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Examples of chemical reactions that occur in the solid state
without disruption of crystalline order are quite rare.'! The
most prevalent among these are photochemical reactions,!?
absorption/desorption of solvents from porous materials,* or
changes in coordination polymers."*%4 There are very few
examples of single-crystal-to-single-crystal reactions of mono-
molecular species being reported'®’! and even fewer exam-
ples of such transformations of organometallic compounds.
Notable exceptions include the recent elegant reports by
van Koten, " Brookhart,” and McKeown,® which describe
single-crystal-to-single-crystal transformations in which the
coordination environment around a transition metal changes.
These transformations are of significant interest in terms of
crystal engineering, chemical sensing, and materials science in
general'[ll,mjb,d,ﬂa‘6b‘8]

We have recently discovered an example in this rare series
of organometallic single-crystal-to-single-crystal transforma-
tions. Furthermore, we will show that two sequential single-
crystal-to-single-crystal transformations can occur back to
back, such that one single crystal is converted into two new
chemical entities without loss of crystallinity. These reactions
involve the conversion of a rhodium dinitrogen complex, in
which the N, unit is bound in an end-on fashion, into a
rhodium dioxygen complex with the O, bound side-on, and
finally to a rhodium carbon monoxide complex, with CO
bound in the typical end-on fashion. These transformations
were being studied as part of our program revolving around
the chemistry of rhodium N-heterocyclic carbene (NHC)
complexes.’! These ligands have been employed for a wide
variety of transition-metal-catalyzed reactions”™!% since
their isolation by Arduengo et al. in 1991.' In particular,
we were interested in the use of NHCs for their increased
oxidative stability in comparison to phosphines. In particular,
we and others have been interested in the reaction of rhodium
complexes of bulky, electron-rich ligands with O,.*¢"
Interestingly, these types of ligands seem to promote the
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formation of what can best be described as rare examples of
pseudo square-planar rhodium(I) complexes of singlet
oxygen (2).*9 These compounds could be prepared from a

NHC NHC NHC
NEN—FI{h—CI E*Rh—CI OEC—IIRh—CI
NHC NHC NHC
1a,b 2a,b 3a,b

NHC = IPr (a) or IMes (b)

variety of precursors, but the cleanest reaction was observed
using dinitrogen complexes 1. Conversion of 1 into 2 is
irreversible; however, O, complexes 2 can also be converted
into CO complexes 3.

As part of our attempts to understand why these relatively
electron-rich rhodium species do not undergo oxidation to
Rh™, we began a study of rhodium complexes ligated by
different NHC ligands. Since steric effects are postulated to
play a key role in the reactivity of these and related rhodium
species,'?! we began with an NHC having similar electronic
properties, but increased steric constraints, SIPr."* These
studies have resulted in the isolation of key intermediates on
the way to the final O, complex, as well as the discovery of
single-crystal-to-single-crystal-to-single-crystal ~ transforma-
tions in this series.

Our studies began with treatment of [{Rh(H,C=CH,)Cl},]
with the free carbene SIPr (Scheme 1). Depending on the
ratio of NHC to rhodium, either ethylene adduct 4 or rhodium
dinitrogen adduct 5§ were obtained. Exposure of § to O, in
solution results in a dramatic color change from yellow to
blue, indicating the formation of rhodium dioxygen complex
6, which is a new example of a Rh' complex of singlet O,.
Interestingly, the interconversion of 5 into 6 also took place in

SIPr SIPr
A O _gpr SPr ] 0, 8 .l
SIP Rh\/ > N:N—F?h-CI _— v-—th—CI
r Cl single crystal
" SIP or solution SIPr
5 6

,S|PI' co
O=C—Rh-CI

single crystal
or solution

- "-‘ b
6 5 SIPr
7

Scheme 1. Selective formation of rhodium complexes 4-7. SIPr=N,N'-
(2,6-iPr,CgH;) ,C3H,N,.
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the solid state, proceeding by a single-crystal-to-single-crystal
transformation.'™'¥) Herein we describe the details of these
investigations and the full characterization of all of complexes
4-7 in addition to their decomposition products.

The reaction of [{Rh(C,H,)Cl},] with 2 equivalents of SIPr
in an organic solvent (such as benzene, THF) at room
temperature results in the quantitative formation of complex
4. This species was isolated and fully characterized by a
combination of 'H and *C NMR spectroscopy, high-resolu-
tion mass spectrometry, and elemental analysis. Furthermore,
the molecular structure of complex 4 was determined by
single-crystal X-ray analysis (Figure 1). n*-Coordination of

Figure 1. Crystallographically determined structure of [{Rh(SIPr)-
(CH,)CI},] (4), with ellipsoids set at 50% probability. There is half of a
molecule of complex 4 per asymmetric unit. Hydrogen atoms (except
for those of the SIPr backbone) are omitted for clarity.

ethylene to each metal center is evident from the 'H and “*C
NMR spectra.'” At room temperature, the '"H NMR spec-
trum of complex 4 shows very broad resonances for the
ethylene protons (as well as for the saturated backbone of
SIPr) that sharpen to clear doublets when the sample is
cooled down below —30°C. In the *C{'H} NMR spectrum, a
characteristic doublet (*Jg,c = 16.7 Hz) ascribed to the n>-C=
C moiety is clearly observable at 6 =46.7 ppm. The carbene
peak appears at 6 =205.89 ppm as a doublet with coupling to

C2A C3A
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rhodium (}Jguc = 58.0 Hz). The observed coupling constant is
almost identical to the structurally related species [{Rh(coe)-
(IrBu)Cl},] ! (coe = cyclooctene ; gy = 56.9 Hz). Although
a variety of rhodium olefin complexes, such as the latter, have
been isolated and characterized, this is the first report we are
aware of in which a dimeric ethylene-rhodium-NHC com-
plex has been isolated. The dearth of these complexes is most
likely due to the high lability of ethylene compared to other
olefins.['>

Complex 4 exhibits a nearly planar geometry around each
metal center, with both rhodium centers and chlorine atoms
in one plane. The dihedral angle between the plane containing
both rhodium centers (Rh1-CI1-Rh1A-CI1A) and the N1—
C1—-N2 plane of the heterocyclic rings of the corresponding
carbene ligands is 58.47°. Deviation from planarity of the
heterocyclic rings of the NHC is quite significant and is
represented by the torsion angle (N1-C2—C3—N2) of 25.61°.
The dihedral angle between the N1-C1-N2 plane and the
Dipp groups of the carbene ligand is 69.18°. The distance
between the two rhodium centers Rh1—Rh1A is 3.613 A.
Coordination to the rhodium centers induces significant
lengthening of the C—C ethylene bond (that is, C28—C29,
1.383(4)) in comparison to uncomplexed ethylene
1.3391(13) A" The Rh—C=C bonds are 2.092-2.108 A,
which correlates well with the literature.!™

Treatment of complex 4 with an additional 2 equivalents
of SIPr in a nitrogen atmosphere for 24 h yields the
corresponding end-on dinitrogen complex 5. This species
was fully characterized by 'H and “C{'H} NMR spectroscopy,
mass spectrometry, IR spectroscopy, elemental analysis, and
X-ray crystallographic analysis (Figure 2). X-ray-quality crys-
tals of this dinitrogen complex were obtained by slow
diffusion of hexane into a concentrated THF solution of 5.
The N—N bond of bound dinitrogen in 5 has a bond length of
1.118(19)-1.110(10) A (corresponding to two independent
molecules with slightly different bond lengths observed by X-
ray diffraction) versus 1.0975 A in free dinitrogen,'”) and the
v(N-N) appears in the IR spectrum at 2107 cm ™.

Exposure of a solution of compound 5 in THF to oxygen
or air results in the formation of complex 6, in which O, is

Figure 2. Crystallographically determined structures of [Rh(SIPr),(N,)Cl] (5, left), [Rh(SIPr),(O,)Cl] (6, middle), and [Rh(SIPr),(CO)CI] (7, right),
with ellipsoids set at 50% probability. Hydrogen atoms (except for those of the SIPr backbone) are omitted for clarity. For details, see the

Supporting Information.
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bound side-on to rhodium. As expected based on our previous
work,”*l compound 6 is isolated as a square-planar complex
of dioxygen with an oxygen—oxygen bond that is shorter than
the characteristic peroxo bond of ca. 1.45 A, as previously
observed.[12417]

Compound 6 could also be synthesized by treating a THF
solution of [{Rh(C,H,),Cl},] with 4 equivalents of SIPr in a
nitrogen atmosphere, and directly exposing the resulting
yellow solution to air or oxygen. After 12h under an
atmosphere of oxygen, the resulting green residue was
purified by column chromatography, yielding pure complex
6 as a deep blue powder.® Complex 6 has been isolated and
characterized by the same means as 4. NMR spectra of
complex 6 are very similar to those obtained for the rhodium
bis(IPr) analogue previously reported by our group.*

Exposure of a THF solution of compound 5 to CO
atmosphere generates complex 7. Complex 7 has been
isolated and characterized by 'H and *C{'H} NMR spectros-
copy, mass spectrometry, IR spectroscopy, and elemental
analysis. The X-ray structures of complexes 5-7 are pseudo
square-planar with slight distortions arising from a subtle
tilting of the two rhodium carbene bonds towards the chloride
ligand (Figure 2).

Dihedral angles between the heterocyclic rings of the
trans carbene ligands are 52.19°, 53.09°, and 53.73° for §, 6,
and 7, respectively. The heterocyclic rings of the carbene
ligands are nearly planar, with minor deviation from planarity
represented by the torsion angles (N1-C2—C3—N2) of 12.35°
(5), 6.65° (6), and 12.26° (7). The heterocyclic rings of the
carbene ligands are almost perpendicular to their correspond-
ing Dipp groups, with a dihedral angle of 78.40° (5), 80.26°(6),
and 77.17°(7). Complexes 5, 6, and 7 are essentially square-
planar, with an angle between the carbene atoms and rhodium
of 177.53° (5), 178.08° (6), and 178.44° (7).

The rhodium—carbene bonds are nearly identical to
structurally related rhodium bis(IPr) O, complexes.” As
previously noted, the O—O bond (O1—O1A) of complex 6 is
shorter than typical peroxo bonds!'*'” at 1.392(11) A, which
is consistent with other examples of related complexes.” As
the complex also has square-planar geometry, it is likely that
complex 6 is another example of Rh' singlet oxygen com-
plexes. Despite the fact that NMR spectra appeared clean and
sharp, small amounts of the paramagnetic [Rh(SIPr),(Cl),]
impurity often co-crystallized with the complexes 5-7.
Incorporation of [Rh(SIPr),(Cl),] in the single crystals of
5—7 varies from 6-25%.

3 2 "
Dipp’N N‘Dlpp Dipp’N N~D|PP
N=N-Rh-Cl g—Rh—CI
Dipp~N~N-Dipp Dipp~N~N-Dipp

The transformations described above were also observed
to take place in the single-crystal form. Exposure of yellow
crystals of § to air or oxygen for an extended period of time
(15 days) results in the selective conversion into single crystals
of blue complex 6, without cracking, yielding crystals suitable
for X-ray diffraction analysis (Figure 2). Remarkably, follow-
ing this, we were able to treat crystals of the rhodium O,
complex 6 with CO for 7 days, resulting in the formation of
the corresponding carbonyl complex in another single-crystal-
to-single-crystal transformation without destruction of the
crystal. X-ray analysis was conducted before and after each of
these transformations.

All three crystalline forms of the yellow nitrogen adduct §,
blue oxygen adduct 6, and brown carbonyl adduct 7 (Figure 3)
have an orthorhombic P2,2,2 space group with almost
identical unit cells (Supporting Information, Table S1).
Clearly, the loss of dinitrogen and the concurrent slow
diffusion of oxygen (or loss of oxygen and concurent diffusion
of CO) have minor effects on the molecular arrangement in
the crystalline state.

Exposure of single crystals of complex 5 to an atmosphere
for argon for 13 days resulted in no net loss of nitrogen,
whereas exposure to oxygen for this same time period
resulted in complete conversion into complex 6. These results
are consistent with a mechanism proposed by Brookhart,
where the ligand exchange occurs within the crystal, rather
than by dissociative displacement, however a dissociative
mechanism cannot entirely be ruled out.

At elevated temperatures (80°C) in solution, complex 4
converts slowly into another species (8) along with the
formation of rhodium black. Formation of the paramagnetic
complex 9 [Rh(SIPr),(Cl),] was also observed. Although the
presence of the paramagnetic impurity caused some broad-
ness in the "H NMR spectra, the NMR data of 8 are consistent
with its nonsymmetrical nature in which the metal center is
bound to two SIPr ligands with cyclometalation at an
isopropyl group of one of the SIPr ligands (Scheme 2).[1°"!

SIPr
" SIP
A /C'\Rh,smr 80°C Rh—Cl  80°C r
) — ~— N=N-Rh-Cl
SIPr" o Y - i
cl 7 -Rh| NN -Dipp Sipr
4 /
6 5

Scheme 2. Selective formation of rhodium complex 8. Dipp=2,6-
iPr,CeHs,.

Dipp’N N-Dipp

O=C-Rh-CI

Dipp~N“"“N-Dipp

6 / 7

Figure 3. The structural conversion of complexes 5—6—7 in single-crystal form. Dipp = 2,6-iPr,CsH;.
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This result can be observed by *C NMR spectroscopy, as
two distinctly different carbene peaks with equal intensity
appear as doublets at 6 =197.90 and 6 =191.89 ppm with a
coupling to rhodium of 48.28 and 50.53 Hz respectively.
Furthermore, a characteristic signal for the cyclometalated
CH, group appears at 6 =26.9 ppm. Complex 8 exhibited an
IR band for »(Rh-H) at 1963 cm™' that is characteristic of a
rhodium hydride species. Although the 'H NMR spectrum is
very broad at room temperature, upon cooling, the character-
istic hydride resonance becomes clearly visible as a doublet at
6=-2338ppm (Jguy=18 Hz). T, measurements on this
signal at 193 K give a relaxation time of 522.8 ms, confirming
its hydridic nature.” Complex 8 could also be synthesized by
heating a solution of complex 5 for 4 h at 80°C in quantitative
yield as determined by 'H and “C{'H} NMR spectroscopy.

Interestingly, when complex 8 was heated for 12 h under
2 atm. of deuterium gas, the only significant incorporation of
deuterium observed occurred on the isopropyl groups of the
SIPr ligand, as determined by D and '"H NMR spectroscopy.
The hydride peak, which was observed at § = —23.38 ppm of
the "H NMR spectrum, remains unaffected, and no deuterium
incorporation occurred in this position as determined by *D
and '"H NMR.

In conclusion, we have synthesized several rhodium
bis(NHC) complexes featuring the saturated SIPr ligand
that are able to activate small molecules, such as N,, O,, and
CO and also intramolecular C—H bonds from the SIPr ligand.
As observed previously by our group, the rhodium complex
does not undergo oxidation when reacted with O,, which is
presumably due to the significant steric bulk around the
complex provided by the SIPr carbene ligands, preventing
expansion of the coordination number from 4 to 6.1 The fact
that CO binds better than N, or O, may make this system
suitable for the detection of CO in air.”!! Finally, we have
demonstrated that dinitrogen complex 5§ can convert into the
dioxygen complex 6 followed by conversion into carbonyl
complex 7 by an unusual double single-crystal-to-single-
crystal transformation.
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