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Abstract: Hemichelation is emerging as a new mode of
coordination where non-covalent interactions crucially con-
tribute to the cohesion of electron-unsaturated organometallic
complexes. This study discloses an unprecedented demonstra-
tion of this concept to a Group 9 metal, that is, Rh'. The
syntheses of new 14-electron Rh' complexes were achieved by
choosing the anti-[(n°:°-fluorenyl){Cr(CO);},] anion as the
ambiphilic hemichelating ligand, which was treated with
[{Rh(nbd)Cl},] (nbd=norbornadiene) and [{Rh(CO),Cl},].
The new T-shaped Rh' hemichelates were characterized by
analytical and structural methods. Investigations using the
methods of the DFT and electron-density topology analysis
(NCI region analysis, QTAIM theory) confirmed the closed-
shell, non-covalent and attractive characters of the interaction
between the Rh' center and the proximal Cr(CO); moiety. This
study shows that, by appropriate tuning of the electronic
properties of the ambiphilic ligand, truly coordination-unsa-
turated Rh' complexes can be synthesized in a manageable
form.

l n transition-metal chemistry, coordinatively unsaturated
species are often assumed to be central in a number of
chemical transformations.’]' A host of reports have outlined
that such potentially reactive species can be stabilized by
weak intramolecular agostic C—H-M interactions,['*? which
can be challenged by solvent coordination.” The problems of
reactivity can be circumvented by producing steric cluttering
around the metal center that may prevent access of the free
coordination site to any occasional ligand, as shown by
Figueroa etal.™ and Chaplin.®! A number of stable and
persistent valence-unsaturated organometallic complexes
have been synthesized,”) where the interplay between pecu-
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liar molecular conformations and compactness and van der
Waals interactions, such as the dispersion force,” appeared to
play a key role. Recent studies™ have shown that non-
covalent interactions are essential in the stabilization of
electronically unsaturated metal centers in isolable, confor-
mationally flexible species. In this respect, the concept of
hemichelation® introduces a new approach in coordination
chemistry that is based on the central role of non-covalent
attractive interactions in the stabilization of apparently
unviable species and relativizes the importance of the
empirical Langmuir-Sidgwick so-called 18-electron rule in
transition-metal chemistry. Hemichelation can be achieved
with ambiphilic anionic ligands, such as the [(n’-inden-
yl)Cr(CO);]™ ion prepared from 1a by benzylic deprotona-
tion, which can bind Pd"® (Scheme 1) and Pt"™/ centers by

hemichelate of Pd(ll)

NS 5
X 1) base = H
Cr(CO); 001G Pdi covalent bond
P
2wy OO
1a, R=Me non-covalent interactions

Scheme 1. Hemichelation® is the preferred bonding mode for
Group 10 metals, such as Pd" and Pt", with the ambiphilic anion
derived from 1a.

means of 1) a covalent bond to the benzylic position and
2) non-covalent interactions of dominating Coulombic char-
acter with the proximal Cr(CO); moiety, leading to persistent
and manageable 14 valence electron complexes of Group 10
metals. Herein we disclose the first extension of the concept
of hemichelation® to Rh' centers with an hemichelating
ambiphilic anionic ligand of electronic properties chosen so as
to promote structural cohesion by non-covalent intermetallic
interactions. Unprecedented cases of 14 electron, T-shaped
Rh' complexes!'&* Y stabilized by hemichelation are reported
and the underlying issues of bonding analyzed by state-of-the-
art methods using dispersion-accounting density functional
theory®” (DFT-D).

From the experience acquired with the stabilization of
Pd" and Pt" hemichelates,®™ the anion derived from 1a
looked promising because the slight steric hindrance of the
methyl group at the 2 position could purportedly orient the
coordination of the Rh' center in a syn-facial manner so as to
give exclusively the formation of a m'-bonded Rh hemi-
chelate. In fact the reaction of the anion of 1a with [{Rh-
(cod)Cl},],M  [{Rh(nbd)Cl},],™™ and [{Rh(CO),Cl},]"™
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A [Is hemichelation possible?] .ThIS thermodynamic I.Jrefefrence for the syn-
1) n-BuLi, THF (OC)sCr RhL, facial product over the anti-facial one was recently
1a € m rationalized™ by Grimme et al. as a direct con-

/ . IR ..
2) [{LoRACl},] | X sequence of the attractlve' stabthlr}g an('1 driving
-40to-10 °C _ effects of electron correlation and dispersion force
Lo= cod, nbd, (CO), anti-2, 94 %, Lp=cod | 50 i RhL, acting between the Cr(CO), moiety and the n*-
syn-3, 96 %, L,=nbd 14

syn-4, 38 %, L=CO

O Q _

cod nbd

Figure 1. The sequential reaction of 1a with n-BuLi and [{L,RhCl},] dimers operates
different facial selection depending on the steric requirements of L, ligands.
According to Ceccon et al."** the v’ (syn-facial) or n?m’® (anti-facial) are the
preferred coordination modes of the Rh'L, moiety to the indenyl ligand with a net
thermodynamic drive for the dispersion-favored syn-facial arrangement according to

Grimme et al.' Hence, how to make hemichelation possible?

(Figure 1) produced products akin to those already reported
by Ceccon et al.'* These new compounds, namely anti-2, syn-
3, and syn-4 (Figure 1) were isolated in pure form and
structurally characterized by X-ray diffraction analysis. In
anti-2, the bulky [Rh(cod)] fragment was found to bind in an
anti-facial manner, whereas in syn-3 and syn-4 the respective
[Rh(nbd)] and [Rh(CO),] fragments where found to bind in
a syn-facial manner (Figure 2). In syn-3 and syn-4 the Rh'
center (16 electrons) was found to bind in a n* mode to
the 1,2,3 positions of the indenyl, quite not in the
expected hemichelation n' bonding mode. In anti-2 the
Rh’ center (formally 18 electrons) was clearly engaged
in a dissymmetric W*:° coordination mode with the
five-membered ring (Figure 2). Ceccon and co-work-
ers!®<! demonstrated indeed that, with a similar anion
prepared from [(n*-indene)Cr(CO),], reactions of
[{RhL,Cl},] complexes would lead under thermody-
namic control™¥ to the syn-facial n° coordination of
the Rh center to the five-membered ring when the L,
moiety operates limited steric hindrance.

(OC)C

syn-facial

e bonded RhL, fragment.

Keeping in perspective the synthesis of Rh' 14-
electron hemichelates, it became clear that the
electronic properties of the ambiphilic ligand had
to be tuned to preclude completely the possibility
of a 1’ coordination of the Rh center, but without
compromising the syn-facial selectivity of the
binding of the [RhL,] fragment. In other words,
the structure of the ambiphilic ligand had to be
changed so as to leave no other choice to the Rh'
center but to form a hemichelate. It was found that
the most promising way to achieve this goal was by using an
analogue of 1a with a fluorenyl motive instead of the indenyl.
As shown in Figure 3, analysis of the partial natural charges
(natural population analysis; NPA)!'! of singlet ground state
geometries of 1a, 1b, and anti-1¢ (throughout this computed
models were optimized at the ZORA-TPSS!-D3(BJ)PV/all
electron TZP level) indicates that the strongest depletion of
charge density at the aromatic carbon atoms at the 2,3

Natural Population Analysis (NPA) partial charges

/_022 0.03 -0.00
N 009
['//I f <003 <, SO0
r H M (OC)sCr H (OC)sCr gyH
1a 1b anti-1c

Figure 3. Natural partial charges (NPA) at C2 and C3 positions in 1a and 1b-c
computed from gas-phase singlet ground state geometries optimized at the
ZORA-TPSS-D3(B))/all electron TZP level.

Figure 2. ORTEP diagrams of the structures of compounds a) anti-2, b) syn-3, and c) syn-4, thermal ellipsoids set at 30% probability. Selected interatomic
distances [A] and angles [°] for a) anti-2: Rh1-C7 2.248(3), Rh1-C8 2.276(3), Rh1-C9 2.223(3), Cr1-C20 1.842(3), Cr1-C19 1.839(3); C19-Cr1-C20 87.26(14). For
b) syn-3: Rh1-C7 2.224(6), Rh1-C8 2.190(6), Rh1-C9 2.248(7), Rh1-C11 2.105(7), Rh1-C12 2.155(7), Rh1-C15 2.125(6), Rh1-C14 2.172(6), Rh1--Cr1 3.156(6),
Cr1-C20 1.819(7), Cr1-C19 1.839(7), Cr1-C18 1.855(6); C19-Cr1-C18 94.0(3). For c) syn-4: Rh1-C7 2.232(3), Rh1-C8 2.193(3), Rh1-C9 2.204(3), Rh1-C15
1.878(4), Rh1-C14 1.877(3), Rh1--Crl 3.0674(5), Cr1-C13 1.854(3), Cr1-C12 1.853(3), Cr1-C11 1.812(3); C12-Cr1-C13 94.01(13), C14-Rh1-C15 92.21(15).
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positions occurs with anti-1¢. This depletion is a necessary
condition to prevent an 1’ bonding mode to the Rh' center,
which therefore made anti-1¢ a reasonable candidate for
attempting the synthesis of Rh' hemichelates.

Complex anti-1¢"” was readily synthesized and isolated in
50% yield as the major product of the thermolysis of excess
[Cr(CO)g] in the presence of fluorene and catalytic amounts
of naphthalene in a refluxing 1:10 mixture of THF and di-n-
butylether for around 6 days. Complex anti-1¢ was subse-
quently deprotonated!” by reaction with n-BuLi at —40°C
and treated in two separate experiments with [{Rh(nbd)Cl},]
and [{Rh(CO),Cl},] yielding single products, respectively, syn-
5 and syn-6 (Figure 4). These two complexes proved to be

(0CKCr (OC)Cr
@ 1) n-BuLi, THF -
| \ -40°C
//
(OC)sCr H H 2) [{LoRNCI},]
-40t0-10 °C (OC)3Crmmmmn RhL,
anti-1c Le=nbd, (GO 55, 70 %, Ly=nbd

syn-6, 30 %, L,=(CO),

Figure 4. Formation of hemichelates syn-5 and syn-6 by sequential
deprotonation and metalation of the benzylic position of anti-1c.

unstable in solution at room temperature and to generally
decompose into anti-1¢ and untraceable material. Isolation of
the products was however possible by repeated recrystalliza-
tions at temperatures around —20°C. Analyses by *C and
"HNMR spectroscopy were therefore carried out below
—20°C in dry [Dg]toluene or [D]chloroform. The most
notable *C NMR spectral feature common to syn-5 and
syn-6 is the signature of the Cr(CO), moiety proximal to Rh,
which appears as a three broad signals of low
intensity at approximately o =234.4, 233.7, and
227.1 ppm.

In the case of syn-6, the Rh(CO), moiety
resonates as two distinct signals in the *C NMR
spectrum, that is, a broad signal at 0=
182.6 ppm and a well-resolved doublet at & =
191.6 ppm displaying a Rh-C coupling con-
stant of 69 Hz, which suggests that the Rh(CO),
moiety undergoes a fast rotational exchange
around the Rh-Ci,,,; axis producing a time-
averaged signal for the equatorial Rh-bound
carbonyl ligand and a fine doublet for the axial
Rh-bound CO ligand. Quite notable is also the
3C NMR response of the benzylic CH fragment
at §=26.3 and 37.3 ppm for syn-5 and syn-6,
respectively: with both complexes, this signal is
a doublet of scalar 'H-'Rh coupling constant
amounting to approximately 1.5 Hz. The BC
signal arising from this fragment with syn-5§ is
a resolved doublet (Jyy.g, = 15 Hz) whereas with
syn-6 it is a broad and barely resolved doublet
(Jr.rn = 6.9 Hz), which supports the assumption
of a conformational exchange of the Rh(CO),
moiety.
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The structures of syn-5 and syn-6 (Figure 5) were resolved
by X-ray diffraction analyses of crystals grown at —20°C. In
both cases, the RhL, fragment is )'-bonded to the fluorenyl
ligand at the benzylic carbon and the Rh atom is about 2.81 A
from the Cr center, that is, about the sum of van der Waals
radii for the two metals."®! In both cases, the Cr(CO); group
proximal to the RhL, moiety is only slightly distorted and
adopts an anti-eclipsed conformation with respect to the
benzylic position materialized by atom C13 (Figure 5).

Theoretical analysis of the Rh—Ci,,;. bond in models
syn-5 (Wiberg bond index (wbi) 0.37) and syn-6 (wbi=0.31)
by the natural bond orbital (NBO) method™ points to
a coordinative o bond wherein the partially negatively
charged carbon atom (NPA ¢C,,,y;. ~-0.42) contributes by
an orbital hybridization of marked p character (sp® in syn-5
and syn-6, bonding orbital population approximately 1.7
electron) to the bond with Rh. Further analysis of syn-5 and
syn-6 by Yang’s treatment of the reduced density gradient,
which reveals the spatial distribution of intimate non-covalent
interactions (NCI),™ indicates that the RhL, fragments
interact with the neighboring Cr(CO); moiety through
attractive non-covalent interactions (red isosurfaces, Fig-
ure 6¢,d). Analysis of the topology of the electron density
by the theory of atoms in molecules (AIM)™ reveals a bond
critical point (3,-1) (BCP) for the Cr-Rh segment in syn-6 of
low electron density p amounting to 0.0403 a.u. (Table 1). In
the case of syn-5, no BCP is found in the Cr-Rh segment
(Table 1). It is generally considered that p values of a magni-
tude of 107? a.u. and negative values of the Laplacian —'/,v%o
at a BCP are associated with closed-shell interactions, that is,
van der Waals interactions.”® This is well exemplified by the
p values at BCP for models syn-3 and syn-4 (Table 1) for
which it is evident, from NCI plots (Figure 6a,b), that the
metal-metal interaction is non-covalently attractive.l*"!

www.angewandte.de

Chemie

Figure 5. ORTEP diagrams of the structures of hemichelates a) syn-5 and b) syn-6, thermal
ellipsoids set at 30% probability. Selected interatomic distances [A] and angles [°] for
a) syn-5: Rh1---Cr1 2.8237(2), C13-Rh1 2.1724(12), C20-C21 1.382(2), C23-C24 1.405(2), Cr-
C14 1.8708(15), Cr-C15 1.8492(15), Cr-C16 1.8382(14), Rh1-C21 2.1948(13), Rh1-C20
2.1980(14), Rh1-C23 2.1128(14), Rh1-C24 2.1262(15); C14-Cr1-C15 98.24(7). For b) syn-6:
Cr1--Rh1 2.802(4), C13-Rh1 2.16(2), Rh1-C21 1.86(3), Rh1-C20 1.88(3), C21-08 1.13(4),
C20-07 1.13(4); C15-Cr1-C14 99.8(14).

9987


http://www.angewandte.de

Angewandte
Zuschriften

9988

Figure 6. Plots of non-covalent interaction (NCI) regions shown as
reduced density gradient isosurfaces (cut-off value s=0.02 a.u.,
p=0.05 a.u.) colored according to the sign of the signed density 4,0
for gas-phase relaxed singlet ground state models of Rh-containing
complexes syn-3, syn-4, syn-5, and syn-6; red: negatively (attractive) and
blue: positively (repulsive) signed terms.

ETS-NOCV™! analyses of the interaction of the
prepared Cr(CO); moiety with the remaining organo-

Interaction scheme
prepared fragments A
A

Table 1: Selected structural and electronic information on gas-phase
singlet ground state model structures of syn-3, -4, -5, and -6.

Parameters syn-3 syn-4 syn-5 syn-6
d(Cr-Rh) (A) 3.135 3.062 2679 2776
d(Rh—Cpenzyic) (A) 2.25480 22316 2203  2.213
q(Ccn® -0.80 —082 -0.80 —0.81
q(Rh)® +053  +0.22 +044 +0.10
AAE,(Cr(CO);--fragment)ld  —125  —6.0 —40.0 379
(kcalmol™)

0 (3,-1; Cr—Rh) (a.u.) 0.0214  0.0245 no BCP 0.0403
-/, %% (3, —1; Cr—Rh) (a.u.) —0.0083 —0.0080 — —-0.0113
wbi (Cr-Rh)® 0.06 0.05 0.18 0.14

[a] averaged value. [b] from natural population analysis.

[c] AE,+(Cr(CO)5--fragment) for 1a=—73.9 kcalmol™',
AE;(Cr(CO),--fragment) for Tc=—72.1 kcalmol™";
AAE,,(Cr(CO);---fragment);= AE,(Cr(CO);---fragment) —
AE,(Cr(CO);---fragment) .. [d] the density p and the Laplacian of the
density V2o at BCP (3,-1) were computed with Bader’s AIM method.
[e] Wiberg’s bond index.”"!

Deformation density isosurfaces

<. Bop
-54 kcal mol™ -38 kcal mol

rhodium entity in syn-5 and syn-6 rationalize the slight
shift of approximately 9 cm™! to higher frequencies of
the IR CO stretching bands of the Cr(CO); moiety in
syn-5 and syn-6 compared to reference compound 1ec.
Deformation density plot Ap, (Figure 7) indicates that
in syn-6 a portion of electron density is transferred
from the Cr(CO); fragment towards the intermetallic
space and the Rh center with minor back-donation
contribution from the Rh to the Cr center (Aps,
Figure 7). This suggests that in the Rh-hemichelates
reported herein some Cr—Rh donor-acceptor char-
acter residually exists, which slightly dominates the
Rh—Cr back-donation. Natural partial charges!"
(NPA) at Rh and Cr outline the key role of the
attractive Coulombic contribution to the stabilization
of syn-5 and syn-6, which also receives the support of
favorable dispersion and orbital interaction energy
terms in the compensation of Pauli repulsion. This is
illustrated by a larger difference in interfragment
interaction energy AAE;, for syn-5 and syn-6 (1c is the
reference) than for syn-3 and syn-4 (1a is the reference);
AAE,, is used in this case as a measure of the energetic
structural cohesion of a given complex with respect to
a structure-related reference for a pertinent fragment inter-
action scheme (in this case the (CO),Cr-to-arene bonding).®*
The attractive Coulombic contribution to the (CO);Cr-to-
arene bonding is evaluated to be stronger by one order of
magnitude in the Rh hemichelates than in Ceccon’s type of
syn-facial bimetallic compounds syn-3 and syn-4.

In summary, this study demonstrates that the concept of
hemichelation applies to Rh' complexes. The use of the
ambiphilic fluorenyl anion enables the formation of relatively
persistent hemichelates wherein the Rh atom holds formally
an unsaturated 14 valence-electron shell with a loose but
stabilizing non-covalent interaction at its fourth coordination

www.angewandte.de
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27 keal mol™

ven 1
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AE,,=-172 kcal mol™

Figure 7. ETS-NOCV® deformation densities Ap and the associated orbital
interaction energies for the interaction of prepared Cr(CO); with the Rh-
fluorenyl fragment of syn-6. Isosurfaces show regions where charge density
depletion (red) and build up (blue) occur upon interaction of the two frag-
ments: electron-density transfer operates from red areas to blue ones upon
bonding. Density isosurface contour=0.005 ebohr™>.

site. Apart from validating the whole concept of hemichela-
tion, this study shows the multifaceted role played by the
arene-bound Cr(CO); moiety in the cohesion of unusual
organometallic architectures. These results also broaden the
potential of hemichelation, which offers a new alternative for
the production of coordinatively unsaturated and potentially
reactive metal centers.

Experimental Section

General procedure for syn-5 and syn-6: A solution of anti-[(n°m°-
fluorene){Cr(CO);},] (anti-1¢) in dry and degassed THF (10 mL) was
treated with 1 equiv of n-BuLi at —40°C under argon atmosphere.
The resulting solution of the fluorenylic anion was transferred after
45 min by cannula into a THF solution (5 mL) of 1equiv of the
corresponding rhodium(I) p-chlorido bridged dimer complex at

Angew. Chem. 2014, 126, 9985-9989
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—40°C. The resulting mixture was stirred for 2 h during which the
temperature was slowly raised to —20°C. The solvent was then
removed under reduced pressure and the residue extracted with cold
diethyl ether. After filtration through dry Celite the solvent was
removed under reduced pressure and the residue, contaminated with
1¢, was recrystallized several times from mixtures of diethyl ether and
pentane until dark red crystals devoid of traces of yellow 1¢ were
obtained. Specific procedure details and analytical data are available
in the Supporting Information.

CCDC 999054, 999055, 999056, 999057, 999058, and 999059
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.
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