W) Check for updates .
Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202501877

www.chemeurj.org

A Tour in the Chemistry of a Tricoordinate Rh(—I) Complex

Victor Varela-lzquierdo,!?! José A. Lépez,!?) Miguel A. Ciriano,*[?! and Cristina Tejel*2] w

The finding of the unprecedented 16-e tricoordinate planar
rhodium(—I) complex, K[Rh(IPr)(dvtms)] (K[1]) (IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazolyl-2-ylidene, dvtms = divinyltre-
tramethyldisiloxane) prompted us to explore its reactivity.
K[1] reacts as a nucleophile with methyliodide to give
[Rh(IPr)(dvtms)Me], a Rh(I) compound with an exceptional
trigonal-pyramidal  structure. Other haloalkanes abstract
one electron from K[1] to give the previously reported
[RhO(IPr)(dvtms)] complex. K[1] also reacts with protonic acids
and weak proton sources such as water and ketones to
eventually give the rare tricoordinate 14-electron complex

1. Introduction

Low-valent, low-coordinated complexes are intriguing com-
pounds due to their unique electronic structures and reactiv-
ity and may attract significant interest for their potential in
catalysis."”! These properties offer new possibilities for cat-
alytic processes that are difficult or unattainable with traditional
catalysts.[®°1 Additionally, they provide valuable insights into
fundamental chemistry.

In this context, the chemistry of rhodium complexes in
low oxidation states (0 and — 1) has received surprisingly lim-
ited attention in spite of being known for over 50 years.
Examples include chemically or electrochemically generated d°-
[RhL,]" species stabilized by m-acidic ligands."""®! However, well-
defined, isolated paramagnetic rhodium(0) complexes remain
rare, with only a few examples reported.?*?%! DFT calculations
on these species revealed relatively low spin density at the
rhodium center, typically between 20% and 50%, indicating that
most of them are better described as delocalized radicals.['0%

Notable exceptions are [Rh(trop,dad)]’ (trop,dad = 1,4-
bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-diene),
which is clearly the ligand-centered radical
[Rh(trop,dad™)1,?* whereas [Rh(IPr)(dvtms)]" (IPr = 1,3-bis(2,6-
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[Rh'(IPr)(SiMe,OSiMe,CH = CH,)] with a Rh —Si bond. The 16-
electron complex [Rh'(IPr)(SiMe,0SiMe,CH = CH,)(H,C = CH,)]
was characterized as an intermediate in this reaction. Further-
more, K[1] runs up to five cycles of catalytic condensation of
nonenolizable aldehydes to esters, such as p-tolylaldehyde,
before being fully converted into the inactive complex Rh(IPr)(»*-
G3H4Ptolyl)(GH,)] with fragmentation of the diolefin dvtms.
Computational studies have provided valuable insights into the
reactivity patterns and behavior of this complex, including those
of the rhodium(—I)/rhodium(l) catalytic cycle.

diisopropylphenyl)imidazolyl-2-ylidene, dvtms = divinylte-
tramethyldisiloxane) is the unique true metalloradical Rh(0)
complex.!?!  Additionally, [Rh(trop,PPh)(PPh;)I" (trop = 5H-
dibenzo[a,d]-cyclohepten-5-yl) exists as a metalloradical in rapid
equilibrium with its “ligand radical” electromer.!"”!

Mononuclear Rh(—I) complexes, [RhL4]~, are even rarer.
Most of them are tetracoordinated species that follow the
18-electron rule.-381 Crystallographic studies reveal that these
complexes typically adopt tetrahedral or near-tetrahedral
structures. Two notable exceptions are our recently reported 16-
electron, tricoordinate planar complexes [Rh(L)(dvtms)]~ (L = IPr,
PPh),16! and [Rh(CNArdPP);]= (ArdPP = 2,6-('Pr,CsHs),CeHs).>”
A key distinction between them is the strictly trigonal-
planar geometry of the former, whereas the latter adopts
a pronounced Y-shaped structure in solid state and in
solution.

The reactivity of low-valent rhodium complexes, especially
the paramagnetic ones, is not well understood and can be
obscured by disproportionation reactions: 2 [Rh°] — [Rh'] +
[Rh~'], which generate more reactive species. For example,
this reaction occurs rapidly for [Rh(tropp™).]" (tropp™ = 5-
diphenylphosphanyldibenzola,d]cycloheptene).l*] Despite this,
a common behavior of d°-rhodium species is their ability
to abstract hydrogen from proton sources!*1<" making
them promising candidates for both mono-*" and dinuclear*?
C — H activation reactions, as well as catalysts for pho-
tolytic water splitting.®! In some cases, chloride abstraction
has been observed,™! and molecular hydrogen cleavage into
rhodium hydrides has been achieved, as demonstrated by
[Rh(dppe),] (dppe = 1,2-bis(diphenylphosphino)ethane) and
[Rh(CO)(PPhs);].>3a] Additionally, this complex readily under-
goes ligand substitution of PPh; by NO and CO.[™!

Although little is known about the chemistry of diamag-
netic d'°-rhodium(—I) complexes, some studies have revealed
their nucleophilic metal character. For example, protonolysis of
[Rh(dppe),IMgCl leads to the corresponding hydride complex,
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and it reacts with methyl iodide to form [Rh(dppe),(Me)]. How-
ever, exposure of [Rh(dppe),]IMgCl to main-group electrophiles,
such as MesSnCl, results in an unexpected transformation
of the intermediate [Rh(dppe),(SnMes)] into [Rh(dppe),(H)].133!
In contrast, adducts are successfully formed in reactions of
[Rh(tmbp),]~ (tmbp = 4,455 -tetramethyl-2,2’-biphosphinine)
and [Rh(CO),(PPhs),]~ with Ph;SnCl®** and Me,SnCl,,% respec-

tively.
Oxidative addition has been observed in two cases: C — CN
bond cleavage of benzonitrile* and C — N bond cleav-

age in IMes (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazolyl-2-
ylidene).**! Additionally, the highly reactive [Rh(dppe),]MgCl.13%!
has shown activity in CO, reduction. Pioneering work by Ragaini
et al. demonstrated the effectiveness of [Rh(CO),]™ as a catalyst
for nitroaromatic reduction and carbonylation.!**! More recently,
a formal Rh~'/Rh' redox cycle was identified in the catalytic
hydrogenolysis of aryl C — F bonds.[*”!

Despite significant progress, much remains unexplored in
the chemistry of d'%-rhodium(—I) complexes, particularly those
with low coordination numbers. Coordinative unsaturation is
expected to greatly enhance their reactivity compared to their
saturated, tetracoordinate counterparts. The preceding studies
on [Rh(CNAr?®P),]1- revealed its ability to undergo protonolysis,
to bind thallium, and to give reactions with electrophiles such
as trimethylsilyl triflate and hexamethyldisilane.**!

In this work, we report the reactivity of our recently
described tricoordinate rhodium(—I) complex, K[Rh(IPr)(dvtms)]
(K[1]), with electrophiles such as methyl iodide, proton sources,
ketones, and aldehydes.

2. Results and Discussion

A distinctive feature of the K[Rh(IPr)(dvtms)] (K[1]) complex is the
strictly trigonal coordination of the rhodium atom, with a sum of
bond angles around rhodium (X°Rh) of 359.97(6), based on the
midpoints of the C = C double bonds. Unlike the typical perpen-
dicular coordination of the C = C bonds to the molecular plane
in rhodium(l) complexes, the two C = C bonds in the chelating
dvtms ligand (H,C = CHSiMe,—0—SiMe,C = CHj,) lie within the
coordination plane.[%!

To further investigate its electronic structure, we performed a
detailed DFT analysis. The results show that the HOMO is almost
entirely derived from the rhodium dz? orbital (~100%) and ori-
ented perpendicular to the molecular plane (defined as the xy
plane, Figure 1).

The HOMO-1 and HOMO-2 are primarily the metal dxz and
dyz orbitals (e” set in Ds, symmetry). In contrast, HOMO — 3
and HOMO — 4 are mixed dx?>-y? and dxy orbitals (e’ set in D,
symmetry) coupled with the n* orbitals of the C = C bonds.
This interaction stabilizes the dx*>-y? and dxy orbitals relative to
the dxz and dyz orbitals, revealing the covalent character of
the Rh — dvtms bonds.®! The difference with the other metal
orbitals arises mainly from strong metal-olefin 7-back donation,
which is maximized in the xy plane. This contrasts with the
related complex K[Rh(CNAr?®P);], which has the HOMO derived

Chem. Eur. J. 2025, 0, €202501877 (2 of 9)

eV

197 LUMO

LUMO HOMO

~0.45 + HOMO, dz2(a';)

-0.90 | HOMO-1,dxz(e*)
~0.96 | HOMO-2,dyz(e")

-1.31 — HOMO-3, (¢’)
Ax2y2+ T sene
-1.68 T— HOMO-4, (¢e’)
dxy + m*aikene

HOMO-1

HOMO-3

Figure 1. LUMO, HOMO-3, HOMO-1, and HOMO of KI1].
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Figure 2. Synthesis of [Rh(IPr)(dvtms)(Me)] (2) from [Rh(IPr)(dvtms)] (K[1]). A
selected region of the 'H,'H-exsy NMR spectrum is shown on the right.

from the dx?-y? orbital.®®! As a result, K[Rh(IPr)(dvtms)] (K[1]) is
expected to exhibit strong nucleophilic behavior.

NBO analysis shows a negative charge on both the rhodium
atom (—0.36) and the olefinic carbons, particularly on the
HC = carbons (—0.83 and — 0.84), compared to the H,C = car-
bons (—0.51). This calculation indicates that the rhodium center
and the olefinic bonds are likely reactive sites for electrophiles.

As expected, K[1] reacts immediately with the typical elec-
trophile, Mel, to yield the oxidative semi-addition (oxidative
ligation) product [Rh(IPr)(dvtms)(Me)] (2) and potassium iodide.
Quantitative conversion was observed by 'H-NMR spectroscopy
(Figure 2). On a preparative scale, complex 2 was isolated from
toluene as an orange solid with a good yield (60%), and single
crystals were grown from a hexane solution cooled to — 35 °C.

The X-ray structure of complex 2 (Figure 3) reveals a tetraco-
ordinated rhodium center in a trigonal pyramidal (TP) geometry,
with the methyl group at the apex. There are two independent
molecules in the asymmetric unit, with similar configurations.

This structure closely resembles that of
[(PhsP)Au — Rh(dvtms)(IPr)] if the methyl group is formally
replaced by its isolobal fragment [Au(PhsP)]. 12! Consequently,
the bond distances and angles are similar.

Notably, the TP geometry for a rhodium(l) com-
plex is extremely rare, with very few examples reported:
[Rh(trop,SiMe)(L)] (L = C,H4, PPh3), both by Griitzmacher, 4®!
as well as [Rh(L){n*-Geo(Hyp)s}] (Hyp = Si(SiMes)3),!*! and
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Figure 3. Molecular structure (ORTEP, ellipsoids set at 50% probability) of
complex [Rh(IPr)(dvtms)(Me)] (2). Selected bond distances [A] and angles
[°l: Rh — C1 2.139(5)/2.114(5), Rh — Ct1 2.030(5)/2.035(5), Rh — Ct2
2.039(6)/2.037(6), Rh — C36 2.028(5)/2.037(5), C28 — C29 1.416(7)/1.428(7),
(€32 — (33 1.436(7)/1.424(8), C1 — Rh — Ct1108.3(2)/112.3(2), C1 — Rh — Ct2
118.6(2)/114.9(2), Ct1 — Rh — Ct2 133.0(2)/132.7(2), C1 — Rh — C36
96.2(2)/95.8(2). Only CH carbons of the iPr groups are shown for clarity.

[Rh(CNAr®PP),TILIT |n all these cases, the group with higher
trans influence occupies the apical position.

NMR analysis of complex 2 shows an equilibrium in solu-
tion between two isomers (major isomer 2a and minor isomer
2b, Figure 2). Both isomers exhibit a plane of symmetry, which
renders the two halves of the dvtms ligand equivalent. The
methyl groups bound to rhodium appear as doublets in the
'H and BC{'"H} NMR spectra (J(HRh) = 2.1 Hz, 2a; 2.2 Hz, 2b;
J(C,Rh) = 31 Hz, 2a; 32 Hz, 2b). Additionally, bonding to rhodium
causes a high-field shift for the corresponding carbons (§ = —1.6
for 2a, —1.0 ppm for 2b). These observations align with the
structures shown in Figure 2, in which the isomers differ in
the position of the methyl group relative to the folding of the
metallacycle.

The equilibrium between 2a and 2b is slow enough to be
detected by the 'H,'H-exsy NMR spectrum (Figure 2). While
the stereochemistry of 2a and 2b cannot be definitively deter-
mined from these spectra, it is likely that the major isomer (2a)
corresponds to the solid-state structure. DFT calculations indi-
cate that 2a is 0.7 kcal mol™" more stable than 2b, whereas
the square-planar configuration (2¢) is positioned 1.2 kcal mol™
above 2a.

This isomerization, mediated probably through a square-
planar species, involves a change in the orientation of the
diolefins: they lie in the trigonal plane in 2a and 2b, but they
are perpendicular to the molecular plane in the square-planar
configuration.

Other electrophiles, such as dichloromethane, CICHMe,,
CICH,CO,Me, and iodobenzene, also react with K[Rh(IPr)(dvtms)]
(K[1]), but these reactions produce mixtures of products. In all
cases, the rhodium(0) complex [Rh(IPr)(dvtms)] (3) was consis-
tently detected by NMR if using a 1:1 molar ratio (Scheme 1).
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Scheme 1. Reactions of K[1] with R-X (CH,Cl,, CICHMe,, CICH,CO,Me, IPh).
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Scheme 2. Reactions of K[1] with proton sources giving 4 and ethylene.

This fact suggests that these reactions proceed via one-electron
oxidation rather than oxidative addition.

The likely mechanism involves a nucleophilic attack by the
metal on the carbon bonded to the halogen, transferring one
electron to give potassium halide along with two radicals:
the relatively stable paramagnetic complex 3 and the organic
fragment, which then collapses in the solvent cage.

The rarity of TP structures in d® complexes led Griizmacher
et al. to propose strategies for stabilizing TP forms as ground-
state structures. They suggested that combining cations like a
proton or a silyl cation (SiHs*) with planar d'°-ML; fragments,
such as the hypothetical species [Rh(C;H4)3]1~, could favor the TP
structure. Indeed, DFT calculations confirmed that the TP form,
with H or SiH; at the apex, is significantly more stable than
the planar form.*8! In this regard, the synthesis of complex 2
supports this hypothesis.

Following this idea, we reacted complex 1 with stable car-
bocations, such as the perchlorate salts of triphenylcarbonium
and tropylium. The sole product observed by NMR was the
rhodium(0) complex [Rh(IPr)(dvtms)] (3), indicating that no Rh—C
bond formation occurred. Instead, one-electron transfer to the
cation took place, generating radicals, which is consistent with
the oxidative nature of these carbocations.!*}

Noteworthy, K[1] reacts not only with strong acids such as
HBF, but even extracts protons from weak acids, such as water
and phenols (MesOH, 2,6-'‘Bu,C¢HzOH). In all cases, the solu-
tion color changes from orange to red. The reaction time to
achieve completion depends on the proton source’s strength.>"!
HBF, completes the reaction in 10 minutes, whereas those
with phenols take about 2 hours. Surprisingly, the final prod-
uct is not a hydride complex but the tricoordinate complex
[Rh(IPr)(SiMe,0SiMe,CH = CH,)] (4, Scheme 2). This transforma-
tion involves Rh—Si bond formation and the removal of one vinyl
group from dvtms as ethylene, which was detected by '"H NMR
spectroscopy.

The molecular structure of complex 4 (Figure 4) reveals a tri-
coordinate, T-shaped rhodium(l) center bonded to the C1 carbon
of the IPr ligand, to one silicon atom (Si'), and to a vinyl group
from the early dvtms ligand.

The C = C bond of the vinyl group is perpendicular to the
rhodium coordination plane. The Rh—Si' bond distance (2.2362(7)
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Figure 4. Molecular structure (ORTEP, ellipsoids set at 50% probability) of
complex [Rh(IPr)(SiMe,0SiMe,CH = CH,)] (4). Selected bond distances (Al
and angles [°]: Rh — C12.041(2), Rh — Ct 2.029(2), Rh — Si1 2.2362(7),

28 — (29 1.399(3), Rh-"H26 2.449, C1 — Rh — Ct 177.2(1), C1 — Rh — Si1
94.61(7), Sit — Rh — Ct 91.98(7), Sil — Rh — H26 173.3.

Milstein Bertrand

Chaplin

Figure 5. Chemical structures of tricoordinated 14-electron rhodium
complexes featuring Rh--H interactions.

A) is notably shorter than those in related rhodium(l) complexes.
152531 This shorter distance is likely due to the absence of a lig-
and trans to the Si' atom. Alternatively, it could be argued that
the strong trans influence of silicon prevents the presence of a
ligand in this position. In the solid state, a proton from an iso-
propyl group appears to interact with the rhodium atom at the
coordination vacancy. This is supported by the short Rh--H26 dis-
tance (2.449 A) and the nearly linear C26—H26--Rh angle (152.1°),
which align more closely with an anagostic interaction (2.3-2.9 A,
110-170°) than an agostic one (1.8-2.3 A, 90-140°), according to
the Brookhart definition.**! However, this interaction could not
be detected by '"H NMR, even at — 90 °C in toluene-ds.

Aside from this interaction, complex 4 is an unusual 14-
electron species. Related 14-electron complexes reported by
Milstein,'>! Bertrand,’*®! and Chaplin®”! are shown in Figure 5.

In solution, the “Me,Si'-Rh” and “Rh-(H,C = CH-Si?Me,)" frag-
ments were clearly identified by their correlation peaks in the
H,2Si-hmbc spectrum. Si' correlated with the methyl protons,
whereas SiZ correlated with the two methyl groups and three
olefinic protons. From this 2D spectrum, the 2°Si NMR spectrum
was obtained, showing a singlet for SiZ at § = —1.9 and a doublet
for Si' at § = 49.1 (J(Si,Rh) = 66 Hz), as expected.

Chem. Eur. J. 2025, 0, €202501877 (4 of 9)
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Scheme 3. Proposed elemental steps for the formation of complex 4 from
the reaction of K[1] with proton sources.

Based on the experimental data and the isolobal analogy
between Me* and HT, the mechanism outlined in Scheme 3
explains the formation of complex 4. The reaction begins with
the protonation of the electron-rich Rh(—I) center, generating
the hydride intermediate [Rh(IPr)(dvtms)(H)], which resembles
the structure of the methyl complex 2. In the next step, an anti-
Markovnikov addition of the hydride to the vinyl group occurs,
leading to the cleavage of the Si—C bond. This results in the
release of ethylene and the formation of a new Rh—Si bond.

The intermediate complex 5, detected by NMR, then under-
goes ethylene elimination to form complex 4. Herein, the
hydride clearly migrates to the more electronegative carbon (as
shown above), which strongly indicates an electrophilic char-
acter (%) of the hydride attached to the rhodium(l) center.
However, direct protonation of the olefin to produce directly
complex 5 cannot be definitively ruled out.

DFT calculations show that transformation of the hydride
complex [Rh(IPr)(dvtms)(H)] into 5 is only slightly endergonic by
2.3 kcal mol~! and that elimination of ethylene on going from 5
to 4 is thermodynamically favored by 3.8 kcal mol~".

Monitoring the reaction of K[1] with water (in a 1:1 molar ratio)
at — 60 °C in dg-toluene revealed the presence of the interme-
diate [Rh(IPr)(SiMe,0SiMe,CH = CH,)(H,C = CH,)] (5, Scheme 3)
featuring coordinated ethylene in the reaction mixture.

Thus, two sets of olefinic resonances were identified through
selective 'H-seltocsy experiments (Figure 6). The red trace corre-
sponds to the vinylic H,C = CH — OSi? moiety, whereas that in
green corresponds to ethylene. Both C = C bonds are attached
to rhodium, as confirmed by the doublet signals of their carbon
nuclei due to coupling with '®Rh in the ®C{'H} NMR spectrum,

Additionally, the "H,?°Si-hmbc NMR spectrum displayed two
silicon signals with chemical shifts of § = 2.1 and 48.7 ppm,
similar to those observed in complex 4. The low-field signal cor-
responds to Si', directly bonded to rhodium, as indicated by a
large J(Si,Rh) coupling constant of 45 Hz.

Complex K[1] also reacts with other electrophiles, including
aldehydes and ketones. However, its strong proton affinity pre-
vails, abstracting protons from enolizable compounds such as
acetone, butanone, methylisobutylketone, and isobutyraldehyde
to give complex 5 and the corresponding enolate (confirmed on
monitoring the reactions by 'H NMR in C¢Ds).
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Figure 6. Selected regions of the 'H-seltocsy NMR spectra upon irradiation
of the resonances marked with a ray (left, bottom), 'H,°Si-hmbc NMR
spectrum (left, top), and "H,*C-hsqc NMR spectrum (right) of the
intermediate 5.
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Scheme 4. Products from the reaction of K[1] with PtolCHO.

However, reactions of K[1] with nonenolizable carbonyl com-
pounds, such as p-methylbenzaldehyde (PtolCHO), follow a dis-
tinctive path.

The reaction (Scheme 4) consistently gives [Rh(IPr)(m3-
G3H,Ptolyl)(CH,4)] (6a) as the sole rhodium(l) complex, the ester
Ptolyl—CO,—CH,Ptolyl (7) (identified by NMR™®!), and an oxo-
disilyl compound resulting from the conversion of dvtms into
products, tentatively identified as K[8].

Complex 6a was isolated as an orange-red solid and fully
identified by NMR and X-ray methods. The allyl group exhibits
four signals in the "H NMR spectrum and three resonances in
the BC{"H} NMR spectrum, corresponding to carbons C', 2, and
C, at § = 101.8, 70.1, and 46.7 ppm, respectively. These sig-
nals appear as doublets due to coupling with the active '°*Rh
nucleus [J(C,Rh) = 6, 5, and 10 Hz, respectively]. Additionally, the
freely rotating ethylene ligand was identified by two signals in
the "H NMR spectrum and a single resonance in the '3C{"H} NMR
spectrum at § = 55.2 ppm [J(C,Rh) = 13 Hz].

Figure 7 shows the molecular structure of [Rh(IPr)(n3-
C3H,Ptolyl)/{(C,H,)/(CO)Y (6a/6b), which consists of two similar
but independent molecules in the asymmetric unit. Each
independent molecule exhibits disorder in one ligand, either
ethylene (6a) or carbon monoxide (6b). In the measured crystal,
the populations found were 76.6(5)% of 6a and 23.4(5)% of 6b.
The key feature in both is the presence of the new anionic
ligand, [H,C = CH — CHPtolyl]~, which coordinates to rhodium
through the three carbons of the allyl group. The rhodium
coordination sphere is completed by the IPr ligand bonded
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Figure 7. Molecular structure (ORTEP, ellipsoids set at 50% probability) of
complex [Rh(IPr)(i3-C3H4Ptolyl){(CH,)/(CO)}] (6a/6b). Selected bond
distances [A] and angles [°]: Rh — C1 2.018(3)/2.015(3), Rh — C35
2.209(4)/2.226(4), Rh — C36 2.124(4)/2.130(4), Rh — C37 2.152(4)/2.162(3),

Rh — C40 1.870(7)/1.891(8), Rh — Ct 2.043(6)/2.046(5) C38 — C39
1.376(8)/1.378(6), C1 — Rh — Ct 96.6(2)/95.7(2), C1 — Rh — C35
166.19(15)/165.49(14), Ct — Rh — C37 160.6(2)/161.3(2). Ct is the middle point
of the €38 — C39 bond. Only CH carbons of the ‘Pr groups are shown for
clarity.

via the C1 carbon, along with either ethylene (in 6a) or carbon
monoxide (in 6b).

The outcome of the reaction is notably dependent on the
K[1]*tolCHO ratio and the way of addition of the aldehyde. In
any case, the reaction requires more than two molar-equiv. of
aldehyde to reach completion. If aldehyde is added in a slight
excess (1:3), a ratio of products 6a:;7 = 80:20 ensues. Interest-
ingly, if twelve molar-equiv. of aldehyde were added, the ratio
was reversed, shifting to 6a:7 = 16:84 in 1 hour. This result indi-
cates that the anionic rhodium(—I) complex, K[1], behaves as a
catalyst, running up to five cycles of the aldehyde condensation
before being fully transformed into the inactive complex 6a.

Further reaction of p-tolylbenzaldehyde with 6a leads
to a slow aldehyde decarbonylation to give [Rh(IPr)(n*-
C3H4Ptolyl)(CO)] (6b) and ethylene. The structure of 6b is similar
to 6a, in which a carbonyl group formally replaces ethylene. In
fact, monocrystals grown from the mother liquor of the reaction
in the freezer resulted in a mixture of co-crystallized 6a and 6b,
as disclosed above.

On the other hand, if p-tolybenzaldehyde was added to
K] in a large excess (PtolCHO:K[1], 100:1), replacement of dvtms
occurs, but neither the ester nor identifiable rhodium products
were isolated.

Considering the reaction itself, there are two processes
involved: a catalytic cycle and the formation of a rhodium com-
plex, 6a, inactive as a catalyst. Moreover, these are competitive
outcomes, since as the formation of 6a progresses the catalytic
cycle stops. Clearly, both of them possess a common interme-
diate. Nonetheless, a detailed mechanistic view of the reaction,
particularly the pathway to 6a involving C—C bond formation
between a vinyl group and a “PtolCH” fragment (from the alde-
hyde), represents important challenges. Therefore, we rather
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Figure 8. First steps in the reaction of K[1] with p-tolylCHO and DFT
calculations of intermediates [A]~ (left) and [B1]™ (right), and TSag (middle).
Values in brackets are given in kcal mol~'. Selected bond distances [A] and
angles [°]. [A]": Rh'H, 2.764; C — H, 1.098; C2 — O, 1.318; TSag: Rh-~"H, 1.720;
C — H,1362; C2 — O, 1.254; [B]: Rh — H, 1.609; C2 — O, 1.231; C1 — Rh — Q2
163.01. R = p-tolyl. The methyl groups of ‘Pr have been removed for clarity.

prefer to offer insights on the mechanism using DFT calculations
of selected plausible intermediate species.

Regarding the first step for both reactions, a nucleophilic
attack of the metal on the carbonyl group was considered.
However, this intermediate is rather described as an adduct
of the metal through the C = O bond. Thus, DFT calculations
indicate that the interaction of p-tolylCHO with K[1] gives the
n*-CO coordinated adduct [A]~, which is only 2.9 kcal mol™'
higher in energy than the separated species ([1]- + p-tolylICHO)
(Figure 8). In this adduct, rhodium adopts a nearly tetrahe-
dral geometry, consistent with an 18-electron Rh(—I) species.
Although rare, such complexes have been observed in related
“Ni®(NHQ)” systems.>!

Notably, the aldehyde proton in [A]~ is positioned close to
rhodium, thus enabling a C—H bond activation step to give the
hydrido-acyl complex [B1]~ (Figure 8). Intermediate [B1]~ is a
rhodium(l) species in a nearly trigonal-bipyramidal environment,
with the acyl group and IPr ligand at the axial positions and
the diolefin and hydride ligands in the equatorial positions. This
species lies 6.3 kcal mol™ higher in energy than adduct [A]~
and is formed through a 14.8 kcal mol™" activation barrier (TSag,
Figure 8). This barrier is similar to that reported by Fu and Yu
for the aldehyde C — H bond activation on the model complex
[Ni°(NHCQ)(n?-aldehyde),] (14.9 kcal mol™").[! The hydride-acyl
isomer, in which the hydride and acyl ligands switch positions
([B2]~; see Figure S4), is slightly higher in energy than [B1]~ by
2.8 kcal/mol~". Then, species [B1]~ is a reasonable proposal for
the common intermediate in both reactions.

At this point, it is interesting to mention that whereas the
catalytic cycle to the ester requires the diolefin dvtms to remain
intact for catalyst regeneration, the pathway to 6a involves
the rupture of both Si—C bonds, yielding two vinyl fragments
(“—CH = CH,"); one of them captures a proton to give ethylene,
whereas the other binds a “p-tolylCH” fragment to form the allyl
ligand. Then, starting from the hydride species [B1]~, a logical
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Figure 9. Competitive reaction pathways from the common intermediate
[B1]~, and DFT calculations of intermediates [C1]~ (left) and [D]~ (right).
Values in brackets are given in kcal mol~".

proposal outlining the divergence of these pathways is shown
in Figure 9.

Under low aldehyde concentrations, hydride insertion with
rupture of the first Si—C bond leads to the formation of [C1]~
(path a, in blue). This process (analogous to that described in
Scheme 3 for [Rh(H)(IPr)(dvtms)]) generates the ethylene ligand
found in [Rh(IPr)(n-CsH4Ptolyl)(C,H,)] 6a. Intermediate [C1]~ fea-
tures a trigonal bipyramidal rhodium(l) center in which the Ci
carbon of the IPr ligand and Si lie at the apical positions. The
silyl-acyl isomer, in which the silyl and acyl ligands switch posi-
tions ([C2]~ see Figure S4), was found to be higher in energy
than [C1]~ by 16 kcal/mol~".

In contrast, under higher aldehyde concentrations, the more
likely pathway involves replacement of one of the C = C bonds
of dvtms by an additional molecule of aldehyde to give interme-
diate [D]~ (path b, in green). Both intermediates, [C1]~ and [D]~
were found to have similar energies of 14.7 and 14.2 kcal mol™,
respectively.

The catalytic cycle for aldehyde dimerization (Scheme 5)
begins with steps (i) and (ii), as discussed previously (Figures 8
and 9). Then, intermediate [D]~ readily undergoes C = O
insertion into the Rh—H bond to give the acyl-alkoxo species
[E1]~ (step iii). The trigonal bipyramidal isomer [E2]~ ([Rh(IPr)(*-
dvtms)(OCH,R)(COR)], see Figure S4) is 7.3 kcal mol~" higher in
energy than [E1]~, suggesting that the subsequent reductive
elimination of OCH,R and COR (step iv) is more likely to occur via
the square-planar [E1]~ isomer. The driving force for this trans-
formation is the re-coordination of the olefin, leading to ester
formation and regenerating the Rh(—I) catalyst.

On the whole, this catalytic cycle is quite similar to that DFT-
calculated by Fu and Yu for the dimerization of aldehydes with a
“Ni°(NHC)" system.[6°]

The way from [C]~ to 6a + K[8], which involves the deac-
tivation of the catalyst, is intricate. The best approach we can
propose, according to the DFT energies of the implicated species
(Scheme 6 and Figure S5), consists of:
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(i) reductive elimination of the acyl group via bonding of the
oxygen to silicon to give [F]~,
(i) coordination of a new molecule of aldehyde to give [G],
(iii) concerted attack of the C = O bond with the vinyl — SiMe,
moiety to give [H]~, and
(iv) cleavage of the C — O bond associated to the coordination
of the allyl group.

Although the transition states could not be calculated, and
we admit the proposal is in some way audacious, it has in its
favor that the sequence of steps goes in the direction of sliding
down the energy.

Finally, the result from the degradation of the dvtms should
be the anionic species K[8]. DFT calculations support this pro-
posal because it leads to a strong exoenergic change and,
certainly, signals from this species can be observed in the 'H
NMR spectra of the reaction mixtures. However, we could not
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observe the anion in the mass spectra, and therefore it could not
be fully identified.

3. Conclusion

In conclusion, we showcase reactions of a rare and coordinatively
unsaturated K[Rh~'(IPr)(dvtms)] (K[1]) complex. Previous experi-
ments indicated the ability of the metal to bind a Lewis acidic
fragment such as [AuPPh;]*. Now, we disclose this behavior as
a Bronsted base because of its avidity for protons even from
very weak protic acids such as water or enolizable aldehydes or
ketones. Moreover, the nucleophilic character of the compound
centered on the metal is revealed by the reaction with a typical
electrophile such as Mel.

Furthermore, these reactions reveal the feasibility of
rhodium(—I) to undergo oxidative additions to form rhodium(l)
compounds. Interestingly, the isolated products are a trico-
ordinated, highly unsaturated complex and a tetracoordinate
complex that display an unusual TP structure. Nonetheless,
these reactions can be compounded with simple oxidations,
as shown by the reactions of (K[1]) with alkyl and aryl halides.
Finally, reactions of K[1] with nonenolizable aldehydes disclosed
the ability of rhodium(—1) to behave as a catalyst for the dimer-
ization of aldehydes to esters through a Rh(-l)/Rh(l) catalytic
cycle. This reaction becomes more complex because a side
reaction of the aldehyde with the divinyltetramethyldisiloxane
ligand deactivates the catalyst to give an allylrhodium complex.
We propose a common intermediate for both reactions that
rationalizes the behavior of the system involving competitive
reactions and different products.
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The low-coordinated Rh(—I) complex
displays a nonconventional reactiv-
ity, affording a Rh(l) compound in a
trigonal-pyramidal geometry, a rare
true metalloradical Rh(0) complex, a
highly unsaturated 14 eV complex fea-
turing a Rh — Si bond, and catalyzes
a dimerization of aldehydes to the
ester through a Rh(-)/Rh(l) catalytic
cycle with catalyst deactivation to an
allylrhodium complex.
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A Tour in the Chemistry of a
Tricoordinate Rh(—I) Complex
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