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Abstract: The unusual rearrangement of [RhCp*(GaCp*)(CHa),] (1c) to [RhCp*(CsMesGa(CHs)s)] (2) is
presented and its mechanism is discussed in detail. 13C MAS NMR spectroscopy revealed that the title
reaction proceeds cleanly not only in solution but also in solid state, which supports a unimolecular reaction
pathway. On the basis of *H, 3C, and ROESY NMR spectroscopy as well as isolation and structural
elucidation of the hydrolysis product, the compound [RhCp*(endo-r*-CsMesGaMe,)] (3a) was identified as
a crucial reaction intermediate. DFT calculations on the B3LYP level of theory support this assignment
and suggest a concerted C—C bond activation mechanism that topologically takes place at the gallium
center. Furthermore, two fluxional processes of the reaction intermediate 3a were studied experimentally
as well as by computational methods. First, a mechanism takes place similar to a ring-slipping process
that exchanges a GaMe; group between adjacent ring carbon atoms within the same Cp* ring. This process
proceeds at a rate comparable to the NMR time scale and indeed is calculated to be energetically very
favorable. Second, a unimolecular exchange process of the GaMe, group between the two Cp* rings of 3a
could be experimentally proven by the introduction of phenyl substituents as a label into the Cp* ligands
at both sites, the rhodium as well as the gallium center. A series of experiments including deuteration
studies and competition reactions was performed to substantiate the suggested mechanism being in
accordance with DFT calculations on possible transition states.

Introduction been extensively studied aiming at the understanding of
mechanistic aspects of catalytic transformations involving

The coordination chemistry of carbenoid ligands of the . ~~ " . . o
silylations and borylations mediated by transition-metal centers,

heavier main group elements at transition metal centers hasb t not in the vi £ tuning th tivity of the t it
continued to be a major driving force in the development of ut notin the view of tuning the reactivity ot the transition-

fundamental organometallic chemistry since the early days of ;netal.c:anger 'éste)lf' On thle o(;[herdhand, th.e. recent rleport on the
Fischer’s discovery of the transition metadarbon multiple irst triple bond between lead and a transition metal center, e.g.

bondst However, with the now very famous exception of the aNSTBr(PMes)aMo=Pb(2,6-GHsR'2)] [R’ = (triisopropylphe-
so-called N-heterocyclic carbenes, NHC4almost none of the ny_l)ph(_anyl] may be regaTded as a typical case of rese"’?mh
various subclasses of transition metal carbenoid ligand Com_prlm?znly focusing on static aspects of structure and bonding
. ; N
plexes gained importance beyond the detailed understanding Opnly. The same is largely true for the chemistry of ECp* (E

their structure and bonding situations. Strictly speaking, serious E £|’RG_"’1’ Clnéf'md relgtelg Ic:)yv-yalgdqt g:oup 13 mbetal c?mpoTlnds
examples for a potentialse of carbenoid species of heavier (R= C(SiMey)s, bulky bis-imidinates, etc.) being formally

main group elements as controlling ligands in transition-metal- isolobal to CO and/or cationic alkylidine fragments GRhe

mediated organic synthesis, as is the case for CO, phosphines,ChemiStry of which developed into its own field in the past

3 . . .
or NHCs, are-not surprisingly-virtually nonexistent. Namely, decadé? For instance, we described novel homoleptic clusters

the coordination chemistry of silylerfeg and borylenes! has [Ma(ECp*)o], adopting solid-state structures similar to the
y y y classical carbonyl clusters [{CO),] and thus going well

t Organo group 13 complexes of transition metals XXXIX; for Xxxviil, ~ beyond the coordination chemistry of other heavier carbenoid
sele r(_erf gh \.. Okazaki. RCoord. Chem. Re 2000 210 251 complexes#~17 In solution, the clusters [MECp*)y] exhibit a
() o b e R, e, e oo 298 2350, rich fluxional behavior followingnter- as well asntramolecular

(3) Gade, L. H.; Stephane, B.-L.; Vincent, Chem. Soc. Re 2004 33, 619.

(4) Hillier, A. C.; Grasa, G. A,; Viciu, M. S.; Lee, H. M.; Yang, C.; Nolan, (11) Braunschweig, HAdv. Organomet. Chen2004 51, 163.
S. P.J. Organomet. Chen2002 653 69. (12) Filippou, A. C.; Rohde, H.; Schnakenburg, 8hgew. Chem2004 116

(5) Brunner, HAngew. Chem., Int. ER004 43, 2749. 2293.

(6) Milstein, D.; Goikhman, RChem. Eur. J2005 11, 2983. (13) Uhl, W.; Pohimann, M.; Wartchow, RAngew. Chem1998 110, 1007.

(7) Tilley, T. D.; Glaser, P. BJ. Am. Chem. So2003 125, 13640. (14) Steinke, T.; Gemel, C.; Winter, M.; Fischer, R. Angew. Chem2002

(8) Braunschweig, HAngew. Chem., Int. Ed. Engl998 37, 1786. 114, 4955.

(9) Braunschweig, H.; Colling, MCoord. Chem. Re 2001, 223 1. (15) Gemel, C.; Steinke, T.; Weiss, D.; Cokoja, M.; Winter, M.; Fischer, R. A.
(10) Braunschweig, H.; Colling, MEur. J. Inorg. Chem2003 393. Organometallics2003 22, 2705.
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Scheme 1. Reaction of [RhCp*(GaCp*)(CHs)] (1c) Giving
[RhCp*(CsMesE(CHz)s)] (2)
QT g 25°C product
HSC“”)Rh\Ga —_— Rh 50 °C over night
H3C ﬁea(CHa)a B M -
35°C 55 min
1C 2 0°C /\/\— A 0 min
t T ppm(fl)

mechanisms of ligand exchange. In part, this exclusivity of ECp* 0 100 90

ligands compared to other heavier main group carbenoids isFigure 1. Representative cutout (8830 ppm) of VT13C-MAS NMR
based on their distinctive electronic characteristics. They Spectra of the solid-state reaction If giving 2.

combine exceptionally potent-donor and rather weak-ac- ) ] ]

ceptor properties with the soft coordination behavior of Cp*, ~ The moderate reaction rates matching the NMR time scale
allowing haptotropic shifts and thus a delicate mediation of the cOmbined with the synthetic accessibility of potential intermedi-
steric and electronic situation at the group 13 ceHte Only ates gnd_ the rath(_er unusugl p033|b|I|ty_ to directly compare the
quite recently, coordinatively unsaturated intermediates such as'®action in the solid state with the solution prompted us to look
[NI(AICP*) ] (n < 422! and [Fe(AICp*)] (m < 5)22were found in detail into the mechan_lsm of the title reactlop in order to
to activate G-H bonds under very mild conditions, i.e. aromatic '€arn more about thesactive aspects of carbenoid group 13
C—H bonds by arintermolecular reaction in the former case ligands attached to a transition-metal center. Our investigations
and aliphatic G-H bonds by arintramolecular reaction in the ~ @€ based on a thorough experimental analysis of a crucial
latter case. On coordination of ECp*, the electron density of intermediate by means of 1D and 2D NMR spectroscopic
the transition metal is considerably increased, leaving at the samd€chniques, isotope labeling studies, cross-mixing experiments,
time an electrophilic group 13 metal center. Both the resulting &S WeII. as theoretlcql modellng .of the Wholel reactlon.sequence
nucleophilic, oxidizable, transition metal as well as the elec- searchlrlg for pos§|ble transition states, intermediates, and
trophilic main group metal represent the principal requirements alternative mechanisms on the B3L¥P7LanL2DZ* level of

for bond activation reactions. These findings point to the quite

theory??

unique potential of these rather exotic species ECp* (or ER in ragyits and Discussion

general) to be considered as novel controlling ligands in
organometallic chemistry.

Reaction in the Solid State.To verify that the reaction of

In the course of these investigations we recently discovered 1¢t0 2 does indeed proceed not only in solution but also in the

an unprecedented -€C bond activation in the reaction of
[RhCp*(L)(CHg),] [L = DMSO (1a), pyridine {Lb)] with GaCp*

or AICp*, giving the zwitterionic species [RhCp*¢®lesE-
(CHg)3)] (2) (Scheme 1% The stability of the 18 VE rhode-
nocenium structure together with the oxidation of Ga(l) to
Ga(lll) clearly represents a strong driving force. This complex
rearrangement for E= Ga was shown to proceed via the
substitution product [RhCp*(GaCp*)(Gh#] (1¢), which could

be isolated and characterized. Complexwas observed to be
very labile also in the solid state, showing a color change from
deep orange to pale brown within a few minutes af60The
solution NMR spectra of this pale residue were identical with
the spectra of the final reaction prodi&;twhich was taken as
the first indication that the reaction frofrt to 2 also proceeds
cleanly in the solid state.

(16) Steinke, T.; Gemel, C.; Winter, M.; Fischer, R. 8hem. Eur. J2005
11, 1636.

(17) Buchin, B.; Gemel, C.; Cadenbach, T.; Fischer, Rindrg. Chem2005
44, submitted.

(18) Steinke, T.; Gemel, C.; Cokoja, M.; Fischer, R.JAChem. Soc., Dalton
Trans.2005 55.

(19) Cokoja, M.; Gemel, C.; Steinke, T.; Schroeder, F.; Fischer, R. 8hem.
Soc., Dalton Trans2005 44.

(20) Steinke, T.; Gemel, C.; Cokoja, M.; Winter, M.; Fischer, R.Ghem.
Commun2003 1066.

(21) Steinke, T.; Gemel, C.; Cokoja, M.; Winter, M.; Fischer, R.Axgew.
Chem.2004 116, 2349.

(22) Steinke, T.; Cokoja, M.; Gemel, C.; Kempter, A.; Krapp, A.; Frenking,
G.; Zenneck, U.; Fischer, R. AAngew. Chem2005 117, 3003.

(23) Cadenbach, T.; Gemel, C.; Schmid, R.; Block, S.; Fischer, R. 8hem.
Soc., Dalton Trans2004 3171.

solid state, a series 0fC MAS NMR spectra oflc was
recorded. Figure 1 illustrates a representative cutout of spectra
obtained as a subject to temperature and time (a figure
containing the full spectra is available in the Supporting
Information). Evidently, the formation a2 proceeds cleanly
also in the solid state, however, without the spectroscopic
appearance of intermediates.

The most important consequence from this observation is the
fact that at least onietermolecular pathway connectidg with
2 must be energetically available, not ruling out competing
alternatives in solution. Foremost, evidence of sucinaamo-
lecular pathway validates efforts to support the experiments by
a computational approach, as likely mechanistic alternatives are
more strongly limited and thus much easier to model than would
be in the case of distinctlintermolecular mechanisms.

Reaction in Solution. Monitoring the reaction fronicto 2
by 'H NMR shows a strong dependence of the resulting spectra
on the solvent used. We found, that in the presence of donors,
such as pyridine or THF, an intermedia® @ppears, which
subsequently disappears in due course of the reaction, finally
leading to a cleaiH NMR spectrum of under all conditions.

(24) Becke, A. DJ. Chem. Phys1993 98, 5648.

(25) Parr, R. G,; Yang, W.; Lee, ®hys. Re. B 1988 37, 785.

(26) Dunning, T. H.; Hay, P. Modern Theoretical Chemistr{glenum: New
York, 1976; Vol. 3.

(27) All energies in this paper are given as relative free enery@sfor the
standard state. For comparison the zero-point energy corregtedalues
are given in the Figures 3, 4, and 6 in brackets.
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The fact that C1 and as well C6 show a rather large-Rh
coupling grnc = 6.85 and 4.53 Hz, respectively) cannot be
explained at this point. An agostic interaction of the-CHs
bond and the rhodium center, for example (which could be the
case for structur@b), is ruled out due to the formal 18 VE
count of the transition metal. However, the question whether
3aor 3b corresponds to the actually spectroscopically observed
species cannot be decided solely on the basis ofXD&NMR
spectrum.

Mechanistic Hypotheses for the Reaction of 1 to 2In
Figure 2. Possible intermediatea and 3b. principle, three different pathways for the reactionlafto 2
are feasible with either the endo-compgacor the exo-complex
3b as a reaction intermediate (Scheme 2). In all three mecha-
nisms the first step is a transfer of a single methyl group from
the rhodium to the gallium center, giving the spectroscopically
nondetectable intermediate “Rh¥za(ll)” species4. The

The 'H NMR spectrum of3 consists of three singlets in an
integral ratio of 15:15:6, representing two chemically non-
equivalent Cp* rings and two chemically equivalent{@foups.
Noticeable, one of the Cp* signals is considerably broadened,

suggesting that some kind of fl_uxional t_)eh:_':\vior is invohved. transfer of the second methyl group from the rhodium to the
Indeed, at—40 °C this broad signal splits into three sharp gallium under coordination of the diene moiety of the Cp*GaMe

singlets in an integra! ratio Qf 6:6:3. The fluxional process formed yields eitheBa (pathway A) or3b (pathways B and C)
becomes slower with increasing donor strength of the solvent as the consecutive reaction intermediates.

[wiA(CsDe/1 equiv py)= 9.23 Hz;wi2(py) = 34.6 Hz], and at In pathway A, the actual €C bond rupture takes place at

the same time the stability &increases. In neat pyridine, for the gallium center o8avia a direct transfer of the exo-oriented
example,3 is stable at room temperature for at least 5 days. metﬁ | Iuro C6r 0 th\g endc:Eor'entedSG ot XP-atLI a
Only heating the solution above 4Q for 1 h allows detection Y9 up ( .) . or . afioiety. athway
of 2. B de§cr|bes a S|m!lar r_nechanlsm, with the exceptlon_that the
The fact that the signal for the two Glgroups initially bound locations of the mlgratlng Cﬁ-lgroup and the GaMe Qlety
to the rhodium atom does not show a-RBH; coupling clearly are now swapped, i.e. the endo-orientedsGE6) group in3b
is directly transferred to the exo-oriented GaMeoiety via a

suggests that both methyl groups have migrated from the . .
rhodium to the gallium center. Additionally, the presence of concertt_ed mechanism. Eathway C takgs Into account t_hat the
two signals each representing 15 protons points to the fact thatendo-orn_ented C“l;{groqp"lnSb can first mlgrat(_a {0 the rhodium
both Cp* ligands are still intact, i.e. no-€C activation has center §'2;§-."?‘ classic’ €C b.ond activation at a R.h(l)
taken place at this point of the reaction. Further insight into the center);22°giving the half-sandwich Rh(lll) comple‘x bearing
molecular structure oB is gained by analysis of the low- & methyl group and a-bound (GMe.GaMe) ligand. Subse-
temperaturéd3C NMR spectrum: At—100 °C the 13C NMR quent transfer of_ the methyl group to_ the gallium gnd coordina-
spectrum in THF shows five doublets at 90J&+ = 5.48 Hz), t!on of the resulting (@\/Ie_4GaMe;) unit to th? rh_od|um cer_1ter
83.8 Urne = 9.10 Hz), 62.3 drne = 13.17 Hz), 56.9 Jane = finally Ieaq to the formation 02. The qu_estlon ifBaor3bis
6.85 Hz), and 29.3 ppmlénc = 4.53 Hz), as well as four the experimentally observed intermediate must be addressed
' ! experimentally. However, to compare all three pathways with

singlets at 11.5, 9.7, 8.3, and3.9 ppm. The doublet at 90.1 respect to the energies of their intermediates and transition states
ppm integrating to approximately five carbons can unequivocally also DFT calculations were performed.

be assigned to the aromatic carbon atoms of the RhCp* moiety. o )
The presence of two more doublets in the olefinic region, each  Characterization of the Key Intermediate 3a/b. Several
attempts to crystallize the intermedia®a/b failed due to its

integrating to two carbon atoms, indicates a structure where ¢ - ~ ’ -
direct Rh-C bonds are established also to the second Cp* ring. high solubility under the conditions of formation and stabiliza-
tion. We followed two major strategies for an adequate

n*-Coordination of the diene moiety of¥-Cp*)GaMe to the . ; : X
stereochemical analysis &a/b: (i) a reasonable chemical

RhCp* fragment forming an 18 VE Rh(l) complex is a - ) e o
reasonable suggestion for the molecular structure @fnd modification of the intermediate in order to sufficiently suppress

consistent with the NMR spectra. The signals at 83.8 and 62.3€ bond activation step and thus to obtain an X-ray single-
ppm can be assigned to the internal and the terminal carbonCrystal structure of the modified intermediate and (ii) 2D
atoms of the diene moiety, respectively. The four singlets in ROESY NMR spectroscopy.
the aliphatic region of thé3C NMR spectrum subsequently In an attempt to chemically modif§a/b, a freshly prepared
belong to the methyl groups of the Rh{@es) moiety (5C, 8.3 solution of this intermediate in THF was treated with an
ppm), the GMey(Me)GaMe unit (2C, 11.5 ppm and 2C, 9.7  equimolar amount of salicylic acid with the intent to hydrolyze
ppm), and the Gde, group (2C,—3.9 ppm). Consequently,  the sterically accessible G&H; groups under formation of a
the sg carbon of the Cp*GaMgfragment (C1) and its adjacent ~ chelating gallium salicylate complex. However, monitoring this
methyl group (C6) give rise to the remaining two doublets at reaction by'H NMR spectroscopy shows that both €@Hs
56.9 and 29.3 ppm. bonds remain intact and instead the hydrolysis of the Cp*-Ga
Two stereocisomers of this intermediate are possible: (i) a Pond takes place, forming [Cp*Rh{llesH)] (6) and [(salicyl-
structure where the GaMenit is located in an endo-position ~ ate)GaMe] as the reaction product$ is also obtained by
with respect to the RhCp* moietyd3§) and (ii) a structure with
an exo-orientation of the GaMeinit (3b). Figure 2 illustrates (28) Crabtree, R. H.; Dion, R. P.; Gibboni, D. J.; McGrath, R. B.; Holt, M. S.

. . J. Am. Chem. S0d.986 108 7222.
the calculated optimized structures fore these two isomers.  (29) Crabtree, R. H.; Dion, R. Ehem. Commuri984 1260.
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Scheme 2. Mechanistic Working Hypotheses for the Intramolecular Rearrangement of 1c into 2

: | :
i Rh
m/ LGaMeg
3a

Pathway A

Y
! : : | : : | : Pathway B ﬁ
H3C“}Rh\Ga —_— /Rh\ _— Rh —y> R!h
H3C H3C Ga ,|— !
/ —_— Ga(CHa)s
HsC
3b  Game
1 4 2 2
\
||'\>h GaMe:
2
H3C/ Pathway C
5
hydrolysis with an excess of acetic acid, whereas HQDEir To collect further experimental support for the endo-structure

H,0 lead to complete decomposition of the matetatan be 3a as the key intermediate of the title reaction, a 2D ROESY
obtained analytically pure in high yields by sublimation of the spectrum was recorded. The minimum-H distance of the
crude product in vacuo as well-shaped yellow single crystals. RhCp* and the GaMgfragments in the minimized structure of
An X-ray crystal structure o6 (Figure 5) reveals the methyl  3ais 2.38 A, and therefore, a cross-peak between these two
group C6 to be located in the exo-position with respect to the signals is expected in the case of an endo-orientation of the
RhCp* fragment. It should be mentioned that the respective GaMe fragment. In the case &b, no such signal should be
endo-isomer of this compound has been electrochemically observed. Indeed, the appearance of a strong ROESY cross-
prepared and analyzed Bidi NMR spectroscopy? peak for the RhCp* and the GaMsignals unequivocally points
Since the mechanism of the hydrolysis reaction and particu- to 3a.
larly its stereochemical consequences are unclear, the exo- DFT Calculations for Pathways A, B, and C.Figure 3
orientation of the methyl group i is not necessarily an  depicts the calculated pathways for the formatioB@and3b

indication for an endo-orientation of the Gajigroup in 3. from 1c. The formation of the “Rh(IB-Ga(ll)” intermediate4

However, the®C NMR spectrum of6 reveals a strong resulting from1c via migration of one CH group from the

spectroscopic similarity t8a/b (Table 1). rhodium to the gallium center is calculated to be endergonic
Above all, C1 as well as the C6 exhibit large R@ coupling by 7.9 kcal/mol. This cost in energy is partially a result of a

constants in both complexes. At this point the origin of this change in the coordination mode of the GaCp* ring, shifting
unusually strongJrnc and3Jrnc coupling is uncertain; probably  from 75 in 1cto 5! in 4. The energy of the transition state of
the nearly ideal zigzag geometry in the bonding arrangement this processS1) is 11.3 kcal/mol above that dfc and also

of the rhodium atom, thexomethyl group, and the two linking  points to the loss of aromatization energy of the GaCp* ring.
C5 ring carbon atoms is responsible for the strong magnetic  The next step in the reaction is the migration of the second
communication between the nuclei. Thus, the-Cb axis in Rh—CHs; group to the gallium center under simultaneagds

the solid-state structure @ is almost perfectly perpendicular  cgoordination of the diene moiety of theytCsMes)(GaMey)]

to the diene plane of thes®lesH ligand (87.3) and hence  fragment to the rhodium atom. In the case3af i.e. an endo-
almost perfectly parallel to the Ridiengenroigaxis. Noteworthy, arrangement of the GaMeyroup with respect to the RhCp*

the endo-oriented proton B does not show a detectaklgn fragment, a transition stat& $2a) could be located, being only

coupling. However, the strong similarity of th€ NMR spectra 2.8 kcal/mol abovet (which is 10.7 kcal/mol abovéc).

of 3a/band6 is an indication of, yet not convincing evidence | contrast to the formation a, no transition state could

for the presence da be located for the direct conversion 4fto 3b (TS2b). It is

(30) Gusev, O. V.; Denisovich, L. |.; Peterleitner, M. G.; Rubezhov, A. Z.; queStionabl_e if such a direct conversion i_s possible at_a”’ since
Ustynyuk, N. A.; Maitlis, P. M.J. Organomet. Chenl.993 452, 219. a 180 rotation of the [GMes(GaMe)] moiety perpendicular

J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005 17071
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A
G°/ (E)n+ZPE)

[kcal/mol]

TS1
SO+ 1L3 e +7.9
S +112) N G
/
Vi
0.0
0.0)
4
1c
[@c ®RrRh @Ga]

Figure 3. Calculated pathway for the formation 8& and3b from 1c.

to its bond axis to the rhodium center is needed, a movementthe solid state. The reaction is a concerted migration of thg CH
that seems to be impossible without prior dissociation of the group (C6), withTS3A exhibiting a classical five-coordinate
whole fragment. Such a dissociative process, however, is carbon “halfway” between the C5 ring and the gallium center.
expected to be energetically very unfavorable and does, aboveOn a closer look at the bond lengthsT3A and comparison
all, not cope with a unimolecular rearrangement sequence forwith the respective structural featureslafand?2, it becomes
the conversion ofl.c to 2. Even so, a unimolecular conversion apparent that the migration of the gallium atom toward the
from 4 to 3b can certainly not be ruled out solely on the basis methyl group proceeds concomitantly with an elongation of the
of its transition state not being located computationally. C—C bond. This movement of the gallium in the direction of
ThermodynamicallyBb is more favorable thaBa by 2.3 kcal/ the C5 ring plane of the product allows an interaction of C1
mol, which is apparently a consequence of the steric interferencewith the rhodium center, i.e. a partial aromatization of the C5
of the GaMe group with the RhCp* fragment iBa (smallest ring already in the stage GiS3A, which is probably responsible
H—H distance= 2.38 A). When comparing the energies of the for the low activation barrier.

pyridine adducts oBa and 3b, this difference becomes even The transition statd@ S3B for pathway B, starting out from
more evident, now being 7.5 kcal/mol. The stronger interaction the exo-isomeBb, is energetically by far more unfavorable than
of the pyridine with the acidic gallium i8b is well-reflected TS3A, being 33.2 kcal/mol abovéb. The geometrical reaction

by its significantly smaller GaN bond length (GaN = 2.13 characteristics for pathways A and B are in general very similar,

Ain 3bvs 2.19 A in3a). where TS3B is also representing a “classical” transition state
Figure 4 illustrates pathways A, B, and C for the-C for a concerted bond activation process. However, as the

activation process. The final reaction prod@és calculated to positions of the GaMgegroup and the Ckigroup (C6) are now

be more stable than the starting complexby 12.4 kcal/mol. swapped with respect to pathway A, an interaction of C1 with

It should be noted here that the geometrical features of the the rhodium atom iTS3Bis sterically impossible. This missing
optimized structures of botlhc and 2 are in good agreement interaction, which is also reflected by the higher distortion of
with the X-ray crystal structures (see Supporting Information the C5 ring from planarity iffS3B, evidently accounts for its

for further information). relatively high energy.

The transition stat@ S3A for the rearrangement ¢#a to 2 For the third pathway (pathway C) the intermediaes well
could be located and is energetically 17.4 kcal/mol ab®ae as the respective transition stat83C could be optimized on
This is a remarkably small activation barrier for aC bond the potential energy surfacb.is energetically less favorable

rupture and thus is in good agreement with the experimentally than3b by 19.3 kcal/molTS3C is unexpectedly high in energy,
observed fact that the reaction b to 2 is taking place under  being 56.9 kcal/mol abovéb. This is a surprising result, since
exceptionally mild reaction conditions in solution as well as in C—C activation barriers on Rh(l) centers are typically consider-

17072 J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005
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A
G°/ (E,,,+ZPE)

[keal/mol]

TS3A

ARTICLES

——-—- Pathway A
------ Pathway B
Pathway C

@C @Rh @Ga

Figure 4. Calculated pathways A, B and C for the-C bond-breaking step.

7 C6

Figure 5. Structure of the hydrolysis produétof 3ain the solid state.

Table 1. Comparison of Chemical Shifts and Coupling Constants
Jrnc of 3a/b and 6

3alb 6
0(C1), ppm 56.9 61.5
4(C6), ppm 29.3 24.2
2Jrnd(C1), Hz 6.85 5.34
3Jrnc(C6), Hz 4.53 3.47

ably lower3! The transition state for the final methyl group
migration in pathway CTS3C) could not be located despite
several attempts. However, the low energie3 i andTS2a

suggest that the methyl group migration from the rhodium to
the gallium atom should not be the limiting step for pathway
C.
Several important conclusions can be gained from these
computations: 3a as well as3b clearly represent likely
intermediates in the reaction @t to 2. Isomer3b is thermo-
dynamically more stable thaBg, particularly when stabilized
by pyridine, which is present in the actual reaction system. Yet,
no direct path fromlc to 3b could be found. In addition, the
barrier for the C-C activation is very low foBa but consider-
ably higher for both pathways involvingb. This is in very
good agreement with the experimental facts suggegags
the important reaction intermediate (vide supra).

Fluxional Processes of 3a0n the basis of the structure of
3a, two possible fluxional processes become evident (Scheme
3): First, a ring-slipping process of the Galzs)Me; ligand,
best described as a “spinning” movement of the Gafvégment
around the Rh-Cp*centroigaxis (fluctuation A). This movement
is presumably responsible for the experimentally observed
coalescence of the Cp* methyl groups. Second, it is conceivable

that a Cp* ring-exchange process takes place, i.e. a movement
where the direct GaC bond to one Cp* ring is broken and

subsequently a new G& bond to the second Cp* ring is
formed (fluctuation B). No evidence for this process is gained

1)

Rybtchinski, B.; Milstein, DAngew. Chem1999 111, 918.
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Scheme 3. Possible Fluxional Processes of 3a

Fluctuation A
e EEREEEIEE

Rh
1,
GaMe,
GaMe,
3a Fluctuation B |
Rh

from the 'H or 13C NMR spectra of3a, which either means

The introduction of one phenyl group instead of one methyl
group in one of the two Cp* rings ific allows us to chemically
and spectroscopically distinguish between the two Cp* rings.
This results in either [Rh(§MesPh)(GaCp*)Me] (9), if the
phenyl group is attached to the RhCp* fragment, or [Rh(Cp*)-
(GaGMe4Ph)Me] (10), if the phenyl group is introduced into
the GaCp* moiety9 could be isolated and spectroscopically
characterized, whered® can be prepared only in situ due to
its high reactivity. According tdH NMR, starting from both
compounds, a mixture of two products is formed: [R{NIE4-
Ph)(GMesPhGaMe)] (118), a complex where the GaMand
the phenyl group are attached to two different rings, and
[RhCp*(CMesPhGaMe)] (11b), where both groups are at-
tached to the same ring. Interestingly, the molar ratio of these
two isomers is identical, being 8013 to 20 (11b) for both
reactions!

The aliphatic region of théH NMR spectrum oflL1aconsists
of five singlets at 1.79 (6H), 1.49 (6H), 1.43 (6H), 1.02 (6H),

that it is slower than the NMR time scale or nonexistent at all. and 0.20 ppm (9H). The aliphatic part of tHe NMR spectrum
However, experimental evidence of a unimolecular mechanism of the minor isomer 1b also consists of five peaks, however,

for fluctuation B would be a strong proof f@a as the reaction

showing different integral ratios. The signal at 1.35 ppm (15H)

intermediate. Thus, both processes were studied experimentallycan be easily assigned to the RhCp* fragment and the signal at
by spectroscopic and synthetic techniques, as well as by0.22 ppm to the GaMegroup. The ring methyl groups of the

computational modeling of the reactions’ pathways.

[CsMesPh(GaMe)] moiety give rise to three signals at 1.98,

The activation energy for fluctuation A could be experimen- 1.933, and 1.932 ppm, all integrating to three protons. On the

tally determined by low-temperature NMR spectroscopy.
NMR spectra were measured a83, —25, —14, —3, and 13

basis of these spectral data it cannot be unequivocally decided
if either the orthe or metaisomer of 11b, respectively, is

°C and the line widths of the resulting spectra compared to fitted formed. The assigned chemical shifts fota and 11b were

spectra resulting from simulations. By a thus obtained Eyring cross-checked by isolation and spectroscopic characterization

plot (R2 = 0.98) the activation energy is calculated to be 22.6 0f [Rh(CsMesPh)(GMesPhGaMe)] (12), which can be obtained

kcal/mol. This value is considerably higher than the energy of by reaction of [Rh(GMesPh)(pyridine)Me] (12) and Ga-

the respective calculated transition stat64). However, itmust ~ (CsMe4Ph). Single crystals of the major isoméda were

be taken into account that the rate was determined in a solutionobtained by crystallization from THF/ED. The solid-state

containing a comparably high concentration of pyridine, which structure does not show any unexpected geometric features, and

stabilizes3a/b under the conditions of our experiments (vide a representation of the molecular structure can be obtained from

supra). Thus, the actual concentration 3 in solution is the Supporting Information.

certainly decreased in a dissociation/association equilibrium with ~ The fact that the same ratio @flaand11b are obtained by

the pyridine complex, which itself is not expected to undergo a starting from either9 or 10 can be regarded as experimental

similar fluxional process. The fact that both high concentrations evidence for fluctuation B, however, only if a unimolecular

of pyridine and very low temperatures retard the fluxional mechanism is assumed. An experimental indication for this can

processes substantiates this assumption. be gained from the solid-state reactionfThus, a crystalline
Thus, it seemed impossible to gain spectroscopic evidencesample of9 was heated to 660C for 1 min, leading to a color

for the slower process, i.e. fluctuation B. Broadening of'iHe change from orange red to pale brown. Indeed, theNMR

NMR line width of the RhCp* signal never observed, no matter spectrum in €Dg of the solid obtained consists of exactly the

what conditions we tried. For that reason, no further NMR same signals in the same ratios as'tiéNMR spectra obtained

studies such as ECSY or DANTE experiments were performed; from the solution reactions ¢ and 10.

instead a labeling approach for the elucidation of process B was The calculated energetic minima and transition states respon-

given preference. sible for both fluxional processes Ba are depicted in Figure

Scheme 4. Reaction of Complexes of the Type 1c Labeled with One Phenyl Group

\/

GaMe;

HaC* / \Ga
HaC QG@(CH'&%

=Ph, R, = Me (9) 11a 11b
Rl Me, R, = Ph (10)
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|@C ®Rh @Ga]|
Figure 6. Calculated minima and transition states for the fluctional process8a. of
6. Complexed 3and14 both represent isomers 84, in which a favorable unimolecular reaction pathway. However, the solid-
no strong Ga-Cp* bond exists, but rather a direct RitaMe, state reaction does not exclude competing bimolecular mech-

bond is formed. Both are energetic minima that are geometrically anisms working in solution! Indeed, a simple cross-mixihig
very similar to each other and basically differ in the exact NMR experiment proves the existence of such a mechanism of
position of the GaMggroup as well as the position of one of exchanging ChH groups between two complexes. Thus, a
the two Cp* rings. Specied4 represents &, symmetric solution of the selectively deuterated complex [RhCp*(GaCp*)-
molecule; i.e. the rhodium, the gallium and the two carbons (CDx3);] (1cDF) and the nondeuterated phenyl-marked complex
bound to the gallium are exactly coplanar, constructing a mirror [Rh(CsMe4Ph)(GaCp*)Meg] (9) (1:1 ratio) in GDs was heated
plane for the two Cp* rings. Thus, it can be considered as the to 60°C for 45 min. As expected, the product mixture consists
key intermediate for fluctuation B. 1@3 this C,, symmetry is of the three compoundd 11a and11lb. As evident from the
broken by a slight movement of the Gapteagment toward integral ratios of the three GalNlsignals at 0.173), 0.20 (L18),

one Cp* ring [Ga-C1 = 2.63 A (7), 3.03 A @)]. 13is lower and 0.22 ppm11b), a statistic distribution of the CPgroups

in energy tharil4 by 1.4 kcal/mol, which itself is more stable to all three products occurs. The same result is obtained if two

in energy tharBa by 1.8 kcal/mol. solutions of the respective intermediates analogou3atare
No direct pathway fronBa to 14 was found, instead two  prepared independently and subsequently mixed and heated to
transition states could be localized betwesand 13 (TS4) induce the activation reaction. This means that either methyl

and betweerd3and14 (TS5), respectivelyTS4is energetically groups are exchanged between two gallium centeBadgé.g.
extremely low (0.6 kcal/mol abov@s). In contrast, the transition  via Ga—CHz;—Ga bridges) or GaMegroups are exchanged
state for the reaction o3 to 14 (TS5) is calculated to be between two complexes 8a. An exchange of whole (§Me4-
astonishingly high, being 7.9 kcal/mol abo%8, althoughl3 GaMe) units should be energetically the most unfavorable, since
and 14 are structurally very similar. However, this is well dissociation of the strongly bound diene moiety from thé Rh
consistent with the fact that fluctuation A is spectroscopically center is necessary. Furthermore, in the reactiorsasfd 10,
observed, while fluctuation B is not. no traces of eitheR or 12 were observed, which should be
All experimental as well as computational results presented expected if the whole diene fragments are exchanged between
so far suggesda as the reaction intermediate and thus pathway complexes. However, experimentally it is hard to finally prove
A (Scheme 2) as the reaction mechanism. This is strongly basedwhether such a diene exchange reaction takes place at all.
on the fact that the solid-state reactionslofo 2 (or from 9 to Preliminary DFT calculations do not exclude the dissociation
11a/b respectively) can be taken as experimental evidence for of [GaMe)]* ions (stabilized by pyridine) fromBa under
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formation of the anion [Rh(Cp3)~, although the energy for
this process is calculated to be rather high (26.3 kcal/mol;
calculated in THF as the solvent, with the PCM meth&d§®

At this point, the nature of the exchange process in solution
cannot be further elucidated; more detailed DFT calculations
are needed and are the subject of current research.

Conclusions

The thermal rearrangement of [Cp*Rh(GaCp*)(§4i (10
proceeds under very mild condition in solution as well as in
the solid state, giving the zwitterionic species [RhCpN@,)-
(GaMey)] (2) as the final product. As an intermediate, the Rh(l)
species [RhCpif*-CsMesGaMe)] (3a) could be spectroscopi-
cally identified, with 2D ROESY spectroscopy pointing to an
endo-arrangement of the GaMeoiety with respect to the
RhCp* fragment. DFT calculations strongly support these
experimental results, indicating that indeed represents an
energetic minimum at reasonable energy. TheQCactivation
step from3agiving 2 is calculated to have a very low activation
barrier (17.4 kcal/mol), which is well-reflected by the mild
experimental conditions for the overall reaction. In contrast,
alternative mechanisms involving the exo-ison®&s were

both metal centers effectively cooperating in a redox cascade
creating intermediates with exceptionally reactive metal centers
in close proximity to each other and opening a number of low
activation energy pathways. The question of how to capitalize
on this rather fascinating and complex situation in catalytic or
stoichiometric processes has still to be addressed. Admittedly,
the group-13 carbenoid and metalloid ligands of the general
type ER are still quite exotic. However, GaCp* and its congeners
may represent model cases of strong donor ligands not being
innocent spectators such as phosphanes or NHCs but taking
active part in specific reactions, thus representing an intermediate
state between ancillary ligands and cooperative metal centers.
Apart from this more traditional point of view, such complexes
may also be considered as molecular models for the surface
reactivity of intermetallic materials such as transition-metal
aluminides, gallides, and indides, being potentially relevant for
heterogeneous catalysis. Since it is known that AlICp* can
stabilize molecular clusters such as {#&RICp*) 1536 or [Nig-
(AICp*)g],%” the mechanistic study presented herein may at least
stimulate thinking about the reactivity of such metal-rich
compounds or related nanoparticles.

calculated to have considerably higher activation barriers. The Experimental Section

crucial reaction intermediat8a is shown to undergo two
fluxional processes: (i) migration of the GapMgroup from

General Remarks. All manipulations were carried out in an
atmosphere of purified argon using standard Schlenk and glovebox

one Cp* ring carbon atom to an adjacent one (fluctuation A) techniques. Hexane, toluene, THF, andCEwere dried using an
and (i) the migration of the GaMegroup from one Cp* ligand ~ mBraun solvent purification system, all other solvents were dried by
to the second one (fluctuation B). Both processes could be distillation over standard drying agents. The finaCHcontent in all
calculated to proceed via the same intermediates. In solution,solvents used was checked by Karl Fischer titration and did not exceed
both intramolecular as well agtermolecular processes seem 5 ppm. [(RhCp*C})],*® GaCp*¥® CsMesPhH;® Ga(GMesPh)* Zn-

to be activated as evidenced from labeling studies and cross-(CDs)2,? and [Cp*Rh(DMSO)(CH)z] (18)* were prepared according
mixing experiments. Theatermolecular mechanisms could be to literature methods. Elemental analyses were performed by the

neither experimentally proven nor computationally understood Microanalytical Laboratory of the University of Essen. NMR spectra
L . . . " were recorded on a Bruker Avance DPX-250 spectromékgrd50.1
which 'S_ bgsmally a _result of th_elr expectgq Complixny. MHz; 13C, 62.9 MHz) at 298 K unless otherwise stated. Chemical shifts
What s finally achieved by this mechanistic study? As stated e given relative to TMS and were referenced to the solvent resonances
above, the major part of the transition-metal chemistry of low- 55 internal standards.

valent main-group metal ligands has been focused on structural  The crystal structures d and 13a were measured on a Oxford
and theoretical issues. Aspects such as the abilities of carbenoitExcalibur 2 diffractometer using Mo d radiation ¢ = 0.710 73 A).
metalloid ligands to tune the reactivity of transition-metal centers The structures were solved by direct methods using SHELXS-97 and
have not been addressed before in detail. The title reactionrefined againsé? on all data by full-matrix least-squares with SHELXL-
provided us with a model for a detailed study of the cooperative 97 (SHELX-97 program package, Sheldrick, Univeitsi@dtingen
effects originating from the proximity or coordination of a 1997). )

potentially very electrophilic gallium center to a very nucleo-  CCDC-288415§) and CCDC-288416134) contain the supple-
philic c rhodium(l) center (as i8a) or to a more electrophilic mentary crystallographic data for this paper. These data can be obtained

& rhodi ll t i dit for tvpical free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
rhodium(lll) center (as irlc) and its consequences for typical the Cambridge Crystallographic Data Center, 12 Union Road, Cam-

organometallic reactions: migrations of alkyl groups to coor- piqge CB21EZ, UK; fax: 44)1223-336-033; deposit@ccdc.cam.uk).
dinated electrophilic ligands and-€ bond splitting. The Computational Details. All calculations were performed with the
carbenoid character as well as the electrophilicity of the GaCp* Gaussian98 (rev. Al1) program packd@eDFT calculations were
ligand in the starting complex provokes a reduction of the carried out using the hybrid exchange-correlation functional B3P
Rh(lll) to a reactive Rh(l) center in the course of the alkyl together with the Los Alamos National Laboratory doubleanL2DZ

migration, at the same time creating a very Lewis acidig-[( basis set® All structures were fully optimized without symmetry
CsMes)Ga(Me)] moiety. This oxidized Ga(lll) center represents
the actual reaction site for a-«€C bond splitting process with

a surprisingly small activation barrier, the electrons for this
process evidently coming from the nucleophilic Rh(l) center.
Altogether, the course of the reaction is clearly determined by Eig

(36) Vollet, J.; Hartig, J. R.; Schickel, H. Angew. Chem2004 116, 3248.
(37) Steinke, T.; Gemel, C.; Fischer, R. Angew. Chem2005 117, to be
submitted.
) Wang, J. W.; Moseley, K.; Maitlis, P. Ml. Am. Chem. Sod.969 91,
5970.
) Jutzi, P.; Schebaum, L. Q. Organomet. Chen2002 654, 176.
) Bjoergvinsson, M.; Halldorsson, S.; Arnason, I.; Magull, J.; Fenskd, D.
Organomet. Chenil997 544, 207.
(41) Buchin, B.; Steinke, T.; Gemel, C.; Cadenbach, T.; Fischer, B. Anorg.
Allg. Chem.2005 in press.
(42) Petrier, C.; Souza Barbosa, J. C. d.; Dupuy, C.; Luche,J.@Qrg. Chem.
1985 50, 5761.
(43) Frisch, M. J.; et alGaussian 98Revision A.11; Gaussian, Inc.: Pittsburgh,
PA, 2001.

(38

(32) Barone, V.; Scalmani, G.; Rega, N.; Cossi, MChem. Phy2001, 114,
5691.

(33) Barone, V.; Rega, N.; Scalmani, G.; Cossi, MChem. Phys2002 117,
43

(34) Tbmasi, J.; Carise E.; Mennucci, BJ. Phys. Chem. B997, 101, 10506.
(35) Tomasi, J.; Mennucci, B.; CaigeE.J. Chem. Phys1997 107, 3032.
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Table 2. Basis Set Comparison for the Calculation of Two Key [RhCp*(pyridine)(CD 3);] (1bD9). A suspension of CB (1.450 g,
Steps of the Reaction Sequence 10 mmol), ZnBg (1.115 g, 5 mmol), and Li wire (0.140 mg, 20 mmol)
6-311G*(C, H, Ga)/ in a mixture of toluene (20 mL) and THF (3 mL) was sonicated at 0
Stuttgart RSC 1997 °C for 5 h. The black suspension was filtered-e80 °C to a freshly
LanL2DZ ECP (Rh) prepared solution of [RhCp*(pyridine)gl(1.553 g, 4 mmol) in THF.
3a 0 0 The mixture was warmed to room temperature and stirred for 30 min,
3b +0.5 +1.0 whereupon an orange solution formed. After hydrolysis (3.6 mL of
TS3A +18.9 +21.3 H,0, 0.2 mol) all volatiles were removed in vacuo, and the residue
;53(3 igzg Iggg was extracted with toluene (8 10 mL doped with pyridine) at 6C.

After removal of the solvent in vacuo, the residue was then extracted
with n-hexane (3x 15 mL) at 0°C. The solvent volume was reduced
to ca. 10 mL and cooled at40 °C for 16 h to give the product as
orange crystals. The crystals were isolated by means of canullation,
washed with a small amount of coltthexane, and dried in vacuo.
Yield: 1.11 g of orange crystals (80%}4 NMR 6y (CsDg, 250 MHz,
25°C): 8.19 (d, 2H), 6.68 (t, 1H), 6.27 (t, 2H), 1.56 (s, 15HC
| NMR dc (298 K, 62.9 MHz, GDe): 154.3 (s), 134.6 (s), 124.1 (s),
92.1 (d,Jrnc = 4.7 Hz), 8.8 (s), 2.6 (br). Anal. Calcd for (€120D6-
NRh): C,57.79; H, 9.13; N, 3.96. Found: C, 57.54; H, 8.10; N, 3.88.
[RhCp*(GaCp*)(CD 3);] (1cDf). 1bD? (0.300 g, 0.864 mmol) was
dissolved in toluene (7 mL) and GaCp* (0.212 g, 1.037 mmol) was
added at °C. Immediately, the color changed from orange to red.
After stirring the solution for a further 10 min at°@, the solvent was
removed in vacuo and the residue fast-extracted nitlexane (3x 7
mL) at 0°C. The solvent volume was reduced to ca. 5 mL and cooled
to —40°C for 16 h to give the product as light red crystals. The crystals

. N were isolated by means of canullation, washed with a small amount of
Syntheses. [RhCp*(pyridine)Me] (1b). [{Cp*RhCh},] (1.03 g, cold n-hexane, and dried in vacuo. Yield: 0.270 g of light red crystals

1.66 mmol) in 15 mL of THF was treated with pyridine (2.7 mL, 33.4 (66%).H NMR 6y (173 K, 250.1 MHz, THFgg): 2.07 (s, 15H), 1.70
mmol) at room temperature. After stirring for 30 min, ZnM&.4 mL (s, 15H).%C NMR ¢ (17’3 K 62.9 Mle THFd): 114’_1 (S)’95_1
of a 2.0 M solution in toluene, Aldrich; 4.80 mmol) was added-80 (d’ Jne = 4.3 Hz), 105 (s) ' 997 (s)—1’4.7 (br). Anal. CaI(’:d for
°C to the orange suspension. The mixture was warmed to room (C’zzHgoDeGaRh): C 55.14: H 8.83. F,ound: C.55.62: H, 7.92.

temperature and stirred for 30 min, whereupon an orange solution
forrr?ed After hydrolysis by addition of 4 (0 55 mL, 19.2 ?nmol) [RnCp*(C sMeGaMes)] (2). Method A. [Cp*Rh(DMSO)(CH),|
all volatiles were removed in vacuo, and the residue was extracted with (18) (0.150 g, 0.433 mmol) was dissolved in to!uene (8 mL), and GaCp
. - (0.102 g, 0.498 mmol) was added. The solution was warmed f&€60
toluene (3x 5 mL doped with pyridine) at OC. After removal of the . . S
and stirred for 1 h, whereupon a white precipitate was formed. After

solvent in vacuo, the residue was then extracted witiexane (3x 5 S h .
o removal of all volatiles in vacuo, the residue was washed with hexane
mL) at 0°C. The solvent volume was reduced to ca. 8 mL and cooled S . ) )
(3 x 5 mL) and dried in vacuo. The precipitate was redissolved in

to —40 °C for 16 h to give the product as pale orange crystals. The . .
crvstals were isolated by means of canullation. washed with a small toluene (ca. 4 mL) and crystallized by slow evaporation of the solvent.
M Y N . Yield: 0.141 g of white crystals (69%}H NMR dy (298 K, 250.1
amount of coldh-hexane, and dried in vacuo. Yield: 0.89 g of orange ; )
N , MHz, CsD¢): 1.77 (s, 6H), 1.34 (s, 15H), 1.06 (s, 6H), 0.15 (s, 9H);
crystals (77%)H NMR 6y (298 K, 250.1 MHz, @Dg): 8.21 (d, 2H), 13 ) i
= : C NMR 6c (298 K, 62.9 MHz, GDg): 117.8 (br), 106.8 (dJrnc =
6.69 (t, 1H), 6.29 (t, 2H), 1.55 (s, 15H), 0.75 (d, 6bknn = 2.5 Hz); = -
) ; 8.5 Hz), 98.5 (dJJrhc = 7.9 Hz), 96.5 (dJrnc = 7.3 Hz), 12.2 (s), 8.9
3C NMR d¢ (298 K, 62.9 MHz, GDg): 154.5 (s), 134.7 (s), 124.3 4 .
o - (s), 8.5 (s), 1.6 (s);7-2.7 (s). Anal. Calcd (&H3sGaRh): C, 55.85; H,
(S), 92.3 (d,JRhc =48 HZ), 9.0 (S), 3.6 (dJRhc =31.9 HZ). Anal. 7.67. Found: C. 55.14: H 7.29
Calcd for (GH2eNRh): C, 58.79; H, 7.55; N, 4.03. Found: C, 58.01; T T e e
H 7.46: N. 4.0 Method B (Solid State).A crystalline sample of.c was heated to

. 60 °C for 2—3 min, whereupon a color change from red to pale brown
[RhCp*(GaCp*)Me ;] (1c). (RhCp*(pyridine)(CH),] (0.282 g, 0.812 .
mmol) was dissolved in toluene (8 mL), and GaCp* (0.183 g, 0.893 was observed. The thus obtained product was analyzed by means of

- solution'H and**C NMR as well as*C MAS NMR. All spectroscopic
mmol) was added at @C. Immediately, the color changed from orange . . . .
L . . data were identical with those of the product obtained by method A.
to red. After stirring the solution for a further 10 min at®©, the solvent RACOH(C cMe-GaM 3 Co*Rh(GaCH)(C 0.043
was removed in vacuo and the residue extracted quickly withxane 0 0[906 P*( T es ?j' 62)} (da_). [ pdmﬁ( f FI)_)( }3)2]{( df 35
(3 x 5mL) at 0°C. The solvent volume was reduced to ca. 5 mL and . i zn;TCO )Tvr\:aih |ssok;/te. mdpyrll L -(Ghm ) ag_ sllrre Oéf
cooled to—40 °C for 16 h to give the product as light red crystals. min & - Ihe thus obtain€d solution G was directly used for

The crystals were isolated by means of canullation, washed with a small ?na.IySIS without further workupH NMR oy (THF-ds, 250 MHz,~100
amount of coldn-hexane, and dried in vacuo. Yield: 0.197 g of light C): 1'.717 (s, 15H), 1.76 (s, 6H), 0.50 (s, 6m00‘94 (s, 3H)’_0'1_6

red crystals (519%)tH NMR ow (298 K, 250.1 MHz, @De): 1.89 (s, (& 8H)i*C NMR dc (THF-dg, 62.9 MHz,~100°C): 90.9 (d.Jrnc =
15H), 1.77 (s, 15H), 0.50 (d, 6FJan = 2.7 Hz): °C NMR dc (298 5.48 Hz), 83.8 (dJrnc = 9.10 Hz), 62.3 (dJrnc = 13.17 Hz), 56.9 (d,

K, 62.9 MHz, GDe): 113.8 (), 95.1 (dJrnc = 4.5 Hz), 10.4 (s), 9.7 Jrnc = 6.85 Hz), 29.3 (dJrnc = 4.53 Hz), 11.5 (s), 9.7 (s), 8.3 (s),
(s), —14.3 (d.Jenc = 26.8 Hz). Anal. Calcd for (§HsGaRh): C,55.85; 32 (S):

mmol) was dissolved in pyridine (10 mL) and stirred at°Za After

45 min, acetic acid was added (0.266 g 4.437 mmol) and the reaction
mixture was stirred for a further 5 min, whereupon a yellow solution

2 7.7 7.7

constraints. Vibrational frequencies were calculated for all stationary
points to ensure that local minima were located and to confirm that
transition states had only one imaginary frequency. These vibrations
were visually inspected using the MOLDEN progrétitransition states
were located by means of the QST2 or QST3 approach, with an initial
guess for the transition state gained from manipulation of the geometries
of either the educts or the products, also using the MOLDEN software.
To verify that the overall qualitative mechanistic picture is not
affected by the choice of the comparably small LanL2DZ basis set,
single point calculations for two key ste@@a(TS1A/2and3a/TS3C/
5) were performed using a significantly larger basis set (6-3114&4
for C, H, Ga and Stuttgart RSC 1997 ECRr Rh). The results (Table
2) indicate that the qualitative trends in energies and activation barriers
are reasonably well reproduced by the LanL2DZ basis set.

(44) Schaftenaar, G.; Noordik, J. Bl. Comput.-Aided Mol. De200Q 14, 123~
134

(Zlg) (F:’Ob!e, JI-_AAJ-_ “Cﬂh%m- Ehgﬂslg$QBl72,d650- 3P Davis. N. E.- Binnina. R and a white precipitate was formed. After removal of all volatiles in
(46) C_Ugt;_sfSF‘eaao,;h LCJ_ @Lém_'Physlggsefgé 6-10'21. avis, i £ BInNING, Ry acuo, the residue was extracted with hexane @BmL). The solvent
(47) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Chem. Phys1987, 86, 866. was removed in vacuo and the yellow residue sublimed atGth
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vacuo. Yield: 0.305 g (55%fH NMR d4 (298 K, 250.1 MHz, GDe):
2.53 (9, 1HJch = 6.08 Hz), 1.75 (s, 6H), 1.74 (s, 15H), 1.21 (s, 6H),
0.56 (d, 3H,Jch = 6.06 Hz);*C NMR 6¢ (298 K, 62.9 MHz, GDs):
95.1 (d,Jrhc = 5.64 Hz), 88.4 (dJrnc = 9.58 Hz), 61.5 (dJrnc =
5.34 Hz), 59.8 (dJrnc = 13.06 Hz), 24.2 (dJrnc = 3.47 Hz), 15.1
(s),13.5(s), 12.5 (s), 4.1 (s). Anal. Calcd forgds:Rh): C, 64.17; H,
8.35. Found: C, 65.15; H, 8.15.

[Rh(CsMe4sPh)Cl,]2 (7). A mixture of RhCk-3H;O (5. g, 0.019 mol)
and GMesHPh (3.76 g, 0.019 mol) in 40 mL of methanol was refluxed
under nitrogen with stirring for 48 h. After the reaction mixture was
cooled, the shiny red crystals were isolated by means of canullation,
washed with a small amount of methanol, and dried in vacuo. Yield:
5.01 g (71%)H NMR dy (THF-ds, 250 MHz, 25°C): 7.73 (m, 4H),
7.35 (m, 6H), 1.66 (s, 12H), 1.63 (s, 12HJC NMR ¢ (CeDs, 62.9
MHz, 25°C): 131.5 (s), 130.2 (s), 129.3 (s), 129.1 (s), 100.94de
= 8.4 Hz), 93.8, (dJrhc = 7.5 Hz), 90.4 (dJrnc = 9.7 Hz), 10.7 (S),
9.6 (s). Anal. Calcd for (gH34ClsRh): C, 48.55, H, 4.62. Found: C,
48.40; H, 4.26.

[Rh(CsMesPh)(pyridine)Me;] (8). Compound (1.0 g, 1.35 mmol)
in 15 mL of THF was treated with pyridine (2.7 mL, 33.4 mmol) at
room temperature. After stirring for 30 min, ZnMgL.96 mL of a 2.0
M solution in toluene, Aldrich; 3.92 mmol) was added-&80 °C to

the orange suspension. The mixture was warmed to room temperatureg

and stirred for 30 min, whereupon a pale orange solution formed. After
hydrolysis (0.35 mL HO, 19.6 mmol) all volatiles were removed in
vacuo, and the residue was extracted with toluene @mL) at 0°C.
After removal of the solvent in vacuo, the residue was then extracted
with n-hexane (3x 10 mL) at 0°C. The solvent volume was reduced
to ca. 7 mL and cooled te-40 °C for 16 h to give the product as
yellow crystals. The crystals were isolated by means of canullation,
washed with a small amount of colthexane, and dried in vacuo.
Yield: 0.88 g (80%)*H NMR 6y (CeDs, 250 MHz, 25°C): 8.18 (d,
2H), 7.18 (m, 5H), 6.59 (t, 1H), 6.18 (t, 2H), 1.67 (s, 15H), 1.59 (s,
15H), 0.88 (d, 6H3Jgny = 2.5 Hz);13C NMR d¢ (CeDs, 62.9 MHz, 25

°C): 154.3 (s), 136.6 (s), 134.7 (s), 130.6 (s), 128.2 (s), 125.8 (s),
124.1 (s), 98.8 (dJrnc = 3.8 Hz), 98.5 (dJrnc = 4.1 Hz), 88.9 (d,
Jrhe = 5.5 Hz), 9.9 (s), 8.7 (S), 4.6 (drnc = 31.5 Hz). Anal. Calcd

for (Co2H2eNRO): C, 64.55; H, 6.89; N, 3.42. Found: C, 64.28; H,
6.79; N, 3.36.

[Rh(CsMe4Ph)(GaCp*)Me;] (9). Compound (0.5 g, 0.934 mmol)
was dissolved in toluene (8 mL) and GaCp* (0.305 g, 1.50 mmol) was
added at 25C. Immediately, the color changed from yellow to red.
After stirring the solution for further 3 min at 28, the solvent was
removed in vacuo at @C and the residue fast-extracted witthexane
(3 x 7 mL) at 0°C. The solvent volume was reduced to ca. 5 mL and
cooled to—40 °C for 16 h to give the product as red crystals. The
crystals were isolated by means of canullation, washed with a small
amount of coldn-hexane, and dried in vacuo. Yield: 0.464 g (71%).
IH NMR 04 (CeDs, 250 MHz, 25°C): 7.51 (m, 2H), 7.17 (m, 3H),
1.91 (s, 6H), 1.82 (s, 15H), 1.61 (s, 6H), 0.61 (d, 6Bk = 2.63
Hz); *3C NMR Oc¢ (THF-dg, 62.9 MHz,—100 °C): 137.6 (s), 132.8
(s), 128.4 (s), 127.1 (s), 113.9 (s), 102.1 Jghc = 2.6 Hz), 99.6 (d,
Jrhc= 1.8 Hz), 92.4 (dJrnc = 4.6 Hz), 12.1 (s), 9.8 (S), 8.1 (s},13.4
(d, Jrnc = 26.8 Hz). Anal. Calcd for (&H3sGaRh): C, 60.59; H, 7.16.
Found: C, 58.96; H, 6.45.

[Rh(CsMe4Ph)(CsMe,GaMes)] (11a) and [RhCp*(CsMesPhGaMes)]
(11b). Method A. Compound3 (0.400 g, 0.977 mmol) was dissolved
in toluene (8 mL), and GaCp* (0.260 g, 1.270 mmol) was added. The
solution was warmed to 6% and stirred for 1 h, whereupon a white
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precipitate was formed. After removal of all volatiles in vacuo, the
residue was washed with hexanex37 mL) and dried in vacuo. The
residue was redissolved in THF and precipitated by slow diffusion of
Et,0 to give the product as colorless crystals. Yield: 0.392 g (75%).
H NMR 6y (CsDg, 250 MHz, 25°C) [Rh(GMe4sPh)(GMe,GaMe)],

11la 7.30 (m, 5H) 1.79 (s, 6H), 1.49 (s, 6H), 1.43 (s, 6H), 1.02 (s,
6H), 0.20 (s, 9H).*H NMR 0y (CeDs, 250 MHz, 25°C) [RhCp*-
(CsMesPhGaMe)], 11b: 7.30 (m, 5H) 1.98 (s, 3H), 1.93 (s, 3H), 1.93
(s, 3H), 1.35 (s, 15H), 0.22 (s, 9HYC NMR ¢ (298 K, 62.9 MHz,
CsDs) 130.8 (s), 130.6 (s), 107.3 (drnc = 8.3 Hz), 99.7 (dJrnc =

7.4 Hz), 99.1 (dJrnc = 7.6 Hz), 98.3 (dJrnc = 7.2 Hz), 97.3 (d,Jrnc

= 7.3 Hz), 96.0 (dJrhc = 7.1 Hz), 12.3 (s), 9.8 (s), 8.9 (s), 8.4 (8),
—3.0 (s). Anal. Calcd for (g&HssGaRh): C, 60.59; H, 7.16. Found:
C, 59.31; H, 6.74.

Method B. Compoundlb (0.282 g, 0.812 mmol) was dissolved in
toluene (8 mL) and [Ga(§esPh)] (0.325 g, 1.218 mmol) was added.
The solution was warmed to 6@ and stirred for 1 h, whereupon a
white precipitate was formed. After removal of all volatiles in vacuo,
the residue was washed with hexanex(® mL) and dried in vacuo.
Yield: 0.304 g (70%). All spectroscopic data were identical with those
of the product obtained by method A.

Method C (Solid State).A crystalline sample 0B was heated to

°C for 2—3 min, whereupon a color change from red to pale brown
was observed. The thus obtained product was analyzed by means of
solution'H and*3C NMR as well asC MAS NMR. All spectroscopic

data were identical with those of the product obtained by methods A
and B.

[Rh(CsMe4Ph)(CsMesPhGaMe;)] (12). Compound8 (0.300 g,
0.733 mmol) was dissolved in toluene (8 mL), and [G#ME4Ph)]
(0.254 g, 0.953 mmol) was added. The solution was warmed f&€60
and stirred for 45 min, whereupon a pale brown precipitate formed.
After removal of all volatiles in vacuo, the residue was washed with
hexane (3x 8 mL) and dried in vacuo. Yield: 0.333 g (76%H
NMR 6y (298 K, 250.1 MHz, @De): 7.10 (m, 10H), 2.04 (s, 3H),
1.85 (s, 3H), 1.63 (s, 3H), 1.61 (s, 3H), 1.46 (s, 6H), 1.26 (s, 3H), 0.21
(s, 9H); 13C NMR d¢ (CeDs, 62.9 MHz, 25°C): 131.4 (s), 130.9 (s),
130.7 (s), 130.6 (s), 128.8 (s), 128.5 (s), 128.0 (s), 119.7xg@,=
6.7 Hz), 107.9 (dJrnc = 8.2 Hz), 107.5 (dJrnc = 8.1 Hz), 107.3 (d,
Jrhc = 8.0 HZ), 104.6 (dJRhc: 7.4 HZ), 99.2 (d)]RhC: 7.5 HZ), 99.1
(d, Jrnc = 7.4 Hz), 98.1 (dJrnc = 7.3 Hz), 97.4 (dJrnc = 7.1 Hz),
96.4 (d,Jrnc = 7.2 Hz), 13.9 (s), 12.6 (s), 10.4 (s), 10.1 (s), 9.94 (s),
9.90 (s), 9.2 (s);7~2.5 (s). Anal. Calcd for (&HsGaRh): C, 64.35;

H, 6.75. Found: C, 63.57; H, 7.23.
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