the
Shifted Reverse Sandwich Structures. All adducts exhibit
the reverse arene sandwich structures (Figure 10). Although the
C---M distances (3.498(2) and 3.434(3) A for Pd" and 3.483(7)
A for Pt") are larger than Y R g (Ryqw(M) + Rqw(C) =3.33 A
for Pd and 3.47 A for Pt), these weak interactions (0.9—1.3 kcal/
mol) were confirmed by appropriate theoretical calculations
(section 2.8). For comparison, we recently reported similar
reverse arene sandwiches (1-C4F¢ and 2-C¢F¢), where C---M
distances are even somewhat higher (3.5119(8) A for 1-C4Fq4
and 3.557(2) A for 2-C¢F¢*”), while values of the minimal C---
M-O angles (o in Figure 11) are quite comparable with those of
the current structures: viz. 68.72(7)° (1-2BNPN), 70.1(2)° (2-
2BNPN), and 73.89(8)° (1-2INPN) vs 67.70(3) and 68.11(4)°
(1-C4F¢) and 68.20(8) and 68.51(8)° (2-C¢F; see ref 29).

The comparison of the calculated ESP (V(r)) profiles for the
three haloarene structures displayed above (section 2.2) and
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Figure 10. C---M and C---Br noncovalent interactions in (1,2)-2BNPN

and 1-2INPN.
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Figure 11. Comparison of the interaction angles.

ESP (Vi(r)) for M(acac), given in our previous work™” indicate
that the C atoms of the arene ring exhibit substantially more
positive ESP in comparison to those on the Pd" and Pt" centers.
In the C--M contact, the aromatic C atom serves as an
electrophilic zh donor, whereas the [M"] center via its d,> orbital
acts as a nucleophile; the same situation has been previously
observed™ at the reverse sandwiches based upon symmetric
perfluoroarenes. However, in this case one C--M contact,
namely C11---M, is significantly shorter than the other C---M
distances (Table 2). The DFT calculations conducted verified
the availability of BCP solely for the C11---M interaction
(section 2.8). On the basis of these data, the C11--M contact
can be classified as an atom-directed lp interaction involving the
d,> orbital of the metal center. More detailed information on
these interactions is collected in Table 4 (section 2.7).

The M---C interactions in the adducts could also be
interpreted as agostic or anagostic76 in view of the C—H
covalent bond near the contact. However, we assume that the
term “agostic interaction” is not sufficiently accurate because of
the following. (i) The M:--H distances (3.167, 3.207, and 3.167
A in 1-2BNPN, 1-2INPN, and 2-2BNPN, correspondingly) are
too far from the corresponding Bondi vdW sums (2.83 A for Pd
and 2.95 A for Pt). (ii) The metals in 1 and 2 are nucleophiles

999

Table 2. Comparison of C+*M Distances

.......... -CN
“C10
1
............ ~C11
1 M = Pd, Pt
X 3 X=Br, |
....... O\'-.,._ /O
M
v TN
-0 o~
adduct C6--M, A C10--M, A Cl1--M, A
1-2BNPN 4.067(3) 4.047(2) 3.498(2)
2-2BNPN 4.065(7) 4.005(7) 3.483(7)
1-2INPN 3.928(3) 3.940(3) 3.434(3)

rather than electrophiles, as verified by the ESP calculations.
This is also in line with their ability to form Ip(M)--zh
interactions with C¢F¢, C4FCl, and perfluoropyridine.”” (iii)
There is electron deficiency of the C—H covalent bond caused
by the collective action of four electron-withdrawing groups in
BNPN and IPNP. The term “anagostic interaction” is more
acceptable, taking into account the philicity (or, in other words,
high affinity) of the interacting centers, but the M---C distances
are still closer to Bondi vdW sums than the M---H distances.
Moreover, our theoretical calculations (section 2.8) indicated
the bond paths and the (3, —1) bond critical points between M
and C atoms, rather than between M and H atoms.

Insofar as the energy of the C11--d2[M"] contacts is small
and it is less than that for C—X:+-(O,0) bifurcated XB (Table
S6), we assume that the described centroid to atom shift in the
reverse sandwich structures is caused by an overlap of various
intermolecular forces, which generally can be considered as the
packing effects.

2.6. C—X-+(0,0) Bifurcated Halogen Bonds. In the
crystal structures of (1,2)-2BNPN and 1-2INPN, we identified
intermolecular bifurcated XBs between XNPN and the two O
atoms of the acetylacetonate ligands (Figure 12 and Table 3).
The Br---O1 and Br--O2 distances (3.263(3), 3.117(2) A for 1-
2BNPN and 3.314(7), 3.164(6) A for 2-2BNPN) are
substantially less than the corresponding sum of Bondi vdW
radii’” (¥ Ryqw = 3.37 A), and the C6—Br--O2 contact angle
(164.76(9)° for 1-2BNPN and 164.2(3)° for 2-2BNPN) does
not significantly deviate from 160°. Although the contact angle
C6—Br---01 (145.50(9)° for 1-2BNPN and 147.3(3)° for 2-
2BNPN) exhibits a higher deviation from 160°, the conducted
DFT-QTAIM calculations still confirmed the availability of an
XB between the Br atom of BNPN and the O atom of the
acetylacetonate ligand (section 2.8). Currently only two
examples of bifurcated XBs involving Br---O contacts have
been reported: namely, in the [Zn(acac),(H,0)]-1,4-FBB and
[Cu(acac),]-1,4-FBB (1,4-FBB is 1,4-dibromo-2,3,5,6-tetra-
fluorobenzene) adducts”* (see also Table S3). The zinc(II)
adduct, similar to our BNPN adducts, exhibits different Br---O
distances (3.117(2) and 3.169(2) A), as well as diverse £(C—
Br--0O) (156.12(12) and 149.84(13)°), while in the Cu(acac),-
based adduct, both Br---O distances (3.360(2) A) and £(C—
Br--O) (157.00(4)°) are equal.

In 1-2INPN, the I---O distances (3.200(2) and 3.212(2) A)
are equal, within 30, and are significantly shorter than the
corresponding Y R,qw (3.5 A). In contrast to (1,2)-2BNPN, the
values of the contact angles (154.96(4) and 155.79(9)°) are
close to 160°. The I---O bifurcated XBs have previously been
reported for a number of 1,4-FIB adducts including such metal
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Figure 12. Bifurcated C—X---(0,0) (X = Br, I) XB.

Table 3. Parameters of C—X-O (X = Br, I) XBs

interaction param 1-2BNPN

C6—-X1--01 d(X1--01), A 3.263(3)
Ryo” 0.97
£(C6—X1--01), deg 145.50(9)
caled E;, (kcal/mol) 1.6

C6—X1--02 d(X1--02), A 3.117(2)
Ryo” 0.92
2£(C6-X1--02), deg 164.76(9)
caled E;, (kcal/mol) 1.9

2:2BNPN
3.314(7)
0.98
147.3(3)
1.3
3.164(6)
0.94
164.2(3)
1.6—-1.9

1-2INPN
3.200(2)
0.91
154.96(4)
24-2.5
3.212(2)
0.92
155.79(9)
24-2.5

“Ryo is a ratio of the interatomic distance to the sum of Bondi vdW radii. We defined E,, values for the studied contacts in accord with correlations
proposed by Espinosa et al.** and Vener et al,®' on the basis of the results of DFT calculations and QTAIM analysis at the @B97XD/DZP-DKH

level of theory.

acetylacetonates as [M(acac),] (M = Cu,>""* Pd,*""* Pt,’*' (M = Co, Ni; 3-Ipy is 3-iodopyridine).” In terms of geometrical

V=0"*) and [Zn(acac),(H,0)];”* this type of linkage was also

detected in the (f-diketonate) Cu complex structure featuring an

parameters of the bifurcated XB, 1-2INPN is similar to the

iodoethynyl moiety”® and in the crystals of [M(acac),(3-Ipy),] reported [M(acac),]-2(1,4-FIB) (M = Pd, Pt) systems;
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Figure 14. C--C noncovalent interactions in the (1,2)-2BNPN and 1-2INPN adducts.

however, 1-2INPN exhibits a shorter I---O separation. A detailed
geometry comparison is given in Table S3.

2.7. Other Identified Noncovalent Interactions. We
identified some additional short contacts that deserve attention.
First, two C---O,N interactions between two BNPN groups were
detected in the BNPN adducts (Figure 13). The C---O distances
are 3.168(3) A for 1-2BNPN and 3.145(10) A for 2-2BNPN,
and these values are less than Y R,qw (3.22 A). Theoretically
calculated energies accordingly to correlations proposed by
Espinosa et al.*” and Vener et al,*' (@B97XD/DZP-DKH level
of theory) of these noncovalent interactions for the two adducts
are comparable and are in the range from 0.9 to 1.1 kcal/mol.
Interestingly, the Z(H—C---O) values (74.3(5) and 75.55(15)°)
are similar to the £(H—C:--M) values (62.7(4) and 61.78(14)°)
(p; Figure 11).

Second, C---Br contacts between the Br atom of BNPN and
the carbonyl C atom of one acetylacetonate ligand were found in
both BNPN adducts. The C--Br distances (3.428(3) and

1001

3.437(8) A) are less than Y R qw (Ryaw(Br) + Rygw(C) = 3.55
A), whereas the angles (87.32(10) and 85.1(3)°) indicate the

nucleophilic nature of the Br atoms in the C-Br lp—x
interactions; the calculated energy of these contacts is 1.3
kcal/mol. In contrast, for the INPN adduct such an interaction
was not confirmed theoretically.

Third, C---C interactions between the C atom of one cyano
group and the methylene C atom of the acetylacetonate ligands
were observed in all three adducts (Figure 14). Although the C---
C distances (3.397(4) and 3.408(8) A) in the BNPN adducts
are around Y R,qw (2R,qw(C) = 3.4 A), these weak interactions
(0.6—0.8 kcal/mol) were still supported by the obtained
theoretical data (Table 4). In contrast, the C--C distance
(3.319(5) A) in the INPN adduct is less than the corresponding
> R,qw (3.4 A) and the theoretically calculated energy for this
contact is slightly higher (0.9—1.1 kcal/mol). Similar non-
covalent interactions of the CN group with nucleophiles were
previously described.***>®
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Table 4. Parameters of CX (X = Pd, Pt, Br, O, C) lp—x Interactions

interaction

H11-C11---M1-02

param
d(C11--M1), A

Ry
4(H11-Cl11--M1), deg
£(C11-~-M1-02), deg
caled E;, (kcal/mol)
d(Cs--04), A

Reo”

£(H8—C8:--04), deg
caled E;,, (kcal/mol)
d(C2--Brl), A

RCBra

£(C2--Br1—C6), deg
caled E;, (kcal/mol)
d(C13:-C3), A

Rec”

calcd E;,,, (kcal/mol)

H8-C8:--04

C2---Br1-Cé6

C13--C3

1-2BNPN 2:2BNPN 1-2INPN
3.498(2) 3.483(7) 3.434(3)
1.08 1.01 1.03
62.7(4) 61.78(14) 68.20(18)
68.72(7) 70.1(2) 73.89(8)
0.9-1.1 0.9-1.3 1.1-1.3
3.168(3) 3.145(10)

0.98 0.98

74.3(5) 75.55(15)

0.9-1.1 0.9-1.1

3.428(3) 3.437(8)

0.97 0.97

87.32(10) 85.1(3)

1.3 1.3

3.397(4) 3.408(8) 3.319(5)
1.0 1.0 0.98
0.6—0.9 0.6—0.9 0.9-1.1

“Remy Reoy Repy and R are ratios of the interatomic distance to the sum of Bondi vdW radii. We defined E,,, values for the studied contacts in
accord with correlations proposed by Espinosa et al.*” and Vener et al,®' on the basis of the results of DFT calculations and QTAIM analysis at the

@B97XD/DZP-DKH level of theory.

We emphasize that all types of noncovalent interactions
collectively affect the supramolecular assembly and the observed
adducts could also be considered as those formed by 7—n
stacking interactions, where the M(acac), acts as the electron
donor and a dicyanonitrobenzene is the z-acidic partner.

2.8. Theoretical Study of Noncovalent Interactions in
(1,2)-2BNPN and 1-2INPN. Inspection of the crystallographic
data suggests the presence of various noncovalent interactions
responsible for the formation of the supramolecular structure.
With this in mind, in addition to the structural analysis, a
detailed computational study is desirable. In order to confirm or
disprove the hypothesis on the existence of these supramolecular
contacts and quantify their energies from a theoretical
viewpoint, we carried out DFT calculations and performed
topological analysis of the electron density distribution within
the framework of Bader’s theory (QTAIM method)** for model
supramolecular associates (Table SS in the Supporting
Information). This approach has already been successfully
used by us in studies of various noncovalent interactions (see, for
example, refs 29 and 85—89 and references therein). The results
are summarized in Table S6, and the contour line diagrams of
the Laplacian distribution V?p(r), bond paths, and selected
zero-flux surfaces for different noncovalent interactions are
shown in Figures 15 and 16. To visualize studied noncovalent
interactions, a reduced density gradient (RDG) analysis”™ was
carried out, and RDG isosurfaces are plotted in Figures 15 and
16.

The QTAIM analysis performed for model supramolecular
associates demonstrates the presence of appropriate bond
critical points (3, —1) (BCPs) for all noncovalent interactions
given in Table S6. The low magnitude of the electron density
(0.005—0.011 au), positive values of the Laplacian (0.016—
0.042 au), and close to zero positive energy density (0.001—
0.002 au) in these BCPs are typical for noncovalent interactions.
Unfortunately, one universal and generally accepted empirical
correlation between the properties of electron density at BCPs
and the strength of the noncovalent interactions is currently
unavailable in the literature. However, the corresponding energy
values can be normalized if some specific empirical correlations
for determining the strength of these noncovalent interactions
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will be proposed in the future. We have defined energies for
studied contacts according to the correlations proposed by
Espinosa et al.*” and Vener et al.*' and generally accepted for
hydrogen bonds—one can state that strength of these
supramolecular contacts vary from 0.6 to 2.5 kcal/mol. Note
that Tsirelson et al.”' also proposed alternative correlations
developed exclusively for noncovalent interactions involving
bromine and iodine atoms, viz. E,, = 0.58(=V(r)) or E;, =
0.57G(r) and E;,, = 0.68(—V(r)) or E;,, = 0.67G(r), respectively,
and in accord with these correlations, the strength of these
supramolecular contacts can even reach 3.8 kcal/mol. The
balance between the Lagrangian kinetic energy G(r) and
potential energy density V(r) at the BCPs (—G(r)/V(r) > 1
for purely noncovalent interactions and —G(r)/V(r) < 1 if some
covalent component takes place)”” reveals that a covalent
contribution is absent in all supramolecular contacts given in
Table S6.

3. CONCLUDING REMARKS

In this work, we demonstrated the ability of X-substituted
phthalonitriles to form the reverse sandwich structures upon their
cocrystallization with [M(acac),] (d*M = Pt, Pd) complexes. In
these systems, the phthalonitriles act as z-hole donors
components of the Ip—zh (Ip is the d Pt" or Pd" orbital)
interactions. The obtained data indicate the potential of arene
cyanides as suitable and easily accessible simultaneous ch/zh
donors for crystal engineering. Note that the vast majority of
previously studied zh donors are based on perfluorinated arenes
(see, for instance, refs 37 and 38).

In our recently reported series of the reverse sandwiches,” the
d[M]--z-hole interaction was strictly directed toward the
centroid of the 7zh system or slightly deviated from the 7h center
(Figure 3a,b). In the sandwiches obtained in this work, in
contrast, the Ip(d,?)—zh linkage is oriented to C11 of the arene
ring to provide the first example of atom-directed C---d[M]
interactions (Figure 3c). Such a centroid to atom shift is
apparently due to the combined effect of all noncovalent
interactions or, in other words, due to the packing effect.
Although the performed theoretical calculations indicate that
the d2[M]--7-hole interaction energy is (1.5—2)-fold lower
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Figure 15. Contour line diagrams of the Laplacian distribution V2p(r), bond paths, and selected zero-flux surfaces (left) and RDG isosurfaces (right)
referring to the C---M (M = Pd, Pt) noncovalent interactions in the adducts. Bond critical points (3, —1) are shown in blue, nuclear critical points (3,
—3) in pale brown, ring critical points (3, +1) in orange, and cage critical points (3, +3) in light green. Lengths are given in A and RDG isosurface values

in au.

than that for the bifurcated C—X---(O,0) XB, the adducts
nevertheless form a reverse sandwich system as a result of the
collective action of all intermolecular interactions. We hope that
proper derivatization of electron-deficient arenes and their
assembly with d2[M] centers can lead to discoveries of yet
unknown bond-directed d,:[M] contacts (Figure 3d) to achieve
the remaining type of the reverse sandwich systems, and these
works are underway in our group.
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4. EXPERIMENTAL SECTION

4.1. Materials and Instrumentation. BPNP,*° [Pd(acac),],”*
and [Pt(acac),]”* were synthesized in accord with to the published
procedures. Other reagents and solvents were obtained from
commercial sources and used as received. Melting points were
determined on an Electrothermal IA 9300 series Digital Melting
Point Apparatus. The HRMS data were obtained on a Bruker
micrOTOF spectrometer equipped with an electrospray ionization
source; MeOH was used as a solvent, and AgNO; was used as an
ionizing additive. The instrument was operated in positive ion mode
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Figure 16. Contour line diagrams of the Laplacian distribution V2p(r), bond paths, and selected zero-flux surfaces (left) and RDG isosurfaces (right)
referring to the C—X--(0,0) (X = Br, I) bifurcated XBs in the adducts. Bond critical points (3, —1) are shown in blue, nuclear critical points (3, —3) in
pale brown, ring critical points (3, +1) in orange, and cage critical points (3, +3) in light green. Lengths are given in A and RDG isosurface values in au.

using an m/z range of 50—3000. The capillary voltage of the ion source
was set at —4500 V and the capillary voltage of the exit at 70—150 V.
The nebulizer gas pressure was 0.4 bar and drying gas flow 4.0 L/min.
The NMR spectra were recorded on a Bruker AVANCE III 400
spectrometer at ambient temperature in CDCl; or DMSO-d, (at 400
and 101 MHz for 'H and "C{'H} NMR spectra, respectively).
Chemical shifts are given in & values (ppm) referenced to the residual
signals of the undeuterated solvent: 5 7.29 (‘H) and 77.2 (**C) for
CDCl; and 6 2.50 (*H) and 39.52 (*3C) for DMSO-d,.

4.2. Synthesis of 4-lodo-5-nitrophthalonitrile (INPN). KI (830
mg, S mmol) was added to a solution of BNPN (252 mg, 1 mmol) in
MeCN (5 mL) The reaction mixture was stirred at 80 °C for 24 h,
whereupon it was concentrated to dryness in vacuo at 40 °C followed by
addition of a saturated solution of NaCl (7 mL). The product was
extracted with DCM (three 10 mL portions), the extract was dried
under anhydrous Na,SO,, and the solvent was removed in vacuo at 40
°C. Crude INPN was purified by column chromatography on silica gel
using an ethyl acetate/hexane (1/8, v/v) mixture as an eluent: yellow
powder, yield 212 mg (71%), mp 168—169 °C. IR (KBr, selected bands,
em™): (CN) 2238 (s). '"H NMR (DMSO-dy), 5: 8.98 (s, 1H), 8.76 (s,
1H). *C NMR (CDCl,), 8: 155.2, 146.9, 128.9, 119.4, 116.8, 113.2,
112.4, 92.8. HRMS-ESI: [M + Ag]* m/z caled for CgH,IN;0,
405.8237, found 405.8230.

4.3. Synthesis of 4-Chloro-5-nitrophthalonitrile (CNPC).
N,N,N-Trimethyl-1-phenylmethanaminium chloride (186 mg, 1
mmol) was added to a solution of BNPN (252 mg, 1 mmol) in
MeCN (3 mL). The reaction mixture was stirred at 60 °C for 18 h,
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whereupon it was concentrated to dryness in vacuo at 40 °C followed by
addition of a saturated solution of NaCl (S mL). The target product was
extracted with CH,Cl, (three 10 mL portions), the extract was dried
under anhydrous Na,SO,, and then the solvent was removed in vacuo at
40 °C. Crude CNPN was purified by column chromatography on silica
gel using an ethyl acetate/hexane (1/8, v/v) mixture as an eluent:
colorless powder, yield 173 mg (83%), mp 156—157 °C. IR (KBr,
selected bands, cm™): (CN) 2244 (s). '"H NMR (CDCl,) 6 8.31 (s,
1H), 8.08 (s, 1H). 3C NMR (CDCl;) § 149.9, 137.1, 133.2, 130.1,
1199, 115.6, 112.9, 112.8. HRMS-ESL: [M + Ag]* m/z caled for
CsH,CIN,0, 313.8881, found 313.8918.

4.4. Synthesis of the Adducts. Single crystals were obtained by
slow evaporation of a chloroform/methanol solution (1/1, v/v) of a
mixture of 1 or 2 and BNPN (or INPN) taken in a 1/1 molar ratio in air
at 10—15 °C. To prove the homogeneity of our samples, we measured
space group and crystal lattice parameters of at least five crystals from
three syntheses. Once we proved the identity of the structures, the best
data set was chosen for the final structure solution.

4.5. X-ray Experiments and Refinement. X-ray diffraction
studies of all adducts and BNPN were performed at 100 K on an
Xcalibur Eos diffractometer using monochromated Mo Ka (4 =
0.71073) radiation. The structures of all adducts and BNPN were
solved by direct methods by means of the SHELX program”
incorporated in the OLEX2 program package.”® The carbon-bound
H atoms were placed in calculated positions and were included in the
refinement in the “riding” model approximation, with U;,,(H) set to
1.5Ueq(C) and C—H to 0.98 A for CHj groups, with U, (H) set to
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1.2Ueq(C) and C—H to 0.99 A for CH, groups, and with U,,(H) set to
1.2U,(C) and C—H t0 0.95 A for CH groups. An empirical absorption
correction was applied in the CrysAlisPro”” program complex using
spherical harmonics, implemented in the SCALE3 ABSPACK scaling
algorithm. Supplementary crystallographic data for this paper have been
deposited at Cambridge Crystallographic Data Centre (CCDC
numbers 1957920—1957925) and can be obtained free of charge via
www.ccde.cam.ac.uk/data_request/cif.

X-ray diffraction studies of the INPN and CNPN crystals were
performed using a Bruker Apex II CCD diffractometer equipped with a
Cobra Oxford Cryosystem low-temperature device at 120 K (Mo Ka
radiation, graphite monochromator,  scans). According to the Bruker
CELL_NOW (2008/4) indexing routine”® (2144 nonunique reflec-
tions with I > 26(I)), the crystals of INPN are twins with two domains
of similar figure of merit which are rotated against each other at 179.9°.
Semiempirical absorption corrections with spherical harmonics
modeling of diffracted beam absorption””'*® were made on the basis
of the intensities of equivalent reflections with the help of the
TWINABS routine'®" for INPN diffraction data and the SADABS
program'®* for the CNPN diffraction data. These two structures were
solved by the direct methods technique in the XS program.'®® The full-
matrix least-squares refinement of structural models was carried out in
the SHELXL-2014/6 program’® in the anisotropic approximation for
probability density functions of non-hydrogen atoms. Positions of
hydrogen atoms were calculated on the basis of geometric criteria;
hydrogen atoms were refined within the riding model implemented in
the SHELXL-2014/6 program and using the isotropic approximation
for the probability density function. The CNPN structure was refined as
positionally disordered with the superposition of the chlorine atom and
NO, group modeled with the help of restraints on interatomic distances
and constraints on atomic displacement parameters (the population
ratio was refined to 2/3). The approximate twinning factor for two
components of the INPN crystal (0.326) was refined using the HKLFS/
BASF instructions in the SHELXL-2014/6 program.

4.6. Computational Details. Quantum chemical calculations have
been carried out using the Gaussian-09"%* program package at the DFT
level of theory. The single-point calculations based on the experimental
X-ray geometries of (1,2)-2BNPN and 1-2INPN have been carried out
using the dispersion-corrected hybrid functional ®B97XD,'%® and the
Douglas—Kroll-Hess second-order scalar relativistic approach re-
quested relativistic core Hamiltonian was used with the DZP-DKH
basis sets'%°"'% for all atoms. The full geometry optimization of
CNPN, BNPN, and INPN model structures has been carried out using
the M06-2X functional,110 and the CEP-121G Stevens/Basch/Krauss
ECP triple-split basis sets'''~"'> were used for all atoms. No symmetry
restrictions have been applied during the geometry optimization
procedure, and Hessian matrices were calculated analytically in all cases
in order to prove the location of correct minima on the potential energy
surfaces (no imaginary frequencies). The topological analysis of the
electron density distribution with the help of the atoms in molecules
(QTAIM) method developed by Bader® has been performed by using
the Multiwfn program.''* The molecular surface electrostatic potentials
have been calculated by using the Multiwfn program''* and plotted in
the Chemcraft program (http://www.chemcraftprog.com). The
Cartesian atomic coordinates for all model structures are presented in
Tables S4 and SS in the Supporting Information.

The Hirshfeld molecular surfaces were generated by the
CrystalExplorer program.''>''® The normalized contact distances,
dooms' ' based on Bondi van der Waals radii,”” were mapped into the
Hirshfeld surface. In the color scale, negative values of d .., are
visualized by the red color, indicating contacts shorter than the sum of
van der Waals radii. The white color denotes intermolecular distances
close to van der Waals contacts with d., equal to zero. In turn,
contacts longer than the sum of van der Waals radii with positive d,
values are colored blue.
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