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Gradient-corrected density functional theory calculations have resulted in geometry-optimized structures for
a series of six large dirhodium complexes that are important synthetic intermediates in the weak-link synthetic
approach. Analysis of these computed structures and their electronic makeup (including natural localized
molecular orbital (NLMO) bond order analysis, natural population analysis (NPA) atomic charges, atoms-
in-molecules (AIM) calculations, single-point energy analysis, and calculated vibrational frequency analysis)
has provided insight into subtle secondary ligatigand effects, which lead to product selection in the first
step of this synthetic strategy toward supramolecular coordination complexes.

Introduction SCHEME 1
The field of supramolecular chemistry continues to be one
of prolific growth. As this progress continues, the interest in  Ph PNOQO\’PP“ Ph, P’VOOO'\’PP“Z

general, high-yielding synthetic methodologies that facilitate the [Rh(THF),(COE),IIBF ]
construction of supramolecular systems with preconceived

. . . THF, 1 hr, RT
architectural features remains unabated. The use of transition "

i i i 2+ 2BF,” -
metal centers and carefully designed ligands has provided a way,, e / _;ig_o Pph 4 h, Ph_lz 2BF,
of synthesizing a wide variety of structures, including metal- C Q \Rh j
lomacrocycles and other hierarchical structures, which possessrh,F, o-§§§0jph Fon F?hP\_,O'@O

unusual chemical and physical properie©ne synthetic
strategy, the weak-link approach, takes advantage of transition

h 4 y tanes Q —|2 2BF;
metal centers and bifunctionaémilabileligand$ to construct fpo °

h,

large binuclear macrocyclic structures in a two-step and high- CO/CH,CN R'l’ NCCH, COICH,CN
yielding process, Scheme®1. 0C” bpy, CH o PPh

Recent advances in marmyganic synthetic methodologies &o @O
have been closely coupled to theoretical investigations, and it R R

i i X COE = cyclooctene 5a: R=Me,b:R=H
is this collaborative arrangement that has led to many funda-

mental changes in how reactivity is considered and new running NPACI Rocks (http://rocks.npaci.edu) software, a
discoveries are made. Although the coupling of synthetic Linux-based clustering software. The geometric optimizations,
advances and theoretical understanding has been utilizedsingle-point calculations, and frequency generations required
extensively for small organic systems, the analogous study of between 800 and 1200 processor hours per structure.
larger supramolecular structures has lagged behifite use The structural optimizations (in vacuo) were performed using
of theoretical calculations to study metal-driven supramolecular QChem 2.0%, 3-21G* basis set, and the EDF1 functiofial.
chemistry has been limited because of the prohibitive theoretical Structural optimizations were performed within the reported
expense (calculation time) of such calculations and the absencesymmetry constraints, for 6, 8, and10; C; for 7 and9; and
of methods that can accurately handle transition metal centers. Cy for 11). Geometries 06—9 were verified to be local minima
Consequently, reports of detailed theoretical investigations by numerical frequency calculations (see Supporting Informa-
involving transition metal centers have been restricted to tion). Natural localized molecular orbitals (NLM&)ond order
relatively small model systenfstHerein, we report the density  analysis was performed using NBO 4.8minterfaced to
functional theory (DFT) calculations of large (binuclear) metal- GAMESS-US* on the basis of single-point energies with the
containing supramolecular systems and some preliminary in- following theoretical model: B3LYP functional, SBKJC ECP
sights into the bonding modes and noncovalent forces playing and valence basis set, d-polarization functions on all heavy
a role in the weak-link approach that are gained through theseatoms!? We have attempted to obtain more accurate energies
calculations coupled with experimental investigations. by using a composite energii.a = E(basis 2)+ D(E(basis
. 3) — E(basis 1))+ ZPE(EDF1/3-21G*). The single-point
Theoretical Methods energies were calculated using the GAMESS-US implementa-
The calculated structure$-{11) were optimized on a 16  tion of the B3LYP hybrid functional in spherical variational
processor (14 Athlon 800 MHz/1 2-way PIll 933 MHz) cluster space with one of the following basis sets. The basis sets are
* To whom correspondence should be addressed. Fax: (847) 467—5123.defmec| as f(.)"OWS' .BaSIS set 1 anSIStS Of. SBKJC ECP and
E-mail addresses: fparnold@chem.northwestern.edu or camirkin@ valence basis set with d-polarization functions on all heavy
chem.northwestern.edu. atoms; basis set 2 consists of SBKIJC ECPhwitd and 1 f
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polarization function on all heavy atoms (standard Pople
d-function from basis set 1 with splitting factors of 0.4, 1.4), p
polarization on hydrogens, and optimiZéd polarization on
Rh (& = 0.996 488); basis set 3 consists of basis set 1 and diffuse
s and p functions on all heavy atoms except Rh. This method
is similar to that used by Gordon and co-workérwith the
exception that our systems are too large for post-HartFexk
calculations on computational resources available to us. A test
calculation on the first carbonyl dissociation energy from Ni-
(CO), utilizing our methods yieldedE of —25.6 kcal/mol and
AH® of —23.1 kcal/mol, in good agreement with previous
experimental AH?%98 = —22 to —27 kcal/mol) and theoretical
(AE = —23.6 to —29.8 kcal/mol,AH® = —22.3 kcal/mol)
work.®> To make the calculations tractable, the phenyl substit-
uents on the phosphine groups were replaced with methyl groupsg
in structures6—8. Atoms-in-molecules (AIM) analysi& was
performed using Morphy 1..

Results and Discussion

Our group previously reported the characterization and
reactivity of a series of Rh(l)- and Pd(ll)-based homobimetallic
macrocyclic structures and their corresponding condensed
intermediates, prepared via the weak-link approad¥e have
explored the generality of this synthetic scheme toward different
ligand variations including changes in the heteroatom, aromatic
e o ek 2 Gions bt ) g s, ot s e

) . ; h . the following: purple, rhodium; yellow, phosphorus; red, oxygen; gray,
condensed intermediatéand4, which differ with respect to carbon; white, hydrogen.
the ligand-binding modes to the Rh(l) metal centers (Scheme
1). These two complexes have been isolated and thoroughly
characterized in solution and by single-crystal X-ray diffraction
studies®®c Under otherwise identical reaction conditions, the
reaction of ligandl or 2 (Scheme 1) with a reactive Rh(l)
precursor results in quantitative yield of eitl&or 4, respec-
tively. These structures have been descriptively termed the
“bow-tie” (3) and “slipped” @) structures. It is important to
note that either of these intermediate structures can be reacte(
with coordinating small molecules (e.g., CO and {CH) to
form the target macrocycldés,b in quantitative yield (Scheme
1). However, it was this variation in binding mode of the
condensed intermediate structure with a relatively minor struc-
tural change to the ligand that prompted the study reported
herein.

This study is aimed at answering four basic questions: (1)
Is the theoretical study of these large dirhodium complexes a
tractable problem with DFT utilizing a meaningful basis set?
(2) If so, can the calculated structures accurately reproduce the
different metat-ligand binding modes to give insight into the
interactions that drive this assembly process? (3) Can the curren
theoretical methods be used to determine how ligand substitution|
affects the distribution of observed intermediates (bow-tie vs
slipped); indeed, ligand variation simultaneously affects the
basicity of the oxygen atoms, the bulkiness of the arene rings,
the binding ability of the arene rings, and the-r stacking
affinity of the arene rings? (4) Finally, can these theoretical
mvestlgatlpns, Wh",:h n_eglect SOIVE_‘t'On and anlonlc_ effé%t_s_, the following: purple, rhodium; yellow, phosphorus; red, oxygen; gray,
lend meaningful insight into the relative thermodynamic stability carbon: white, hydrogen.
of these two isomers?

Comparison of Optimized and X-ray Diffraction Struc- As a gauge of the accuracy of the computed structéired;
tures. To elucidate the factors controlling the formation of the a detailed comparison between the available X-ray analysis data
observed product, eith@ror 4 depending on ligand design, we of the experimentally prepared complex@sand 4 and the
initiated a computational study of the four possible condensed resulting optimized structureg and 8 was performed. The
intermediate structures (slipped and bow-tie isomers of eachcalculated structures were found to be in excellent agreement
ligand) resulting from the reaction outlined in Scheme 1. The with the X-ray diffraction data (see Table 1). The mean
resulting structures are shown in Figures 1 and 2. deviations in the bond lengths of the computed structures from

Figure 1. Ball and stick representations of optimized structure§ of

| Figure 2. Ball and stick representations of optimized structure8 of
(durene bow-tie, top) ané (durene slipped, bottom). Colors represent
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TABLE 1: Selected Bond Lengths (A), Bond Angles (deg), Bond Orders, and Atomic Charges of Computed and Solid-State
Rhodium Complexes

X-ray analysis

calculated structures

entry 3 4 6 7 8 9 10 11

Rh—02 2.232 2.314 2.334 (0.102) 2.294
Rh—PP 2171 2.295 2.187 2.286-0.009) 2.192 (0.021) 2.284 2.195 2.285(.010)
Rh—P» 2.274 2.24740.027) 2.260 2.246+0.028)
P—Rh—P 98.4 95.1 95 95+0.1) 94 (-4.4) 94 97 97 (1.9)
O—-Rh-0O 98.7 102 103 (4.3) 98
P—Rh—O 81.8 81.8 81.6¢0.2) 82.1
Rh—C1 2.444 2.579 (0.135) 2.393 2.612 (0.168)
Rh—C2 2.405 2.563 (0.158) 2.491 2.543(0.138)
Rh—C3 2.321 2.356 (0.035) 2.416 2.400 (0.079)
Rh—C4 2.276 2.305 (0.029) 2.302 2.299 (0.023)
Rh—C5 2.400 2.394-0.006) 2.485 2.374+0.026)
Rh—C6 2.316 2.456 (0.140) 2.454 2.533(0.217)
CeC—CsC® 3.32 3.623 3.648 (0.33) 3.55
Xp.1© 0.067 0.061 0.086
Xp.a! 3.0

NLMO Bond Orders
Rh—0O 0.07 0.00 0.06 0.00 0.06 0.00
Rh—PP 0.73 0.65 0.72 0.64 0.69 0.64
Rh—P&» 0.76 0.67 0.75
Rh—C1 0.21 0.25 0.11
Rh—C2 0.19 0.23 0.10
Rh—C3 0.16 0.18 0.14
Rh—C4 0.15 0.15 0.17
Rh—C5 0.12 0.14 0.19
Rh—C6 0.10 0.10 0.14

NPA Atomic Charges
Rh —0.20 —0.22 —0.20 —-0.21 —0.18 —0.20
(0] —0.66 —0.62 —0.67 —0.64 —0.66 —0.62
P 1.19 1.17 1.18 1.17 1.22 1.20

2 Average RR-O bond lengths? Average Rk-P bond length for structure 6, 8, and10. For structurest, 7, 9, and11, B, denotes interior
phosphorus atoms and @enotes exterior phosphorus ator€sc denotes arene ring centroitiDeviations of calculated values from experimentally
determined values are shown in parenthe$dtean of the absolute deviations in the selected bond lengifean of the absolute deviations in the
selected bond angles.

the experimental data are less than 0.1 A for all structures, theA). The aromatic core groups of each ligand are held in a
largest single deviation being 0.217 A. Surprisingly, despite the cofacial, parallel-planar arrangement 3.32 A apart in the bow-
change in substitution on the phosphine moiety, the bond tie structures, complexes 6, 8, and10. This distance is well
distances, bond angles, and torsional angles around these atomaithin 7—s stacking distance (3.35 A for graphit®)which
remain consistent with the observed X-ray data. There arerequires that the aromatic substituents be interdigitated. This
undoubtedly steric and electronic differences between theresults in an 18 twist between the two aromatic rings of
calculated structures and the experimentally characterized onesstructure3. This interaction is accurately reproduced in the
but for these studies, the assumption is that by comparing thecalculated complexes (1%wist angle). The twist displayed by
two intermediates these differences are minimized. Others havethe aromatic rings is also consistent with relatively strong van
made analogous assumptions when carrying out calculations order Waals interactions between the methyl groups;irthe
large system& Finally, to confirm the validity of the calculated  groups display an offset alignment presumably to maximize
model structures (or supply an appropriate correction), the full these van der Waals contacts and minimize repulsive steric
diphenylphosphine analogues of structesd7 (bow-tie and interactions (vide infra).
slipped), were optimized and single-point calculations were run,  Bonding Analysis of Structures 6-9. The atomic charges
structures10 and 11 in Table 1. These structures compare (Natural Population Analysis (NPA) methods) have been
extremely well with both the dimethylphospine structurés ( determined at each atom (Table 1) in the calculated complexes.
and7) and the X-ray data (mean bond length deviation of 0.086 The NPA method reveals that the bow-tie structuiar(d8)
A, largest deviation 0.217 A for structufiel) confirming that have slightly less negative oxygen atoms, and the oxygen atoms
the constrained geometry of the condensed intermediatesof the durene structure8 @nd9) are more negative than those
minimizes the effects of phosphorus substitution. of the benzene complexe8 énd7). This indicates an accurate
The Rh(l) metal centers display coordination geometries that reproduction of the different binding modes in the two isomeric
compare well with the solid-state structures determined by structures observed and that the increased electron density of
single-crystal X-ray diffraction analysf& Importantly, the the durene aromatic core Inis moderately delocalized on the
interactions of the metal centers with the ligands have been adjacent oxygen atoms. NLMond order analysis confirms
reproduced with a high level of agreement (bond length the presence of an extremely weak -RD interaction in
deviations of<0.2 A). In the benzene slipped structuve the structuress and 8, which have bond orders of 0.07 and 0.06,
optimized structure displays an offset transition metal interaction respectively. These weak bonding interactions are consistent
with the arene ring (distortey®-binding) that mimics the with the selective displacement of these bonds by incoming
observed interaction; X-ray data reveal two long (2405144 ancillary ligands of moderate coordinating ability (i.e., £H
A) Rh—C bonds and four shorter RIC bonds (2.2762.400 CN).2 However, this observation also points to factors other
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Figure 3. Stylized view of (A) complex’ showing bond critical points
(balls) and bond paths as determined by AIM calculations and (B)
complex9 with depth shading for clarity showing bond critical points

(balls) and bond paths as determined by AIM calculations. Figure 4. Stylized view of (A) complex6 showing bond critical points

(balls) and bond paths as determined by AIM calculations and (B)

. . complex8 with depth shading for clarity showing bond critical points
than Rh-O bond Strength that stabilize the bow-tie durene (balls) and bond paths as determined by AIM calculations.

structure because the aromatic group is clearly a better donor

to the metal center. there is one contact point between each arene ring and the metal
AIM Calculations in Structures 6 —9. To further clarify the center. In contrast, the durene analogue (Figure 3B) has two
situation, AIM calculation® using the Huzinaga MIDI basis = metal-arene contacts due to the increased donor ability of the
sef! augmented with d-polarization functions on the heavy electron-rich ring. In the bow-tie structures (Figure 4), several
atoms were performed to analyze the topology of the electron stabilizing features become apparent. There are significant ring
density of these systems. Several interesting features becomeing contacts (on the order of hydrogen-bonding interactions)
apparent from the AIM results. As shown in Figures 3 and 4, in both bow-tie structures, but the nature of the interactions are
the AIM analysis identifies noncovalent bonding features, which quite different. In the case of structusgFigure 4A), there are
stabilize the slipped and bow-tie structures. In the case of the carbon-carbon contacts present at each carbon atom of the
slipped structures/( Figure 3A;9, Figure 3B), the AIM analysis  central benzene ring. The durene structuBe(Figure 4B),
shows strong interactions between the methylene protons ondisplays a somewhat different interaction. First, the only carbons
the interior of the slipped structures and the oxygen atoms (O1) of the rings that display a direct interring interaction are the
opposite them; this interaction is present in both slipped carbons directly bound to the oxygen atoms. Second, the AIM
structures. Further, in the durene struct@etifere exists abond  analysis reveals a web of hydrogemydrogen interactiord
critical point and bond path connecting the oxygen atoms as between the methyl groups of the durene rings that stabilize
well. On the basis of the relative positions of the bond and ring this stacked structure. These contacts account for the twist of
critical points in the hydrogen bonds versus the@bonding the two rings relative to one another (vide supra). Therefore,
interaction, one would expect the-@ interaction to be amore  the AIM calculations provide evidence for the notion that the
important stabilizing factor in the slipped durene structure. methyl substituents lead to increased van der Waals and
However, the hydrogen bond critical points in this structure are dihydrogen contacts, which stabilize struct@eThis effect
closely associated with ring critical points, which indicates that should be enhanced by increasing the aliphatic substituents about
a small structural distortion will cause the critical points to merge the arene ring, provided that the aliphatic substituents do not
and annihilate one another, thereby breaking the hydrogen bondead to unfavorable steric interactions in the bow-tie structure.
and destabilizing structuri@ The arene-metal interaction can  Additionally, the AIM analysis provides information about the
also be addressed by this method. In structu(€igure 3A), coordination bonds. As one would expect empirically, there is

TABLE 2: Energetics (hartrees) of Calculated Structures

entry 6 7 8 9 10 11
basis set 1 —495.953466  —495.943886  —550.590083  —550.579891 —730.702351 —730.690574
basis set 2 —496.189423  —496.172223  —550.866 423  —550.849 398
basis set 3 —496.008 664  —495.984 807 —550.659431  —550.632 822
ZPE correction 0.717 506 0.715 569 0.945 412 0.935711
basis set 2- basis set 1 —0.235 957 —0.228 336 —0.276 340 —0.269 506
basis set 3- basis set 1 —0.055 198 —0.040 920 —0.069 348 —0.052 931

energy total —495.527 120 —495.497 580 —549.990 359 —549.966 617
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a weak but significant RRO interaction of the same magnitude tion in this reaction. The predicted energy differences are
as the Rh-arene interactions. The values ferat the RR-O relatively small and solvation or anion effects could readily
bond critical points are 0.065 and 0.066 é/tructures and account for this discrepancy. Nevertheless, this study is impor-
8, respectively), confirming the presence of a slightly stronger tant because it identifies that secondary ligatigand inter-
Rh—0O bond in the durene system, thereby stabilizing the bow- actions (arenearene interactions), as well as the direct metal
tie geometry. ligand interactions, stabilize the intermediate structures in the
Relative Energetics of Structures 6-9. The energies of the  weak-link synthetic approach.
calculated structures have been determined at the corresponding
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