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The reactivity of a heterobimetallic Bi—Rh trifluoroacetate paddlewheel complex toward an aromatic
substrate has been tested in a solvent-free environment. As a result of the gas phase codeposition of
[BiRh(O,CCF3;)4] with pyrene, a novel organometallic product, [BiRh(O,CCF3)4* (Ci6Hj0)]», has been
isolated in the single crystalline form. An X-ray diffraction study revealed an extended 1D polymeric
structure with different metal—sm-arene bonding at the Bi and Rh axial sites of the heterobimetallic core.
Specifically, 5°-coordination of pyrene at the Bi end and 5*-coordination at the Rh end have been found
crystallographically and then confirmed computationally. The title product thus provides a unique example
of site-controlled arene coordination by a heterobimetallic Bi—Rh unit. DFT methods have been used to
rationalize the bonding and to evaluate the energetics of metal—s-arene interactions at the opposite ends
of [BiRh(O,CCF;)4]. The results were compared with the corresponding data for homometallic analogues
[Rha(O2CCF3)4 * (Ci6H10)]e and [Bia(O2CCFs)4 ¢ (Ci16Hi0)]oo. The synthesis, structural, and DFT studies of

the latter are reported here for the first time.

Introduction

Metal cation—s-arene interactions play a significant role in
the chemistry of both main group and transition metals." The
importance of the former relates to the prominence of alkali
metals in biological systems and their possible involvement in
cation—s-interactions with arene functionalities of amino acids.?
Among the heavier main group elements, interactions of silver
cations with sr-systems have been broadly studied and utilized
in the design of various supramolecular networks.® The chem-
istry and reactivity of sr-arene complexes of transition metals
have been extensively investigated with applications in organic
synthesis* and catalysis.’

The recent preparation of the first bismuth—rhodium
carboxylates®’ has provided access to unique molecules that
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incorporate both main group and transition metal sites. The
heterobimetallic core molecules, [BiRh(O,CR)4], maintain a
paddlewheel structure with a single bismuth—rhodium bond that
is retained in solution and in the gas phase. They can be used
as single-source precursors for multimetallic oxide materials as
well as new, less-expensive rhodium(II) catalysts for organic
synthesis. Importantly, the presence of two chemically different
adjacent metal centers in [BiRh(O,CR)4] opens up unique
opportunities for metalloselective transformations that can be
utilized in organic synthesis or catalysis. Interesting synergis-
tic effects have already been seen when certain heterobimetallic
catalysts show better performance than their homometallic
counterparts.® This can result from one metal enhancing the
reactivity of the other or, alternatively, from the two metals
cooperating in chemical transformations by performing key
reaction steps separately and sequentially, or simultaneously.
In particular, a combination of hard and soft metal centers within
the catalyst is well-documented to provide novel bimetallic
cooperativity.” All these facts prompted us to look further into
the coordination abilities of [BiRh(O,CR)y].

Although different reactivity at the two open metal sites of
[BiRh(O>CR)4] was anticipated, an avid Lewis acidity toward
O-donors previously had been seen at the rhodium site only,
while the bismuth end showed neither Lewis acidic nor basic
properties.®” Since arenes are the only substrates that are known
to coordinate in axial positions of both dirhodium(ILIT) and
dibismuth(ILII) tetratrifluoroacetate molecules, in this work we
test the reactivity of the heterobimetallic Bi—Rh unit toward
an aromatic ligand. The gas phase deposition of [BiRh(O»-
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Figure 1. Fragment of the 1D chain in [BiRh(O,CCF3)4* (Ci6H )] (1). Bi<*+C 3.359(3), 3.400(3), 3.462(3), 3.530(3), 3.573(3), and 3.607(3)

A; Rh++-C 2.681(3) and 2.708(3) A.

CCFs)4] with pyrene (Cj¢Hjo) under solventless conditions
resulted in the isolation of a new crystalline organometallic
product, [BiRh(O,CCF3)4 * (Ci6Hj0)]. Its one-step synthesis and
spectroscopic and structural characterization are reported here.
This is followed by density functional theory calculations, which
provide the first evaluation of how the presence of bismuth
affects the coordination properties of rhodium in the paddle-
wheel [BiRh(O,CCF3)4] molecule and vice versa. For compari-
son, the structural and computational studies of the correspond-
ing homometallic complexes with pyrene are also presented.

Results and Discussion

Utilizing solvent-free reaction conditions that allow us to
study intermolecular interactions without interfering solvent
effects,'® the heterobimetallic [BiRh(O>CCF3)4] complex has
been cosublimed with pyrene in a sealed ampule at 100 °C.
This reaction afforded red crystals of a new arene adduct,
[BiRh(O2CCF3)4* (Ci6Hip)] (1), that were deposited in the cold
end of the ampule in quantitative yield. Crystals of 1 display
much better air and moisture stability than the parent bismuth—
rhodium trifluoroacetate complex.® The IR spectrum of the
crystalline product 1 shows a high-energy shift of about 13 cm ™
for C—H vibrations of the coordinated pyrene compared to the
uncoordinated molecule. Interestingly, a similar shift for C—H
stretching frequencies can be seen in a solution of 1 in CCly.
The latter result indicates some degree of association between
the heterobimetallic unit and pyrene in noncoordinating solvents,
likely in the form of monoadducts. The "H NMR data for 1 in
CD,Cl, also reveal small but noticeable upfield shifts for the
pyrene protons compared to the free ligand, in accord with the
IR data.

The title compound 1 has also been characterized by
elemental analysis and single-crystal X-ray diffraction. Its crystal
structure is built of alternating heterobimetallic units and
coordinated pyrene molecules that form a 1D organometallic
polymer with a 1:1 composition of [BiRh(O,CCF3)4] to Ci6Hjo
(Figure 1).

Importantly, the coordination of pyrene is different at the two
opposite ends of the heterobimetallic core. At the Rh end, the
two shortest Rh «+« C,ene contacts are 2.681(3) and 2.708(3) A,
so that the pyrene ligand is acting in an n*-mode toward
rhodium(II). At the Bi end, pyrene has six Bi«++C contacts that
vary in the range from 3.359(3) to 3.607(3) A and thus can be
considered as 776—coordinated. The Bi *** Ceentroiq distance of 3.19
A can be compared with those of 3.05 and 3.23 A in the 1D
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Scheme 1. Clar Sextet Rule and Numbering for Pyrene

polymeric complexes of dibismuth(ILII) tetratrifluoroacetate
with toluene'' and hexamethylbenzene,'? respectively.

Another interesting structural feature of 1 is the alternation
of orientations of the dimetal unit and pyrene along the chain
(Figure 1). One pyrene ;°-coordinates to two bismuth centers
from neighboring heterobimetallic units, while the other pyrene
connects two different rhodium centers in an nz—mode. Thus,
the pyrene ligand functions either as an #7°:°-bridge toward
bismuth or as an #*:#>-bridge toward rhodium with its different
benzene rings being involved in coordination of Rh and Bi. This
feature is best described by the Clar sextet rule (Scheme 1) that
considers pyrene as comprised of two delocalized sextet rings
and two fixed double bonds.'* Due to intrinsic preferences of
the above metals, Bi prefers to bind to the delocalized ring,
while Rh coordinates to the localized carbon—carbon double
bond of pyrene.

The Bi—Rh bond distance of 2.5766(3) A in 1 is slightly
elongated compared to that in the parent [BiRh(O,CCF;)4]
complex (2.5493(3) A). It is informative to compare the
coordination of pyrene at the Rh end in 1 with that in the
previously reported 1D polymer of dirhodium(ILII) tetratrif-
luoroacetate, [Rha(O>CCF3)4* (Ci16H10)]o (2).14* Thus, the Rh+++
Carene interactions in 1 (averaged to 2.695 A) are noticeably
longer than those of 2.578 A in the homometallic complex 2.
However, in both cases pyrene is acting as an 772(4,5):172(9,10)—
bridge toward rhodium(II) centers. Such C—C bonds have the
highest s7-bond order and the shortest bond distance (1.321(7)
A) in the structure of free pyrene.'> Thus, the electrophilic Rh(IT)
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Figure 2. Fragment of the 1D chain in [Bi(O2CCF3)4+ (CisHi0)]w (3). Bis++C 3.432(4), 3.442(4), 3.473(5), 3.482(5), 3.504(5), and

3.534(6) A.

centers are looking for the highest electron density available,
as has been seen in other organometallic complexes of
[Rhy(O,CCF3),]."01

To compare the coordination at the Bi site, the homometallic
bismuth(Il) trifluoroacetate adduct with pyrene has been syn-
thesized. It was prepared by codeposition of [Bix(O,CCF3)4]
with Cj6H)p at 80 °C in a sealed evacuated ampule. This reaction
afforded red crystals of [Biy(O,CCF3)4 ¢ (Ci6Hi0)] (3) deposited
in the coldest end of the container within one week with a yield
of >90%. Complex 3 is still moisture sensitive when exposed
to the open atmosphere, but to a lesser degree than the unli-
gated bismuth(TD) trifluoroacetate.'" It also shows a characteristic
(though smaller than in 1) shift in C—H stretch in the IR
spectrum compared to free pyrene.

The structure of 3 consists of alternating dibismuth(IL,II)
tetratrifluoroacetate units and pyrene molecules that form a 1D
chain polymer with a 1:1 composition of [Bi,(O,CCF3)4] to
Cie¢Hio (Figure 2). The six Bi+++C contacts vary in the range
from 3.432(4) to 3.534(4) A averaging 3.478 in 3, which is
close to that of 3.489 A in 1. These distances are all within the
sum of the van der Waals radii for bismuth and carbon,
S rvaw(Bi, C) = 4.10 A.'® The Bi*** Ceentroia distance of 3.18 A
is essentially the same as in the Bi—Rh complex with pyrene.
The Bi—Bi bond length of 2.9538(4) A in 3 is longer than that
of 2.9462(3) A in the unligated [Biy(O,CCF3)4] complex.'!

DFT Calculations. Density functional theory calculations
have been undertaken to evaluate the effect of one metal on
the coordinating abilities of the other in the heterobimetallic
[BiRh(O,CCFj3)4] unit. The nature of metal —s-arene interactions
and their energetics in the pyrene heterobimetallic complex have
been compared with those in the homometallic analogues. Thus,
DFT calculations have been executed for the following discrete
monoadduct complexes: [Rhy(O,CCF3)4 + (17>-C1sH10)] (2d), [Bi,-
(02CCF3)4+ (7°-C16Hi0)] (3d), [BiRh(O,CCF3)4 * (37°-Ci6Hi0-Rh)]
(4), and [BiRh(O,CCF3)4+ (776—C16H10—Bi)] (5) as well as for their
parent unligated dinuclear units, [Bi,(O,CCF3)4] (6), [Rhy(O,-
CCF3)4] (7), [BiRh(O,CCF3)4] (8), and pyrene (9) (see Sup-
porting Information for details).

It should be mentioned here that theoretical modeling of the
dimetal core compounds 6, 7, and 8 has been carried out
previously.®'” However, those studies were performed at
different levels of theory, which may thwart a direct comparison
of all systems in this work. Therefore, all calculations have been
carried out here by applying the homogeneous high-level
approach in the frame of the density functional theory technique.
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Specifically, the parameter-free hybrid exchange—correlation
functional PBE0'® has been used. The latter was recently proven
to show consistently superior results over the commonly used
B3LYP functional for calculations of polynuclear metal com-
plexes and their adducts with planar and curved polyarenes.'”
Importantly, the calculated equilibrium geometries of all systems
are found to be in a good agreement with those obtained by
single-crystal X-ray crystallography (Supporting Information,
Tables S1, S4, S7, S13, S16, and S19).

Electronic Structures of Unligated Dimetal Complexes.
Before considering the formation of pyrene adducts, some
differences and similarities in the electronic structures of dimetal
complexes of the general formula [MM'(O,CCF3)4] (M and M’
are Bi and/or Rh) should be mentioned. In the case of the
dirhodium(ILII) core, atomic orbitals (AO) of only the d-type
contribute to the formation of the metal—metal bond. Specifi-
cally, there are four occupied bonding molecular orbitals (MOs)
and three occupied antibonding MOs (see Supporting Informa-
tion for details) with only a bonding MO related to the d,2—d,2
metal —metal interaction, which has no corresponding occupied
antibonding MO. Thus, the nature of the interaction between
the two rhodium centers in [Rhy(O,CCF3)4] is interpreted
simplistically as a o-type single metal—metal bond.>® On the
other hand, in the dibismuth(ILII) core complex there is only
one bonding o-type MO formed by the p, atomic orbitals of
the two metals,' while the corresponding antibonding orbital
is one of the unoccupied MOs (LUMO-2). At the same time,
the lowest unoccupied MOs in [Biy(O,CCF3)4], LUMO and
LUMO+1, are bonding MOs. In [BiRh(O,CCF3)4], the
metal—metal bond is the result of the interaction of d2-AO of
Rh with p,-AO of Bi (Figure 3), consistent with the previous
report.® In contrast to the electronic structure of the homome-
tallic dirhodium complex, three d-type MOs in [BiRh(O,CCF3)4]
are nonbonding MOs centered at the Rh site. These orbitals are
the highest occupied MOs (HOMO, HOMO—1, and HOMO—2,
respectively). Similarly, two unoccupied metal—metal bonding
MOs in the dibismuth unit have been transformed into two
nonbonding MOs centered at the Bi site of the Bi—Rh core in
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Figure 3. Metal-based frontier molecular orbitals in [BiRh(O,CCF)4] (8) (DFT/PBEO/LANL2DZ/6-311G(d,p)).

8 (Figure 3). Moreover, some changes in MO ordering have
been found in 8, and that can affect reactivity of the Bi site in
the heterobimetallic complex. In contrast to the electronic
structure of [Biy(O,CCF3)4], the p-type MOs centered at the Bi
site in the heterobimetallic unit are no longer LUMO and
LUMO+1. The LUMO in [BiRh(O,CCF3)4] corresponds to the
antibonding MO of the metal —metal bond, while the LUMO+1
is attributed to the nonbonding d-type MO, centered at the Rh
site.

Hardness of Open Axial Sites in Dimetal Units. An analysis
of the DFT frontier MOs in the unligated dimetal complexes
6—8 can be successfully used to estimate and to compare their
chemical hardness.?? In accord with the HSAB (hard/soft acid/
base) approach,” an increase in the energy gap between HOMO
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Table 1. Selected Calculated Geometric and Electronic Parameters
of Unligated Dimetal Tetratrifluoroacetate Complexes

[Biz(02CCF3)4] [Rhz(O2CCF3)4] [BiRh(OCCF3)4]
6 7

8

Bi—O 2.339 2.328
Rh—0O 2.042 2.038
M—-M 2.933 2.385 2.591
order (M—M) 0.924 0.799 0.723
q(Bi)* +1.390 +1.674
g(Rh)“ +0.966 +0.647
A(HOMO—LUMO)” 5.65 3.58 5.21

“ g is atomic charge. ” The energy gap values are in eV.

and LUMO strongly corresponds to a gain in hardness of the
molecules considered. In this regard, [Bio(O,CCF3)4] is signifi-
cantly harder than [Rhy(O>CCF3)4] (Table 1). Interestingly, the
replacement of one Rh by Bi in [Rha(O,CCF3)4] results in a
noticeable increase of chemical hardness since the A(HOMO—
LUMO) widens from 3.58 in 7 to 5.21 eV in 8. However, if an
alternative replacement of one Bi by Rh in [Biy(O,CCF3)4] (6)
is considered, the hardness of the resulting heterobimetallic core
in 8 remains very similar to that in 6. As a result, [BiRh-
(O2CCFs)4] is significantly harder than the homometallic
dirhodium complex but only slightly softer than the dibismuth
one. Since an increase of chemical hardness results in the

(28) http://www.chemcraftprog.com.

(29) Granovsky, A. A. http://Ilcc.chem.msu.ru/gran/gamess/index.
html.

(30) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;
Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. J. Comput. Chem.
1993, 14, 1347-1363.
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Table 2. Selected Calculated Geometric and Electronic Parameters
for Pyrene and Its Monoadducts with Dimetal Tetratrifluoroacetate
Complexes (see Figures S9, S11, S13, S15 for labeling)”

CigHio [Rha(7-L)] [Bio(p™L)]  [BiRh [BiRh
(L) 2d 3d (7*-L-Rh)] 4 (°-L-Bi)] §
M—M 2.427 2.945 2.602 2.607
Rh—C(1) 2.487 2.707
Rh—C(2) 2.489 2.710
Bi -+ centroid 3.461 3.316
C(H—C(2) 1.359 1.382 1.358 1.371 1.358
order (M—M) 0.621 0.915 0.687 0.689
order (C(1)—  1.655 1.506 1.655 1.597 1.654
C(2))
g(Rh(1)) +0.927 +0.663 +0.636
¢(Rh(2)) +0.871
q(Bi(1)) +1.411 +1.592 +1.698
q(Bi(2)) +1.372
q(C(1)) —0.180 —0.201 —0.184 —=0.217 —0.186
q(C(2)) —0.180 —0.202 —0.163 —-0.219 —0.157
Ebonding, 20.08 7.39 9.74 7.20
kcal/mol
E®, kcal/mol 46.38 8.47 22.48 10.96

“ g is atomic charge, E® is estimation of donor—acceptor interactions
in the frame of the second-order perturbation theory in the NBO basis.
AE®:; = —2[[6i|F|ojB/ejw — &, where F is an effective orbital
Hamiltonian (Fock or Kohn—Sham operator) and & = i Floil) gx =
(04| F|ojOare orbital energies for the donor and acceptor natural bond
orbitals, respectively.

domination of Coulombic interactions over the covalent con-
tribution to bonding according to Pearson,”® we should expect
an overall decrease of the general donor—acceptor abilities of
[BiRh(O,CCFj3)4] relative to the well-studied homometallic
[Rhy(O,CCF3)4] complex.

Electronic and Geometric Structures of Dimetal Com-
plexes with Pyrene. Since there are two metal sites of different
nature in [BiRh(O,CCF3)4], we should consider those separately
when comparing with the corresponding homometallic units
(Table 2). Thus, the Rh-bound complex with pyrene, [BiRh-
(OZCCF3)4'(772—C1(,H10—Rh)] (4), will be compared with the
analogous discrete dirhodium [Rhy(O2CCFs)4 ¢ (772-C16H10)] com-
plex (2d). Similarly, the Bi-bound pyrene complex, [BiRh(O,-
CCF3)4+ (5°-C1H10-Bi)] (5), will be considered along with the
homometallic [Biz(OzCCF3)4'(176-C|6H]0)] monoadduct (3d)

The major difference in geometric parameters of the adducts
[Rha(O>CCF3)y+ (17°-Ci6Hi0)] (2d) and [BiRh(O,CCFs)s+ (17°-
Ci6Hi0-Rh)] (4) (Tables 2, S16, S19, Figures S9, S11, S13, S15)
is in their Rh—C distances, which are significantly longer in 4.
At the same time, the elongation of the metal—metal bond upon
coordination of pyrene is greater in 2d (A = 0.042 A) compared
to that in 4 (A = 0.011 A). These facts clearly indicate that the
interaction between rhodium(Il) and pyrene is stronger in the
homometallic complex 2d than in 4. This is also confirmed by
the estimated bonding energy between the dimetal units and
pyrene (20.08 in 2d vs 9.74 kcal/mol in 4). To rationalize this
difference in stability, a detailed analysis of electronic structures
in terms of natural bond orbitals (NBO) has been performed. It
was found that the donor—acceptor interactions are greater in
[Rhy(0,CCF3)4* (17*-C16H10)] (2d) compared to those in [BiRh-
(02CCF3)y* (7*-C1gHi0-Rh)] (4), being 46.38 and 22.48 kcal/
mol, respectively. The decomposition of these interactions into
two components, namely, metal-to-ligand (M—L) and ligand-
to-metal (L—M) contributions, has revealed the main reason
for this difference. While the energies of the M—L interaction
for both compounds are very close (7.97 in 2d vs 7.52 kcal/
mol in 4), the L—M contribution is significantly larger in 2d
(38.41 kcal/mol) compared to 4 (14.96 kcal/mol). This is clearly
reflected in the decrease of the C(1)—C(2) bond order of the
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Scheme 2. Schematic Representation of Bonding Interactions
in the Pyrene Adducts of [Rh,(O,CCF;)4] (a and b) and of
[BiRh(O,CCF3)4] (c and d)*
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“(a) L—M interaction between unoccupied o-shaped (d.2—
antibonding MO of [Rhy(O,CCF3)4] (LUMO) and HOMO of pyrene
(b) M—L interaction between one of the two degenerate sr-shaped
(dy;—d, or d,.—d,.) occupied MOs of [Rhy(O,CCF3)4] (HOMO—1 or
HOMO-2) and LUMO of pyrene; (c) L—M interaction between
unoccupied o-shaped (d2—p,) antibonding MO of [BiRh(O,CCFs)4]
(LUMO) and HOMO of pyrene; (d) M—L interaction between one of
the two degenerate occupied d-shaped (d.. or d,;) Rh-centered MOs
(HOMO—1 or HOMO-2) of [BiRh(O,CCF3)4] and LUMO of pyrene.

coordinated pyrene (Table 2), which is observed in both adducts
but is smaller in 4. As a consequence, the elongation of this
carbon—carbon bond is greater in the dirhodium adduct 2d.

The detailed analysis of the electronic structures of the adducts
[Rhy(02CCF3),* (7°-Ci6H )] (2d) and [BiRh(O,CCF3)4+ (-
Ci6Ho-Rh)] (4) allowed us to construct the MO diagram (Figure
S12) and to build the scheme of orbital interactions in these
systems (Scheme 2). The characteristic feature of the interaction
between the dirthodium core and an axially bound pyrene in 2d
involves the metal-to-ligand interaction that can be described
as a four-electron three-orbital bond. The major contribution to
bonding in 2d results from the interaction between the lowest
unoccupied MO (LUMO) of pyrene and one of the two
degenerate antibonding MOs of [Rhy(O,CCF3)4]. The bonding
description at the Rh end of the heterobimetallic Bi—Rh unit
in 4 is similar. It is worth mentioning here that the detailed
interaction analysis allowed us to determine the hapticity of the
coordinated pyrene in 4, which is consistent with an #°-
assignment at the Rh end.

For the next step, the theoretical modeling of [BiRh-
(OZCCF3)4-(7]6-C16H10—Bi)] (5) has been accomplished and
compared with that of [Biz(OZCCF3)4-(176-C16H10)] (3d). An
analysis of geometric parameters of 3d and 5 shows that the
Bi*** Ceenroia Separation is noticeably longer in the dibismuth
adduct than that in the Bi—Rh one (Table 2). At the same time,
the elongation of the metal —metal bond length due to coordina-
tion of pyrene at the Bi site has been observed in both cases. In
spite of the quite different metal—metal bond distances in the
monoadducts (2.945 A in 3d and 2.607 A in 5), their relative
elongations in comparison with the unligated dimetal units are
close (0.016 and 0.012 A, respectively). These data indicate a
similar strength of interactions between the polyaromatic system
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Scheme 3. Schematic Representation of Bonding L—M
Interaction: (a and b) in [Biy(O,CCF3)4+ (°-Ci6Hy9)] (3d); (c
and d) in [BiRh(OzCCF3)4'(7]6-C16H10-Bi)] (S)a
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(a) Interaction between the first of the two degenerate unoccupied
s-shaped (px—pyx) MOs of [Biy(O,CCF;3)s] (LUMO) and HOMO of
pyrene; (b) interaction between the second of the two degenerate
unoccupied sr-shaped (p,—p,) MOs and HOMO—1 of pyrene; (c)
interaction between the first degenerate p-shaped unoccupied Bi-
centered MO (LUMO+-3) of [BiRh(O,CCF3)4] and HOMO of pyrene;
(d) interaction between the second degenerate unoccupied p-shaped Bi-
centered MOs of [BiRh(O,CCFs)4] and HOMO—1 of pyrene.

and the dimetal core in both adducts, which is in good agreement
with their estimated bonding energies (7.39 in 3d and 7.20 kcal/
mol in 5).

In this regard, it is informative to compare the nature of
interaction between the Bi site of the dimetal units and pyrene
in [Biz(02CCF3)4* (17°-C16Hi0)] (3d) and [BiRh(O2CCFs)y + (17°-
Ci6Hj0-Bi)] (5). A detailed analysis of their electronic structures
allowed us to estimate the energy of donor—acceptor interactions
(8.47 in 3d vs 10.96 kcal/mol in 5) in the frame of the NBO
technique. In spite of quite close values, the nature of these
interactions is different. The M—L and L—M contributions are
similar in 3d (4.03 and 4.44 kcal/mol, respectively) but distinctly
different in the heterobimetallic adduct 5 (1.63 and 9.33 kcal/
mol). The simplified diagram of the L—M contribution to
donor—acceptor interactions for both adducts is presented in
Scheme 3.

In this work, the theoretical approach successfully used for
modeling the Rh(I)—arene complexes has been expanded to
describe Bi(Il) adducts. The MO diagram shows that both
orthogonal 7z-shaped bonding molecular orbitals centered at the
dibismuth core are involved in the interaction with two
orthogonal MOs (HOMO and HOMO-—1) of pyrene. Since these
MOs belong only to the delocalized benzene rings (Scheme 3,
Figure S8, Scheme S1), all six carbon atoms of those rings
participate in bonding with the Bi(Il) center, and the hapticity
of such interaction is #°. This assignment is confirmed by
analysis of donor—acceptor interactions in terms of the NBO
approach, indicating that each carbon atom of the coordinated
benzene rings provides an approximately equal contribution to
the L—M interaction. Moreover, the specificity of the Bi—pyrene
coordination can be explained from this point of view. Two
m-shaped unoccupied bonding MOs centered at the dibismuth
core should interact with two degenerate orthogonal (or really
close on the energy scale) zz-shaped occupied MOs of an axially
bound aromatic ligand. In pyrene such orbitals are localized
only at the benzene ring considered, and this should determine
the site-specific coordination of Bi(Il) to C;¢Ho.
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Table 3. Crystallographic Data for [BiRh(O2CCF3)4° (C16H10)]e (1)
and [Bi2(02CCF3)4* (Ci6H10)]w (3)

1 3
formula BiRhOgC24F12H10 Bi203C24F12H10
fw 966.21 1072.28
cryst syst triclinic triclinic
space group P1 P1
a (A) 8.5229(4) 8.2529(10)
b (A) 12.8739(6) 9.3214(11)
¢ (A) 13.1035(6) 9.8706(12)
o (deg) 81.988(1) 91.121(2)
B (deg) 85.192(1) 110.040(2)
y (deg) 71.631(1) 100.932(2)
V (A% 1349.96(11) 697.46(15)
V4 2 1
Pealed (g+cm ™) 2.377 2.553
u (mm ') 7.252 12.726

radiation (1, A)
transm factors

Mo Ka (0.71073)
0.2863—0.5946

Mo Ka (0.71073)
0.2512—0.4695

temp (K) 90(2) 90(2)
data/restr/params 415/0/5791 237/18/3106
R1,* wR2”

1> 20(D) 0.0234, 0.0223 0.0265, 0.0668

all data 0.0578, 0.0572 0.0290, 0.0681
quality-of-fit® 1.082 1.085

4Rl = JIF, — IFI/SIF,. ® WR2 = [S[W(F> — FEPUY [wE.)]]M
¢ Quality-of-fit = [W(Fo> — F®)?1/(Nobs — Nparams)]"'%, based on all data.

Regarding the nature of interactions between a metal center
and polyaromatic molecules such as pyrene, orbital control
should play an important role and make a great contribution to
bonding between the interacting units. However, the detailed
analysis of the electronic structures of all pyrene adducts shows
that the donor—acceptor interactions have a noticeable contribu-
tion to bonding due to electron transfer only in the case of the
rhodium-bound complexes [Rhy(0,CCF;3)4+ (5*-C1sHi0)] (2d)
and [BiRh(O,CCF3)4+ (nz—Cl(,Hlo—Rh)] (4). At the same time, a
strong influence of metal charge on bonding energy has been
found. The replacement of one bismuth ion in [Biy(O,CCF3)4]
by rhodium leads to a charge increase at the Bi site from +1.39
in the former to +1.67 in [BiRh(O,CCF3)4]. This change is
expected to show up as a gain of bonding energy in the Bi-
bound adduct, [BiRh(OzCCF3)4(776‘C]GH]O—Bi)] (5). Additionally,
the coordination of pyrene by bismuth(II) leads to polarization
of the former. The resulting negative charges at the coordinated
benzene ring of pyrene in 5§ become noticeably greater than those
in an uncoordinated one (see Supporting Information). Thus,
the overall interactions between the Bi site and pyrene can be
described as Coulombic interactions between the highly charged
metal center and an induced dipole of pyrene under strong orbital
control.

At the same time, the charge at the rhodium center in
[BiRh(O,CCF3)4] (8) is lower than that in dirhodium complex
7 (+0.65 vs +0.97, respectively). This should ultimately affect
the bonding energy between the dimetal core and pyrene, which
is greater in the homometallic [Rh2(02CCF3)4(772—C1(,H10)]
adduct (2d) than in [BiRh(O,CCF3)4(17>-C¢H 0-Rh)] (4). The
difference in stability between 2d and 4 is also induced by
different contributions of donor—acceptor interactions (Table
2), which are significantly greater for the former. Thus, the
covalent contribution to bonding energy in 4 is lower than that
in 2d, but it is noticeably higher than that in the Bi-bound
adducts 3d and 5. So the nature of bonding between the Rh-
site and pyrene in 4 can be successfully described as a
combination of donor—acceptor and Coulombic interactions
between the positively charged metal center and an induced
dipole moment of an axial arene ligand. Moreover, this
interaction has a strong orbital control defining the site-
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specificity of coordination. A comparison of the nature of
interactions between the Rh and Bi sites of the [BiRh(O,CCF3)4]
unit and pyrene indicates that a decrease of Coulombic
contribution in 4 is compensated by the corresponding increase
of the donor—acceptor one. As a result, the overall bonding
energies of the two isomers [BiRh(OzCCF3)4(172-C16H10-Rh)]
and [BiRh(02CCF3)4(776-C16H10-Bi)] are similar, while the nature
of the bonding is different at the two opposite ends of the
heterobimetallic core.

“Intelligent” Assembly from the Gas Phase Deposition
Reaction. Complex [BiRh(O,CCF3)4°(Ci6Hj0)] (1) represents
a unique example of site-controlled arene coordination at the
different metal sites of a heterobimetallic unit. Specifically, it
features #7°-coordination of pyrene at the Bi end and #°-
coordination at the Rh end, which have been confirmed both
crystallographically and computationally. In addition, a remark-
able feature of the title complex is the alternation of the 77>
and 7%7° bridging modes of pyrene in the 1D polymeric solid
State structure.

The assembly of the 1D chain of 1 can be considered a step-
by-step growth from discrete building units existing or formed
in the vapor phase. It is noteworthy that in all our previous
solventless reactions utilizing dimetal units and bidentate ligands
this process could simply be explained by the formation of one
type of building block in the gas phase, mostly monoadducts,
that form extended chains upon deposition. In those cases, each
subsequent step of the chain formation was a trivial repetition
of the previous one and required assembling the same units in
a similar fashion. In other words, the chain growth from the
gas phase at elevated temperatures was found to be neither
selective nor discriminatory. If such an assembly process was
applied to the Bi—Rh system with pyrene, it would result in
the 772:776 isomer of [BiRh(O,CCFj3)4°(Ci6Hjp)]w. In contrast,
the formation of 1 is different and more complicated. It not
only requires the presence of at least two different species in
the vapor phase but also needs an “intelligent” character for
the chain assembly. In order to form 1, possible combinations
of the two building units may include (i) [Bi—Rh] and (C;¢H o),
(ii) [Bi—Rh(#*-C¢Hio-Rh)] and [Bi—Rh(17°-C ¢H,o-Bi)], or (iii)
[(17°-C16H10-Bi)Bi—Rh(57>-C ¢H,o-Rh)] and [Bi—Rh]. However,
regardless of the nature of these species, every next step in the
assembly process differs from the previous one. It requires an
alternation of two building units each time and, in some cases,
a specific orientation of a unit in order to propagate the chain.

We do not have means to prove which species exist in the
gas phase. However, the facts that the yield of 1 is nearly
quantitative and that the deposition of the bis-pyrene adduct
[(1°-C16H10-Bi)Bi—Rh(1*-C¢H -Rh)] or the unligated [Bi—Rh)]
complex has never been seen in this reaction at variable
conditions allow us to speculate that the two monoadducts, case
ii, are the most probable building units. The latter should have
similar volatilities, unlike the species in the cases i and iii. DFT
calculations of these isomeric complexes with pyrene, namely,
[Bi—Rh(5*-C6H,o-Rh)] and [Bi—Rh(;°-C¢H,o-Bi)], have shown
that the Rh derivative is only slightly more stable (AE = 2.54
kcal/mol). This difference may become negligible at the elevated
temperatures used in synthesis, resulting in an almost equal
distribution of the two complex units in the vapor phase and
thus allowing their even condensation for the growth of 1. Their
1:1 alternation would be sufficient to form the polymeric
structure 1 but requires a specific orientation of building units
for the chain propagation. This may be explained by the fact
that the coordinated pyrene in both monoadducts is activated
in a specific way. When an arene has Rh bound to one end, it
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is able to coordinate Rh only at the opposite pyrene end in an
n*-site specific mode. In the case of the Bi-bound adduct, the
activation of pyrene leads to the Bi binding only at the opposite
ring of Cj¢Hjo. The selection of the proper building unit from
the gas phase would result in the alternation of the 7%#* and
7%n® bridging modes of pyrene and thus dictates the “intel-
ligent” stepwise assembly of the extended solid state structure
of 1.

Experimental Section

General Procedures. All of the manipulations were carried out
in a dry, oxygen-free, dinitrogen atmosphere by employing standard
glovebox and Schlenk techniques. All chemicals, unless otherwise
described, were purchased from Aldrich and used as received.
[Bix(O,CCF3)4] and [BiRh(O,CCFs)4] were synthesized using the
procedures that we reported previously.®'" The attenuated total
reflection (ATR) and solution IR spectra were recorded on a Perkin-
Elmer Spectrum 100 FT-IR spectrometer. NMR spectra were
obtained using a Bruker Avance 400 spectrometer at 400 MHz for
'H and at 376.47 MHz for '°F. Chemical shifts (d) are reported in
ppm relative to residual solvent peaks for 'H and to CFCl; for '°F.
Elemental analyses were performed by Maxima Laboratories Inc.,
Ontario, Canada.

Synthesis of [BiRh(O,CCF3)4+ (Ci6Hyo)] (1). A mixture of BiRh-
(O,CCF3)4 (0.034 g, 0.050 mmol) and pyrene (0.040 g, 0.20 mmol)
was sealed in an evacuated glass ampule. It was kept at 100 °C
(hot zone, AT = 6 °C) for a week to allow red crystals of 1 to be
deposited in the cold zone. Yield: >90%. Anal. Calcd: C, 29.83;
H, 1.04; O, 13.25; F, 23.60; Bi, 21.63; Rh, 10.65. Found: C, 30.20;
H, 1.10; O, 12.85; F, 23.02; Bi, 22.02; Rh, 10.07. '"H NMR (CD,Cl,,
22 °C): 0 8.03 (t, CH, J = 7.47 Hz), 8.11 (s, CH), 8.21 (d, CH, J
= 7.61 Hz). '°F NMR (CDCl;, 22 °C): 6 —72.83 (s, CF;). ATR-
IR (cm™"): 3055w(C—H), 1653s, 1610sh (V4ym(COO0)), 1591m-
(C=0), 1452m(vyn(COO0)), 1435m(C=C), 1213s, 1188s, 1155s,
1098s, 975m, 858s, 847s, 788s, 733s, 721s, 709s. IR (CCly, cm™'):
3054w(C—H), 1654s (Vaym(COO)), 1590w(C=C), 1453w-
(Veym(COO0)), 1435w(C=C), 1218s, 1192s, 1171s, 859m, 847m.

Synthesis of [Biz(OzCCF3)4 ° (C16H10)] (3). A mixture of Biz(OzC-
CF3)4 (0.044 g, 0.050 mmol) and pyrene C;H;o (0.040 g, 0.20
mmol) was sealed in an evacuated glass ampule. The ampule was
kept at 80 °C (hot zone, AT = 6 °C) for one week to allow red
crystals of 3 to be deposited in the cold zone. Yield: >90%. Anal.
Calcd: C, 26.88; H, 0.94; O, 11.94; F, 21.26; Bi, 38.98. Found: C,
26.67; H, 1.09; O, 11.19; F, 21.24; Bi, 39.33. '"H NMR (CDCl;,
22 °C): 0 7.97 (t, CH, J = 7.47 Hz), 8.03 (s, CH), 8.17 (d, CH, J
= 7.61 Hz). "°F NMR (CDCls, 22 °C): 6 —73.53 (s, CF3). ATR-
IR (cm™"): 3050wW(C—H), 16395(Vy5ym(COO)), 1600m(C=C),
1441m(vgyn(COO0)), 1435m(C=C), 1210s, 1180s, 1158s, 1138s,
973m, 844s, 792s, 755m, 723s, 709s. IR (CCly, cm™'): 3048w-
(C—H), 1667sh, 1640m(v,5ym(COO0)), 1600w(C=C), 1444w (Vsyp,-
(CO0)), 1435w(C=C), 1227m, 1187m.

X-ray Crystallographic Procedures. The X-ray data sets were
collected for 1 and 3 at 90(2) K (Bruker KRYOFLEX) on a Bruker
SMART APEX CCD-based X-ray diffractometer system equipped
with a Mo target X-ray tube (A = 0.71073 A) operated at 1800 W
power. The frames were integrated with the Bruker SAINT software
package, and the data were corrected for absorption using the
SADABS program. The structures were solved and refined using
the Bruker SHELXTL software. All non-hydrogen atoms were
refined anisotropically except the fluorine atoms of some CF;
groups, which appeared to be disordered over three rotational
orientations. Hydrogen atoms were included at idealized positions
for structure factor calculations (1) or found in difference Fourier
maps and refined independently (3). Relevant crystallographic data
for 1 and 3 are summarized in Table 3.

DFT Calculation Details. Geometry Optimization. Full ge-
ometry optimization for all compounds was performed at the density
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functional theory level using the hybrid Perdew—Burke—Ernzerhof
parameter-free exchange—correlation functional (PBE0),'® which
was proposed to better describe coordination compounds of heavy
metals with weak bonding. Also, this functional was successfully
applied for modeling of structures and properties of curved
polyaromatic systems such as nanotubes and their complexes with
metal ions.'®?* The Hay and Wadt effective core potentials (ECP)>
and the LANL2DZ basis sets were used for Rh and Bi atoms. The
standard 6-31G(d) basis sets were applied for all nonmetallic atoms.
The D5, point group symmetry was used for modeling of pyrene
(Ci6Hi0). The C4 point group symmetry constraints were imposed
for modeling of [Rhy(O,CCF;)4], [Bixy(O,CCFs)4], and [BiRh-
(O,CCF3)4]. Calculations of structures and properties of all adducts
were performed without any symmetry constraints (C; point group
of symmetry). The gradient norm for the geometry optimization
was taken to be 10~ *. The true minima on potential energy surfaces
were controlled by calculating the Hessian matrix and, as a
consequence, harmonic frequencies. The lack of imaginary frequen-
cies has indicated that the true minimum was achieved.
Single-Point Calculations. When optimizations were accom-
plished, single-point calculations were performed using the same
ECP and the same basis set for Rh atoms and the extended
6-311G(d,p) basis sets for all remaining atoms. The natural bond
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orbital (NBO)?® analysis based on single-point calculations was
used for a detailed description of the electronic structures of
compounds. Bond orders quoted in the text are those from the
Wiberg formulation (so-called Wiberg bond indexes)?” incorporated
in the NBO analysis. Optimized geometry configurations and
molecular orbitals (0.035 au isosurface) are visualized with the help
of the ChemCraft program package.?® All calculations were carried
out in the frame of the PC GAMESS version® of the GAMESS-
US program package®® for quantum chemistry modeling.
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