Russian Chemical Bulletin, International Edition, Vol. 55, No. 11, pp. 1971— 1981, November, 2006 1971

Application of the allylboration reaction of terminal acetylenes
with allyldihaloboranes for the preparation of capping agents
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Template condensation on the iron(i1) ion matrix of three cyclohexanedione-1,2-dioxime
molecules with esters of 1,4-pentadienylboronic acids afforded apically functionalized
bis(diolefin)-containing clathrochelates, which are new potential monomers for the prepara-
tion of functionalized carbochain polymers. The complexes were characterized by the data of
elemental analysis, UV-Vis spectroscopy, 'H, !B, and 1*C NMR spectroscopy, ’Fe Mossbauer
spectroscopy, IR spectroscopy, and MALDI-TOF mass spectrometry. The molecular and
crystal structures of the clathrochelates synthesized and the electron density distribution on a
molecule of one of them were determined by X-ray diffraction analysis.
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Clathrochelates, being macrobicyclic complexes with
encapsulated metal cation, possess unusual chemical,
physical, and physicochemical properties. This can be
accounted for the metal ion encapsulation in the three-
dimensional cavity of the macropolycyclic ligand that iso-
lates it, to a great extent, from environmental factors.!
The synthesis of clathrochelates containing olefinic sub-
stituents in capping fragments and capable of further par-
ticipating in addition and polymerization processes is of
undoubted interest for practical use of complexes of
this type.

It has previously!—8 been shown that boron compounds
are the most appropriate capping agents for the direct
template synthesis of tris-a.-dioximate clathrochelates on
the Fe?" jon matrix. In the present work, we showed that
the products of allylboration of terminal alkynes with
allyldichloroboranes, viz., 1,4-pentadienylboranes, can
successfully be used as the capping agents in the syntheses
of iron(11) clathrochelates that are derivatives of alicyclic
cyclohexanedione-1,2-dioxime (nioxime). This dioxime
was chosen because of easy formation and higher ther-
modynamic stability of the six- and eight-membered

* Dedicated to Academician O. M. Nefedov on the occasion of
his 75th birthday.

iron(1) alicyclic a-dioximates compared to their acyclic
analogs.?

Results and Discussion

1,4-Pentadienylboranes are the products of the first
step of classical allylboron-acetylene condensation,
viz., thermal reaction of acetylenes with triallyl- and
tri(2-methylallyl)boranes,!® can be isolated as indi-
vidual compounds only in the case of alkoxyacetylenes
(R = OMe, OEt) when temperature intervals of each of
the three steps of this condensation differ substantially.1!
A simplest method to solve this problem is to carry out
condensation in the so-called step-by-step versionl?:13
using highly electrophilic allyldihaloboranes in the first
step.14 Diisopropyl esters of 1,4-pentadienylboronic acids
(Scheme 1) are readily formed due to the alcoholysis of
the products of allylboration of phenyl- and methyl-
acetylenes, viz., allyl- (1), methallyl- (2), and crotyl-
dichloroboranes (3), with isopropyl alcohol, and their
Lewis acidity can be used for the synthesis of macrobicyclic
trisdioximates.

In most cases, boron-containing aliphatic and aro-
matic clathrochelate iron(i1) trisdioximates have been
synthesized! by the direct template condensation of the
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corresponding o-dioxime and a boron-containing cap-
ping agent on the Fe?" ion matrix. The reaction is usually
carried out in polar protic solvents (first of all, alcohols)
without addition of bases for binding of the releasing
H™ ions that formed. However, our attempts to synthesize
bis(1,4-pentadienyl)clathrochelates under these condi-
tions were unsuccessful because of the competing
B—C bond protolysis in the initial boronates: this bond in
alkylboranes readily undergoes protolytic cleavage.!?
Therefore, polar aprotic acetonitrile was chosen as the
solvent for the macrocyclization reaction, and pre-

liminarily synthesized non-macrocyclic trisnioximate
[Fe(H,Nx)3]Cl, was used as the initial complex. How-
ever, side protolytic B—C bond cleavage was also ob-
served in this system. Therefore, an equimolar amount of
triethylamine was preliminarily added to solutions of 1,4-
pentadienylboronates 6a—e to neutralize acid that formed
in the course of reaction.

Template capping of iron(i1) nioximate
[Fe(H,Nx);]Cl, by boronates 6a—e (Scheme 2) in aceto-
nitrile in the presence of triethylamine made it possible to
prepare complexes 7a—e with the apical 1,4-pentadienyl
substituents as a result of macrocyclization. Polymeriza-
tion involving these complexes can be used for the syn-
thesis of the corresponding polymeric systems.

Clathrochelates 7a—e are intensely yellow-orange-col-
ored finely crystalline compounds. Their structure and
composition were confirmed by the data of elemental
analysis, MALDI-TOF mass spectrometry, IR spectro-
scopy, and 'H, !B, and 13C NMR spectroscopy.

The 'H and 13C NMR spectra of solutions of the
clathrochelates synthesized exhibit lines of the cyclo-
hexane substituents in the o-dioximate fragments and
characteristic signals of the apical Rg groups. The number
and positions of the lines in these spectra, as well as the
ratio of integral intensities of the signals in the 'H NMR
spectra, confirm the composition of the complexes and
symmetry of their molecules. The broadened signals of
the capping boron atoms in the !B NMR spectra have
chemical shifts at ~6 ppm (relative to BF;+ OEt,), which
are characteristic of the tetrahedral boron atom in the
O;BC moiety.

The IR spectra of the complexes synthesized exhibit
both the characteristic of the boron-containing tris-
dioximate clathrochelates bands of stretching vibrations
of the C=N, N—O, and B—O bonds and the bands of
stretching vibrations of the C=C bonds in the apical sub-
stituents.
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Table 1. Selected structural data and 3’Fe Mossbauer parameters for the trisdioximate clathrochelates synthesized

and their analogs

Complex 1S? Qs? Fe—N/A ¢/deg h/A o/deg
mms~!

7a 0.31 0.73 1.91 21.2 2.35 39.3

7b 0.32 0.68

e 0.32 0.54 1.91 20.6 2.36 39.3

7d 0.30 0.56 1.90 20.6 2.36 39.3

Te 0.31 0.54

FeNx3(BcpFecp), - 2CCl, 15 0.31 0.72 (Fe?*) 1.90 9.5 2.38 39.3

0.70  2.36 (cpFecp)

FeNx;(BBu"),!6 0.32 0.58 1.91 20.3 2.34 39.1

FeNx;(BCH,CH=CH,), (type A)V7 0.28 0.74 1.90 13.8 2.36 38.9
(type B) 17.0

FeNx;(Bn-C¢Hj3), at 298 K, (type A)7  0.31 0.68 1.91 10 2.37 38.9
(type B) 1.91 18 2.35

FeNx3(BCgH3(OMe),),- CHCI,18 0.31 0.84 1.90 17.8 2.35 39.1

FeNx;(BC=CPh),- PhCH; (type A)'8 0.33 0.67 1.90 11.4 2.36 38.7
(type B) 1.91 19.8 2.35 39.1

@ Isomeric shift.
b Quadrupole splitting.

The UV-Vis spectra of solutions of the compounds
synthesized contain charge-transfer Fed — Ln* bands
in the clathrochelate framework (less intense (¢ =
2—3+103 L mol~!cm™!) in the region of 420—430 nm
and more intense (¢ = 1—2-10* L mol~!cm™!) at
~450 nm) and, hence, they virtually coincide. The bands
in the UV region belong to n—n*-transitions in both the
n-conjugated a-dioximate chelate cycles and 1,4-penta-
dienyl apical substituents. Therefore, in the case of the
phenyl-containing apical substituents at the capping boron
atom, the intensity of the short-wavelength bands in the
spectra of the synthesized clathrochelates increases sub-
stantially due to conjugation of the m-systems of the
Ph groups and 1,4-pentadienyl fragments.

The parameters of the >’Fe Mgssbauer spectra of
the clathrochelates synthesized (Table 1) characterize
them as the low-spin iron(i1) complexes, geometry of
which is intermediate between the trigonal prism (TP)
(distortion angle ¢ = 0°) and trigonal antiprism (TAP)
(¢ = 60°). This conclusion was confirmed by the X-ray
diffraction data for three of the five complexes synthe-

sized.

The molecular structures of clathrochelates 7a, 7c,
and 7d with the apical 1,4-pentadienyl substituents are
shown in Figs 1—3. Although molecule 7c¢ lies on the
2-fold axis and molecule 7d is in general position, the
distortion of the TP of the coordination polyhedron of the
iron(11) ion is the same: the distortion angles ¢ in this
polyhedron are 20.6°, and the 4 heights of the TPs of the
coordination polyhedra are 2.36 and 2.35 A, respectively.
In molecule 7a the ¢ and 4 values are 21.2° and 2.35 A,

respectively.

Fig. 1. Molecular structure of clathrochelate 7a.
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Fig. 2. Molecular structure of clathrochelate 7c.

The geometric characteristics of the apical substitu-
ents are close in all the molecules studied by X-ray dif-
fraction, but their mutual orientations differ (Table 2). In
molecules 7a and 7d the 1,4-pentadienyl substituents are
coplanar but oriented in opposite directions, while in mol-
ecule 7c¢ they are turned relative to each other by 61°.

C(24)

C(23)

Fig. 3. Molecular structure of clathrochelate 7d.

Intramolecular contacts of the methylene units of the
BC=CRCH, fragments with the oxygen atoms of the
tripode capping O;BC groups are determining for the ori-
entation of the apical substituents relative to the clathro-
chelate framework. The R! substituent is always perpen-
dicular to the plane of the 1,4-pentadienyl fragment.

Table 2. Selected geometric parameters of the apical 1,4-pentadienyl substituents

C(1)=C(2)(—C(6)(R2))—C(3)—C(4)(R?*=C(5) in crystals of 7a,c,d

Parameter Ta Tc 7d

Bond d/A
B—C(1) 1.584(3), 1.586(3) 1.584(2) 1.579(5), 1.570(5)
C(1)=C(2) 1.338(3), 1.332(3) 1.335(2) 1.336(5), 1.319(5)
C(2)—C(6) 1.490(3), 1.489(3) (R% = Ph) 1.508(3) (R? = Me) 1.508(5), 1.518(5) (R2 = Me)
C(2)—C(3) 1.516(3), 1.520(3) 1.513(3) 1.503(5), 1.517(5)
C(3)—C(4) 1.500(3), 1.490(4)* (R3 = H) 1.504(1)* (R3 = H) 1.504(5), 1.508(5) (R3 = Me)
C(4)=C(5) 1.307(4), 1.307(7)* 1.313(5)* 1.330(5), 1.307(6)
B(1)—0O 1.492(3), 1.498(3), 1.508(3) 1.509(2), 1.497(2), 1.504(2) 1.504(4), 1.496(4), 1.505(4)
B(2)—0O 1.512(3), 1.500(3), 1.498(3) 1.499(4), 1.509(4), 1.507(5)

Angle w/deg
O—B(1)—0 109.3(2), 110.6(2), 108.8(2) 109.4(1), 109.5(1), 109.4(1) 109.7(3), 109.1(3), 109.5(3)
0—B(2)—0O 108.9(2), 109.3(2), 110.3(2) 108.4(3), 109.2(3), 108.9(3)
O—B(1)—C(6) 110.2(2), 106.2(2), 111.6(2) 107.0(1), 110.5(1), 111.0(1) 105.9(3), 110.8(3), 111.7(3)
O0—B(2)—C(6) 110.2(2), 110.0(2), 108.1(2) 112.8(3), 110.9(3), 106.6(3)

* Disordered atoms.
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Thus, variation of the apical substituents in the
clathrochelate molecules under study exerts no substan-
tial effect on the geometry of the clathrochelate frame-
work but results in differences in their crystal packing due
to a change in the general shape of the molecules.

The effect of the nature of solvate molecules on the
supramolecular organization of crystals of the clathro-
chelates of this type was studied for complex 7a. The
structure of clathrochelate molecule 7a (see Fig. 1) is
the same in all the three crystals formed by this clathro-
chelate and determined by X-ray diffraction analysis,
except for disordering of one of the allyl fragments
of the 1,4-pentadienyl substituents in crystals 7a and
7a-CgHg. In addition to the disordering of the allyl
fragment, the clathrochelate molecules in these struc-
tures differ by mutual orientation of these apical sub-
stituents CH=CPhCH,CH=CH,: in crystals 7a and
7a- CHCl; the Ph groups are virtually coplanar (dihedral
angles between their planes are 8.7 and 12.8°, respec-
tively), whereas in molecule 7a+ C4H, this angle is 79.9°
(Table 3).

Selected geometric parameters of the clathrochelate
framework of 7a presented in Tables 1 and 3 are the same
in all the three crystals. The distortion angles (¢) of the TP
of the coordination polyhedron in crystals 7a, 7a - CHCl;,
and 7a-CgH are given in Table 3. The presence of sol-
vate molecules exerts no substantial effect on the ¢ angle
value: in non-solvated crystal 7a the distortion angle is
by ~1° larger than that in solvate-containing crystals
7a-CHCl; and 7a- C¢Hg.

The clathrochelate molecule is whirligig: the diameter
of the central belt (toroid) is ~9.5 A and the axis length is
19.5 A. In all the three crystals, the clathrochelate mol-
ecules are arranged in such a way that the C; axes of the
molecules are parallel. Crystal packing in non-solvated
crystal 7a is determined by standard van der Waals inter-
actions between the atoms of the peripheral groups. Since
molecules of this shape are poorly packed in crystal, the
crystal contains free cavities (Fig. 4). The largest cen-
trosymmetric cavity is observed in the cell center: its ap-
proximate size is 5.2x7.8x8.5 A3.

In crystal 7a - CHCl; the solvate chloroform molecules
are disordered over two positions (site occupancy is close
to 0.7 : 0.3) and form the O(5)...HCCIl; hydrogen bond
with the clathrochelate molecules (O...H distances are
2.36 and 2.29 A for two disordered molecules). The sol-
vate chloroform molecules are included into the cen-
trosymmetric cavity (Fig. 5) thus increasing its size. The
formation of layers of the clathrochelate molecules paral-
lel to the ac plane and surrounded by the solvate chloro-
form molecules bonded with them through the hydrogen
bond are clearly seen (Fig. 6).

In crystals 7a-C¢H¢ similar layers of clathrochelate
molecules are more distant and the solvate benzene mol-
ecules are arranged between these layers parallel to the

Table 3. Selected geometric parameters of the clathrochelate
molecules in crystals of 7a, 7a- CHCl;, and 7a- C4Hg

Parameter 7a  7a-CHCl; 7a-CgHg

Bond d/A
Fe—N(1) 1.913(2) 1.912(1) 1.906(1)
Fe—N(2) 1.906(2) 1.909(1) 1.911(1)
Fe—N(3) 1.911(2) 1.912(1) 1.904(2)
Fe—N(4) 1.900(2) 1.915(1) 1.908(2)
Fe—N(5) 1.899(2) 1.912(1) 1.916(2)
Fe—N(6) 1.910(2) 1.910(1) 1.911(1)
N(1)—0(1) 1.378(2) 1.371(1) 1.374(2)
N(2)—0() 1.374(2) 1.376(1) 1.372(2)
N(@3)—0(3) 1.371(2) 1.377(1) 1.371(2)
N4)—0(4) 1.376(2) 1.372(1) 1.372(2)
N(5)—0(5) 1.375(2) 1.378(1) 1.372(2)
N(6)—0(6) 1.368(2) 1.370(1) 1.380(2)
B(1)—0(1) 1.492(3) 1.494(2) 1.500(2)
B(1)—0(3) 1.498(3) 1.500(2) 1.510(2)
B(1)—0(5) 1.508(3) 1.511(2) 1.500(2)
B(2)—0(2) 1.512(3) 1.505(2) 1.504(2)
B(2)—0(4) 1.500(3) 1.503(2) 1.501(2)
B(2)—0(6) 1.498(3) 1.498(2) 1.501(2)
N(1)—C(1) 1.304(3) 1.305(2) 1.302(2)
N@2)—C(2) 1.308(3) 1.306(2) 1.309(2)
N@3)—C(@3) 1.310(3) 1.309(2) 1.309(2)
N@4)—C4) 1.311(3) 1.308(2) 1.305(2)
N(5)—C(5) 1.307(3) 1.310(2) 1.307(2)
N(6)—C(6) 1.306(3) 1.308(2) 1.305(2)
C(1)—C(() 1.445(3) 1.442(2) 1.438(2)
C(3)—C4) 1.433(3) 1.437(2) 1.434(3)
C(5)—C(6) 1.436(3) 1.439(2) 1.440(2)

h/A 2.35 2.36 2.36

Angle w/deg
N(1)...Fe...N(2) 178.1 178.7 178.7
Ph(1)...Ph(2)* 8.7 12.8 79.9
C(19)—C(20)—C(21)—C(22) 124.7(2) 105.1(1) 127.2(3),

98.6(8)**
C(20)—C(21)—C(22)—C(23) 54.3(3) 120.4(2) 70.7(3),
112.7(1)**
C(30)—C(31)—C(32)—C(33) 81.7(3), 105.9(1) 92.3(2)
50(1)**
C(31)—C(32)—C(33)—C(34) 75.5(3), 114.7(2) 137.8(2)
118(2)**
Distortion angle @/deg
21.2 19.8 20.2

* Angle between the planes of the phenyl substituents.
** The allyl fragment is disordered.

ab plane (Fig. 7). Crystal 7a - C4Hg is least densely packed:
deue = 1.396 (7a), 1.407 (7a-CHCl;), and 1.332 gcm™3
(7a- C¢Hg). Thus, the inclusion of solvate molecules into
the crystal structure of the clathrochelate molecules de-
creases the density of its packing to form the layers of the
clathrochelate molecules.

In crystals formed by clathrochelate 7a, the deviation
of the iron(1r) ion from the center of the coordination Ng

polyhedron does not exceed 0.001 A. Therefore, these
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Fig. 4. Crystal packing of 7a (projection on the bc plane).

crystals are attractive for high-resolution X-ray diffrac-
tion studies: the absence of considerable distortions in the
clathrochelate framework will allow the effect of ribbed Fig. 5. Crystal packing of 7a - CHCI; (projection on the ab plane).

Fig. 6. Localization of solvate chloroform molecules near the layer of clathrochelate molecules 7a and hydrogen bond formation in
crystal 7a- CHCI;.
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Fig. 7. Crystal packing of clathrochelate and solvate molecules
Ta-C4qHg (projection on the ac plane).

functionalization of the clathrochelate on the character
of the Fe—N chemical bond and occupancy of the
3d-orbitals of the iron(i1) ion to be determined more dis-
tinctly in future.

The crystals most appropriate for this study were ob-
tained for the chloroform solvate 7a - CHCl; in which the
function of the electron density distribution p(r) was re-
covered with very high accuracy despite disordering of the
solvate molecule.

Analysis of the deformation electron density (DED)
distribution showed that distribution anisotropy, which is
characteristic of transition metal ions, is observed in the
vicinity of the iron atom. The DED maxima lie in the
plane passing through the middles of the C(1)—C(2),
C(3)—C(4), and C(5)—C(6) bonds (Fig. 8, a) and along
the lines connecting the encapsulated iron ion and cap-
ping boron atoms (Fig. 8, b). As can be seen from the
presented cross sections, the organoelement clathrochelate
framework is characterized by the expected features of the
DED distribution: the maxima are localized on the chemi-
cal bonds and near lone electron pairs of the nitrogen and
oxygen atoms. Ellipticity of the maxima corresponding to
the DED accumulation in the middle of the C—C bond
(see Fig. 8, a) indicates a substantial contribution of the
n-component to bonds of this type. Another interesting
feature of these cross sections is a considerable polariza-
tion of electron pairs of the nitrogen atom and a continu-
ous distribution connecting the electron pairs of the ni-
trogen atoms and the DED maximum corresponding to
the d-orbitals of the iron atom. Similar character of the
DED distribution and the presence of the t-component
of the C—C bond in the chelate fragment indicate, in

Fig. 8. Cross-sections of DED in the plane passing through the
Fe, N(1), and B(1) atoms (@) and through the middles of the
C(1)—C(2), C(3)—C(4), and C(5)—C(6) bonds (b). The con-
tours are drawn with an increment of 0.1 ¢ A—3, and the negative
isolines are dashed.

turn, a substantial electron delocalization in the five-mem-
bered chelate metallocycles (Fig. 9).

To obtain more detailed information on the character
of interactions in molecule 7a, we performed topological
analysis of p(r) in terms of the Bader theory ("Atoms in
Molecules"). Search for critical points (CPs) (3, —1)
showed that the presence of CPs (3, —1) in the region of
all expected interactions including the Fe—N bond. In
addition to CPs (3, —1), numerous CPs (3, +1) were also
localized in molecule 7a. They correspond to closure of
three saturated and three aromatic six-membered cycles,
three five-membered chelate metallocycles, and six
six-membered FeN,O,B type cycles. Two polyhedral
CPs (3, +3) are localized along the Fe...B straight lines.
All CPs (3, +1) and CPs (3, +3) were localized at a con-
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Fig. 9. DED distribution in the five-membered chelate metallo-
cycle. The contours are drawn with an increment of 0.1 ¢ A=3,
and the negative isolines are dashed.

siderable distance from CPs (3, —1), indicating that this
molecular graph is stable.

Charges of the atoms in molecule 7a were deter-
mined by integration of atomic basins. The values of the
Lagrangian (—1/4V2p(r)) integrated by atomic basins can
confirm the accuracy of the atomic basins. In particular,
in the case of the iron ion, the Lagrangian equals 1+ 10~% au
and differs minimally from the expected zero value. The
obtained charge values show that the main negative charge
in the clathrochelate cage is localized on the oxygen
(—0.92 e) and nitrogen (—0.61 e) atoms, and the positive
charge is localized on the boron atoms (+2.23 e¢) and
carbon atoms of the five-membered chelate metallocycle
(+0.40 e). Although the formal oxidation state is +2, the
charge of the iron atom is +0.63 e, which is close to that
of the iron atom in ferrocene (0.79 ¢) according to the
quantum chemical calculation.1®

Analysis of the topological parameters in CPs (3, —1)
showed that the Fe—N bonds, as in the earlier studied
coordination compounds,2? correspond to an intermedi-
ate type of interactions. Indeed, despite positive values of
the Laplacian of the electron density (V2p(r) ~ 11.84 ¢ A—3)
in CPs (3, —1), the p(r) values are rather high (0.79 ¢ A—3)
and the local energy density is negative (h.(r) = —0.037 au).

The ellipticity values (¢) for the Fe—N bonds (0.09)
are lower than the corresponding values for the C—C (0.18)
and N—C (0.26) bonds in the chelate metallocycles;
however, they, as well as the DED maps mentioned
above, indicate the electron delocalization in the chelate
cycles.

Thus, based on the above-mentioned analysis of p(r) in
crystal 7a, we obtained the data on the character of interac-
tions of the encapsulated iron(i1) ion with the donor nitro-
gen atoms of the clathrochelate framework and observed
the charge delocalization in the chelate metallocycles.

This study showed that 1,4-pentadienylboronic acids
and their derivatives can successfully be used as capping
agents in syntheses of the iron(i1) clathrochelates that are
precursors of functionalized linear and cross-linked
carbochain polymers.

Experimental

The following commercial reagents were used: FeCl, - 4H,0,
triethylamine, and cyclohexanedione-1,2-dioxime (nioxime,
H,Nx) (Fluka). The [Fe(H,Nx);]Cl, complex was synthesized
by an earlier described procedure,! and diisopropyl esters of
1,4-pentadienylboronic acids were synthesized as described
previously.12:22

The contents of C, H, and N were determined on a Carlo
Erba microanalyzer (model 1106); iron was determined spectro-
photometrically.

MALDI-TOF mass spectra were recorded with a
MALDI-TOF-MS Autoflex Bruker time-of-flight mass spec-
trometer in the reflecto-mol operation mode. lonization of par-
ticles was induced by an UV laser with the wavelength 336 nm.
A nickel plate served as the target, and 2,5-dihydroxybenzoic
acid was used as a matrix. The measurement accuracy was 0.1%.

IR spectra (KBr pellets) in the range of 400—4000 cm™!
were recorded with an IR200 Thermo Nicolet FT spectrophoto-
meter.

UV-Vis spectra of solutions of the complexes in CH,Cl, in a
range of 230—900 nm were obtained with a Perkin—Elmer
Lambda 9 spectrophotometer. The spectra were decomposed
into the Gauss components using the SPECTRA program.

IH, 1B, and 13C NMR spectra were recorded on a Bruker
AC-200 P spectrometer (working frequencies 200.13, 64.21, and
50.32 MHz on the 'H, "B, and '3C nuclei, respectively) in
CDCl; and CD,Cl,.

5TFe Mossbauer spectra were obtained with an YaGRS-4M
spectrometer with constant acceleration mode. The spectra were
collected with a 256-channel analyzer. Isomeric shifts were mea-
sured relative to sodium nitroprusside, and an o-Fe foil was used
for velocity scale calibration. The radiation source was 3’Co in
a chromium matrix, which was always kept at room tempera-
ture. The minimum absorption linewidth in the spectrum of
a standard sodium nitroprusside sample was 0.24 mm s~!.

1,12-Bis(2-phenylpenta-1,4-dienylbora)-2,11,13,22,23,32-
hexaoxa-3,10,14,21,24,31-hexaazapentacyclo-
[11.11.11.04-9015:20025.30] ditriaconta-3,9,14,20,24,30-hex-
ane(2-)iron(m) (7a). Complex [Fe(H,Nx);]Cl, (0.45 g, 1 mmol)
was dissolved/suspended in acetonitrile (I mL), and a solution
of Et;N (0.21 g, 2.09 mmol) and boronate 6a (0.57 g, 2.09 mmol)
in acetonitrile (2 mL) was added dropwise with stirring under
argon. The reaction mixture was stirred for 4 h and left for 16 h
at 4 °C. A precipitate that formed was filtered, washed with a
small amount of acetonitrile, and dissolved in methylene chlo-
ride. The solution was filtered through a layer of silica gel
SPH-300 and evaporated to dryness. The solid residue was
washed with hexane and dried in vacuo. The yield was 0.54 g
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(71%). Found (%): C, 61.11; H, 5.96; N, 10.69; Fe, 6.96.
C4oHy4sNgO¢B,Fe. Calculated (%): C, 61.25; H, 5.92; N, 10.71;
Fe, 7.12. Mass spectrum: m/z 784 [M]"*. 'TH NMR (CD,Cl,),
8:1.69 (br.s, 12 H, B-CH, (Nx)); 2.78 (br.s, 12 H, a-CH, (Nx));
3.43 (d, 4 H, CH, (Rp)*, Jyu = 6.2 Hz); 4.85 (m, 4 H,
=CH, (Rp)); 5.80 (s, 2 H, BCH (Rp)); 5.83 (m, 2 H, =CH (Rp));
7.15 (m, 6 H, Ph (Rp)); 7.37 (m, 4 H, Ph (Rp)). 3C{'H} NMR
(CD,Cly), &: 21.9 (B-CH, (Nx)); 26.5 (a-CH, (Nx)); 37.8
(CH, (Rp)); 115.0 (=CH,; (Rp)); 126.5, 126.8, 128.2 (Ph (Rp));
139.3 (=CH (Rp)); 144.3 (Ph (Rp)); 149.0 (=CPh (Rp)); 151.7
(C=N). IR (KBr), v/em~': 910, 935, 1057 (N—O), 1111 m
(B—0), 1572 (C=N), 1622 m (C=C). UV-Vis (CHCl;), A,,,/nm
(e-1073/L mol~! em~1): 250 (35), 287 (23), 308 (4.9), 350 (2.6),
424 (3.5), 452 (16).
1,12-Bis(4-methyl-2-phenylpenta-1,4-dienylbora)-
2,11,13,22,23,32-hexaoxa-3,10,14,21,24,31-hexaazapenta-
cyclo[11.11.11.04-9015:20025.30] djtriaconta-3,9,14,20,24,30-
hexaene(2—)iron(1) (7b). Complex [Fe(H,Nx);]Cl, (0.56 g,
1 mmol) was dissolved/suspended in acetonitrile (2 mL), and a
solution of Et;N (0.21 g, 2 mmol) and boronate 6c (0.59 g,
2 mmol) in acetonitrile (1 mL) was added dropwise with stirring
under argon. The reaction mixture was stirred for 4 h and left for
16 h at 4 °C. The target clathrochelate was isolated in the same
manner as complex 7a. The yield was 0.28 g (35%). Found (%):
C, 61.87; H, 6.23; N, 10.19; Fe, 6.82. C3,H5,B,FeN¢O,. Cal-
culated (%): C, 62.09; H, 6.21; N, 10.35; Fe, 6.87. Mass spec-
trum: m/z 812 [M]"*. '"TH NMR (CDCly), &: 1.72 (s, 6 H,
Me (Rp)); 1.79 (brs, 12 H, B-CH, (Nx)); 2.92 (brs, 12 H,
o-CH, (Nx)); 3.58 (s, 4 H, CH, (Rp)); 4.74 (m, 4 H,
=CHj, (Rp)); 6.00 (s, 2 H, BCH (Rp)); 7.22 (m, 6 H, Ph (Rp));
7.50 (m, 4 H, Ph (Rg)). BC{'H} NMR (CDCl;), &: 21.6
(B-CH, (Nx)); 22.6 (Me (Rp)); 26.2 (a-CH, (Nx)); 41.3
(CH; (Rp)); 111.4 (=CH,; (Rp)); 126.3, 126.8, 127.6, 144.0
(Ph (Rp)); 144.8 (=CMe (Rp)); 149.0 (=CPh (Rp)); 151.2
(C=N). IR (KBr), v/em~1:931 m, 1057 (N—0), 1109 m (B—O0),
1572 (C=N), 1614 m (C=C). UV-Vis (CHCI3), Ap,/nm
(e-1073/L mol~' ecm™1): 249 (22), 287 (14), 308 (3.4), 359 (1.9),
425 (2.2), 453 (11).
1,12-Bis(2-methylpenta-1,4-dienylbora)-2,11,13,22,23,32-
hexaoxa-3,10,14,21,24,31-hexaazapentacyclo-
[11.11.11.04.9015:20025-30]djtriaconta-3,9,14,20,24,30-hexa-
ene(2-)iron(mm) (7¢). Complex [Fe(H,Nx);]Cl, (0.34 g,
0.61 mmol) was dissolved (suspended) in acetonitrile (1 mL),
and a solution of Et;N (0.25 g, 2.4 mmol) and boronate 6¢
(0.52 g, 2.4 mmol) in acetonitrile (2 mL) was added dropwise
with stirring under argon. The reaction mixture was stirred for
4 h and left for 16 h at 4 °C. The target product was isolated in
the same manner as complex 7a. The yield was 0.13 g (33%).
Found (%): C, 54.59; H, 6.51; N, 12.61; Fe, 8.40.
C;30H4,NgOgB,Fe. Calculated (%): C, 54.57; H, 6.42; N, 12.73;
Fe, 8.46. Mass spectrum: m/z 660 [M]**. 'H NMR (CDCl,),
8 1.78 (s, 6 H, Me (Rp)); 1.81 (brs, 12 H, B-CH, (Nx));
2.88 (br.s, 12 H, a-CH, (Nx)); 3.02 (d, 4 H, CH, (Rp), Jy gy =
6.8 Hz); 5.02 (m, 4 H, =CH, (Rp)); 5.28 (s, 2 H, BCH (Rp));
5.89 (m, 2 H, =CH (Rg)). 3C{'H} NMR (CDCl;), & 21.6
(B-CH, (Nx)); 25.6 (Me (Rp)); 26.1 (a-CH, (Nx)); 41.0
(CH, (Rp)); 114.7 (=CH, (Rp)); 138.9 (=CH (Rp)); 147.9
(=CMe (Rp)); 151.0 (C=N). IR (KBr), v/cm~': 908, 930,

* Ry is the CH,=C(R!C(R?)C(R3)=CH, substituent at the bo-
ron atom.

1059 m (N—O), 1119 m (B—0), 1576 (C=N), 1631, 1649
(C=C). UV-Vis (CHCls), Apay/nm (e 1073/L mol~! ecm~1): 251
(12), 283 (10), 305 (3.3), 341 (2.3), 409 (2.0), 450 (17).

1,12-Bis(2,4-dimethylpenta-1,4-dienylbora)-
2,11,13,22,23,32-hexaoxa-3,10,14,21,24,31-hexaazapenta-
cyclo[11.11.11.04-9015:20025-30] djtrjaconta-3,9,14,20,24,30-
hexaene(2—)iron(1r) (7d). Complex [Fe(H,Nx)3]Cl, (0.3 g,
0.54 mmol) was dissolved/suspended in acetonitrile (I mL),
and a solution of Et;N (0.22 g, 2.2 mmol) and boronate 5d
(0.43 g, 2.2 mmol) in acetonitrile (2 mL) was added dropwise
with stirring under argon. The reaction mixture was stirred for
3 h and left for 16 h at 4 °C. The target clathrochelate was
isolated as described above for complex 7a. The yield was 0.13 g
(36%). Found (%): C, 55.75; H, 6.68; N, 12.29; Fe, 8.07.
C3,Hy4NgO¢B,Fe. Calculated (%): C, 55.84; H, 6.75; N, 12.21;
Fe, 8.11. Mass spectrum: m/z 688 [M]"*. 'H NMR (CDCl,), &:
1.75 (m, 18 H, B-CH, (Nx) + Me (Rp)); 1.79 (s, 6 H, Me (Rp));
2.87 (br.s, 12 H, a-CH, (Nx)); 3.04 (s, 4 H, CH, (Rp)); 4.77
(m, 4 H, =CH, (Rp)); 5.33 (s, 2 H, BCH (Rp)). 3C{'H} NMR
(CDCly), & 21.6 (B-CH, (Nx)); 22.0, 25.3 (Me (Rp)); 26.1
(a-CH, (Nx)); 44.7 (CH, (Rp)); 111.0 (=CH, (Rp)); 145.4,
147.4 (=CMe (Rp)); 151.0 (C=N). IR (KBr), v/cm~: 930 m,
1041, 1061 (N—O), 1117 m (B—O0), 1576 (C=N), 1637 m
(C=C). UV-Vis (CHCls), Appy/nm (e 1073/L mol~! em~1): 251
(11), 284 (9.4), 305 (3.2), 360 (2.4), 423 (2.3), 452 (16).

1,12-Bis(2,3-dimethylpenta-1,4-dienylbora)-
2,11,13,22,23,32-hexaoxa-3,10,14,21,24,31-hexaazapenta-
cyclo[11.11.11.04-2015-20025-30] ditrjaconta-3,9,14,20,24,30-
hexaene(2—)iron(11) (7e). Complex [Fe(H,Nx)3]Cl, (0.3 g,
0.54 mmol) was dissolved/suspended in acetonitrile (1 mL),
and a solution of Et;N (0.11 g, 1.1 mmol) and boronate 6e
(0.25 g, 1.1 mmol) in acetonitrile (2 mL) was added dropwise
with stirring under argon. The reaction mixture was stirred for
3 h and left for 16 h at 4 °C. The target complex was isolated as
described above for clathrochelate 7a. The yield was 0.15 g
(41%). Found (%): C, 55.96; H, 6.85; N, 12.15; Fe, 8.00.
C3,Hy6NgO4B,Fe. Calculated (%): C, 55.84; H, 6.75; N, 12.21;
Fe, 8.11. Mass spectrum: m/z 688 [M]"*. 'H NMR (CDCl,), &:
1.16 (d, 6 H, MeCH (Rp), Jyu = 6.9 Hz); 1.72 (s, 6 H,
Me (Rp)); 1.79 (br.s, 12 H, B-CH, (Nx)); 2.88 (br.s, 12 H,
o-CH, (Nx)); 3.67 (m, 2 H, >CH (Rp)); 5.02 (m, 4 H,
=CH, (Rp)); 5.29 (s, 2 H, BCH (Rp)); 5.96 (m, 2 H, =CH (Rp)).
3C{'H} NMR (CDCly), & 17.4 (C(3)H; (Rp)); 20.4
(C(2)H;z (Rp)); 21.6 (B-CH, (Nx)); 26.1 (a-CH, (Nx)); 41.7
(>CH); 112.3 (=CH, (Rp)); 143.7 (=CH (Rp)); 150.9 (C=N);
153.1 (=CMe (Rp)). IR (KBr), v/cm~!: 930, 1045, 1059 (N—O),
1117 m (B—0), 1574 (C=N), 1630, 1641 (C=C). UV-Vis
(CHCls), Apay/nm (e+ 1073/L mol~! cm~1): 249 (9.7), 284 (10),
297 (2.7), 430 (4.5), 449 (14).

X-ray diffraction study. Dark orange crystals of complexes
7c¢ and 7d suitable for X-ray diffraction experiment were pre-
pared by slow evaporation at room temperature of saturated
solutions of these clathrochelates in a methylene chloride—hex-
ane (1 : 1) mixture.

The following systems were chosen for isothermic crystalli-
zation of clathrochelate 7a at room temperature: methylene
chloride—hexane (resulting crystals contain no solvent mol-
ecules), chloroform—heptane (solvate 7a-CHCIl;), and ben-
zene—isooctane (solvate 7a-CgHg).

The low-temperature X-ray diffraction experiment was car-
ried out with Bruker SMART 1K CCD (7a, 7a- C4Hg, 7¢,d) and
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Bruker APEX II CCD (7a-CHCl;) automated diffractometers
equipped with a graphite monochromator (Mo-Ka radiation,
A = 0.71073 A). The SAINT Plus and SADABS programs23:24
were used for processing of the initial set of experimental inten-
sities. The structures were solved by the direct method and re-
fined by the full-matrix least-squares method against F?2 in the
anisotropic approximation for non-hydrogen atoms. Positions
of hydrogen atoms were located from the difference Fourier
synthesis and refined by the riding model with U,,,(H) =n Ueq(C),
where n = 1.5 for methyl groups and 1.2 for other groups and
Uo(C) is the equivalent isotropic factor of the pivot carbon
atom. All calculations were performed using the SHELXTL
PLUSS5 program package.25 The coordinates of atoms are de-
posited with the Cambridge Structural Database. The crystal-
lographic data and refinement parameters for crystals 7a,
7a-CHCl;, 7a- C¢Hg, and 7¢,d are presented in Table 4.

To obtain the experimental function of the electron density
distribution in the analytical form, the multipole refinement of
X-ray diffraction data was performed in terms of the
Hansen—Coppens model?6 using the XD program package.” In
the multipole refinement, the coordinates, anisotropic thermal

parameters, and multipole parameters to the octapole level (/= 3)
were refined for all non-hydrogen atoms, and the for the iron
atom the latter were refined to the hexadecapole level (/ = 4).
Positions of hydrogen atoms and their isotropic thermal param-
eters were not refined. The refinement was performed by the
full-matrix least-squares method against Fj,;;. Before the refine-
ment, all C—H distances were normed to ideal values of 1.08 A.
In the multipole refinement of hydrogen atoms, the expansion
to the dipoles (/ = 2) was used taking into account cylindrical
symmetry. Validity of the obtained anisotropic parameters of
atomic displacements was estimated by the Hirshfeld test,28 ac-
cording to which all the C—C, N—O, B—O, and B—C bonds in
the clathrochelate, as well as the C—Cl bonds in the main com-
ponent of the disordered chloroform molecule, are rigid: the
differences between the root-mean-square displacements (A) do
not exceed 11+ 10~% A2, Note that the corresponding A values for
the Fe—N bonds in the coordination compounds were system-
atically higher (17 - 10~4—19 - 10~4 A2).2% The results of the mul-
tipole refinement were R=0.0313, wR =0.0259, GOOF =0.780
for 30540 reflections with 7 > 36(/) and sin6/A > 1.08 A~!. The
residual electron density value did not exceed 0.20 ¢ A3 and

Table 4. Selected crystallographic data and refinement parameters for compounds 7a, 7a- CHCl;, 7a- C¢Hg, and 7¢,d

Parameter Ta 7a-CHCI, Ta-CgHg Te 7d
Empirical formula C40H46B2F6N606 C40H46B2F6N606 . C40H46B2F6N606 . C30H42N6O6B2Fe C32H46N6O6B2Fe
«CHClL4 +1.5C¢Hg

Molecular weight 784.30 903.67 901.46 660.17 688.22

Space group PI PI PI C2/c PI

T/K 120 273 120 120 120

a/A 9.8575(7) 11.9820(6) 9.0872(7) 23.500(2) 9.2494(11)

b/A 13.1130(9) 13.5270(6) 15.073(1) 13.1937(13) 12.6572(14)

c/A 14.537(1) 13.7398(6) 17.471(1) 10.2731(10) 15.4314 (7)

B/deg 83.019(2) 96.253(1) 94.001(2) 90.108(2) 98.488(3)

V/A3 1865.3(2) 2132.9(2) 2247.0(3) 3158.3(5) 1668.0(3)

A 2 2 2 4 2

d a1/ cm™3 1.396 1.407 1.332 1.377 1.370

Color, habit Dark orange, Dark orange, Dark orange, Red, Red,
plate plate prism plate plate

Dimensions/mm? 0.20x0.35%0.50 0.30%0.20x0.15 0.25x0.40x0.50 0.40x0.30x0.25 0.40x0.30x0.25

p/cm=1 4.62 5.95 3.93 5.26 5.05

20ax/deg 58 110 58 57 47

Total number 20681 119084 25158 15943 14473

of reflections

Number of independent
reflections (R,

R, (against F for reflec-
tions with /7 > 2o(/))

9778 (0.0447)

0.0457 (6336)

52943 (0.0364)

0.0430 (35777)

11894 (0.0344)

0.0445 (9012)

3791 (0.0228)

0.0401 (3411)

6398 (0.0733)

0.1019 (4216)

WR, (against F2 for all 0.1008 0.1228 0.1007 0.0856 0.1180
reflections)
Number of refined 515 569 596 213 424
parameters
Weighed scheme wl=G62(F2) + (aP)2 + bP, tne P = 1/3(F,2 + 2F.2)
a 0.0092 0.0564 0.0095 0.0138 0.0030
b 1.5300 0.0115 2.2179 9.6030 0.0205
GOOF 1.013 1.007 1.033 1.014 1.033
F(000) 824 940 950 1392 728
Residual electron 0.588/—0.472 1.008/—1.048 0.831/-0.420 1.031/-0.604 0.686/—0.596
density

(max/min)/e - A3
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was observed in the region of a disordered chloroform molecule,
whereas in the vicinity of the iron atom the residual electron
density did not exceed 0.13 ¢ A—3.

The approximation in terms of the Thomas—Fermi theory3?
was used to calculate the potential energy density v(r) from the
X-ray diffraction data. According to this approach, the kinetic
energy density (g(r)) can be obtained from the expression

g(r) = 3/10G3n)3[p(n)]¥3 +
+ (1/72)IVp(0)P/p(r) + (1/6)V2p(r),

in combination with the local virial theorem3!

2g(r) + v(r) = (1/4)V?p(r),

which makes it possible to calculate both the potential energy
density v(r) and local energy density h.(r). Search for critical
points, determination of atomic basins, integration of atomic
charges, and calculation in CPs (3, —1) of the topological char-
acteristics p(r), including g(r), h.(r)), and v(r), were performed
using the WinXPRO 1.5.20 program.32
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